


Introduction to Volume 3

Volume 3 describes the Coordination Chemistry of the s-, p-, and f-block metals.
Chapter 1 is concerned with the 1s and 2s metals and describes trends in the development of

their chemistry since the mid-1980s, such as the increased use of sterically bulky ligands, recogni-
tion of importance of non-ionic interactions, reappraisal of the ‘‘spectator’’ role of s-block ions,
and the application of computational methods. Biological roles of these elements are discussed in
Volume 8.

Chapter 2 is concerned with the chemistry of scandium, yttrium, and the lanthanides and is
discussed according to the nature of the ligand in which the donor is from Groups 14–17.
Divalent and tetravalent lanthanide chemistry is also described.

Chapter 3 describes the chemistry of the actinides, including the historical development. The
chemistry described is subdivided according to whether the actinide is early (thorium to pluto-
nium) or late (transplutonium elements). Within this subdivision, the chemistry is further classi-
fied according to the oxidation state of the metal (ranging from þ3 to þ7), and the type of donor
(ranging from elements of Groups 15–17). The chapter also contains information pertaining to
element separation and aspects of nuclear technology (which is not discussed in Volume 9 and
therefore represents a departure from the format of Comprehensive Coordination Chemistry).

Chapter 4 describes the chemistry of aluminum and gallium. In addition to aluminum(III) and
gallium(III) coordination complexes, this chapter also focuses on complexes with aluminum–
aluminum and gallium–gallium bonds, and also describes cyclogallenes and metalloaromaticity.

Chapter 5 describes the chemistry of indium and thallium, including subvalent compounds of
indium(II), thallium(II), and thallium(I). Applications of indium and thallium complexes are also
described.

Chapter 6 describes the chemistry of arsenic, antimony, and bismuth, including a discussion of
the role that these elements play in the environment and biology and medicine. Applications of
these complexes are also discussed.

Chapter 7 describes the chemistry of germanium, tin, and lead according to MIV and MII

oxidation states. Within this classification, the chemistry is further subdivided according to ligand
type, which ranges from elements of Groups 13–17.
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3.1.1 INTRODUCTION AND REVIEW OF COORDINATION PROPERTIES

Even though they occupy adjacent columns of the periodic table and possess marked electronic
similarities, the 12 members of the s-block elements nevertheless form coordination compounds of
surprising diversity. The alkali (Group 1, Li to Fr) and alkaline-earth (Group 2, Be to Ra) metals
share nsx valence electron configurations in their elemental state (x¼ 1, alkali metals; x¼ 2,
alkaline-earth metals), and have low ionization potentials. Consequently, they all display—with
some important exceptions—only þ1 (for Group 1) and þ2 (for Group 2) oxidation states. The
highly electropositive nature of the metals also means that their bonds to other elements are
strongly polar, and compounds of the s-block elements are often taken as exemplars of ionic
bonding.
The uniform chemistry that these electronic similarities might imply is strongly modulated by

large variations in radii and coordination numbers. The change from four-coordinate Liþ (0.59 Å)
to 12-coordinate Csþ(1.88 Å)1 represents more than a three-fold difference in size; the change from
four-coordinate Be2þ (0.27 Å) to 12-coordinate Ba2þ (1.61 Å) is nearly six-fold. With noble gas
electron configurations for the ions, bonding in s-block compounds is largely nondirectional,
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and strongly influenced by ligand packing around the metals. Although to a first approximation
the geometries of many mononuclear s-block coordination complexes are roughly spherical, the
presence of multidentate and sterically bulky ligands can produce highly irregular structures.
One of the consequences of the large increase in the number of structurally characterized

compounds reported since the publication of Comprehensive Coordination Chemistry (CCC, 1987)
is that some of the long-standing expectations for Group 1 and 2 chemistry need to be qualified.
A conventional generalization holds that the coordination number (c.n.) of a complex should rise
steadily with the size of the metal ion, and there is in fact abundant data to support this
assumption for small monodentate ligands. For example, analysis of water-coordinated ions
indicates that the most common c.n. for Be2þ,2 Mg2þ,3 and Ca2þ are four, six, and six to eight,
respectively.4 When more complex aggregates or those containing sterically bulky or macrocyclic
ligands are considered, however, the relationship between ion size and c.n. is weakened; e.g.,
lithium is found with a c.n. of eight in the now-common [(12-crown-4)2Li]

þ ion (first structurally
authenticated in 1984),5 whereas barium is only three-coordinate in {[Ba[N(SiMe3)2]2}2.

6 Simi-
larly, the standard classification of s-block ions as hard (type a) Lewis acids leads to the
prediction that ligands with hard donor atoms (e.g., O, N, halogens) will routinely be preferred
over softer (type b) donors. This is often true, but studies of the ‘‘cation-�’’ interaction (see
Section 3.1.2.2) have demonstrated that the binding of s-block ions to ‘‘soft’’ donors can be quite
robust; the gas-phase interaction energy of the Kþ ion with benzene, for example, is greater than
that to water.7 Furthermore, the toxicity of certain barium compounds may be related to the
ability of the Ba2þ to coordinate to ‘‘soft’’ disulfide linkages, even in the presence of harder
oxygen-based residues.8

The alkali- and alkaline-earth metals are widespread on earth (four of the eight most common
elements in the earth’s crust are s-block elements) and their compounds are ubiquitous in daily
life. Considering that an estimated one-third of all proteins require a metal ion for their structure
or function,4 and that the most common metals in biological systems are from these two families
(Naþ, Kþ, Mg2þ, Ca2þ), the importance of the Group 1 and 2 elements to biology cannot be
overestimated.
In the last 20 years, interest in current and potential applications of these elements in oxide- or

sulfide-containing materials such as the superconducting cuprates,9 ferroelectric ceramics,10,11

and phosphor systems has also sharply increased. There has been a correspondingly intensive
search for molecular precursors to these species that could be used in chemical vapor deposition (CVD),
sol-gel, or spray pyrolysis methods of fabrication.12–14 All of these factors mean that the coordin-
ation compounds of the s-block metals are becoming increasingly important to many branches of
chemistry and biology, and the reported chemistry for these elements is vast. Although the number
of compounds known for each metal varies substantially, only francium (Fr), all of whose isotopes
are radioactive and short-lived (the longest is 223Fr with t1/2¼ 22min, thereby making it the most
unstable of the first 103 elements), has no reported coordination complexes.
The number of reports of new compounds has increased to the point that it is no longer

possible to provide exhaustive coverage of them within the confines of a reasonably sized work.
As one example, there were as of the end of the year 2000 over 1,100 crystallographically
characterized coordination compounds containing an s-block element and one or more coordin-
ated water molecules; fewer than 150 of these structures were reported before 1985.

3.1.2 TRENDS SINCE THE MID-1980s

During the last third of the twentieth century, the coordination chemistry of the s-block
elements gained new-found recognition as being essential to the development of materials
science and biology, and eminently worthy of study on its own merits. Prior to the 1967
discovery by Petersen of the ability of crown ethers to form robust complexes with even the
largest alkali- and alkaline-earth metals,15 the prospects for an extensive coordination chemistry
of the s-block elements appeared dim. The ‘‘macrocyclic revolution’’ generated new interest in
Group 1 and 2 complexes, however, and the early developments with ligands such as the crown
ethers, cryptands, and calixarenes were documented in CCC (1987). More recent advances in
the chemistry of macrocyclic s-block complexes have been described in Comprehensive Supra-
molecular Chemistry.
The development of s-block metal chemistry in the last 15 years has been accelerated by several

other trends, including the expanded use of sterically bulky ligands, the growing recognition that
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a strictly electrostatic view of the interaction of the Group 1 and Group 2 metals with their
ligands is too limiting, and that ‘‘cation-�’’ interactions have an important role to play in their
chemistry. Associated with the last item is the acknowledgment that s-block ions are not necessar-
ily passive counterions in complexes of the main group and transition metals, but may critically
alter the structure of these species. Finally, the increasing power of computers and the emergence
of density functional theory methods of computation have made calculations on s-block species
more common, more accurate, and more important than ever before as a probe of bonding and
structure and as a guide to reactivity. Each of these trends in examined in turn below.

3.1.2.1 Increased Use of Sterically Bulky Ligands

Although Liþ, Be2þ and Mg2þ are about the size of first row transition metals (e.g., Fe2þ) or the
lighter p-block ions (Ge2þ, P2þ), Naþ and Ca2þ, with radii of approximately 1.0 Å, are roughly
the size of the largest trivalent lanthanides. The radii of Csþ and Ba2þ are comparable to those of
polyatomic cations such as NH4

þ and PH4
þ.16 Not only does the large radii of the s-block metals

accommodate high coordination numbers, but in the presence of sterically compact ligands (e.g.,
-NH2, -OMe, halides), extensive oligomerization or polymerization will also occur, leading to the
formation of nonmolecular compounds of limited solubility or volatility.
The demand for sources of the s-block metal ions that would be useful for materials synthesis12

or in biological applications has led to a large increase in the use of ligands that are sterically
bulky and/or contain internally chelating groups. The resulting compounds are often monomers
or low oligomers (dimers, trimers), and their well-defined stoichiometries and reproducible
behavior have aided attempts to develop a consistent picture of s-block metal reactivity, down
to the level of individual metal–ligand bonds. The many clathrate and calixarene complexes
described in CCC (1987) and Comprehensive Supramolecular Chemistry are well-known examples
of the influence of steric effects on Group 1 and 2 metal compounds. Numerous cases are known
in nonmacrocyclic systems as well; e.g., the oligomeric [KOCH3]x is soluble only in water and
alcohols, but [K(�3-OBu

t)]4 is a cubane-like tetramer17,18 that is soluble in ether and aromatic
hydrocarbons. Similarly, the amides M(NR2)2 (M¼Mg, Ca, Sr, Ba) are nonmolecular solids with
ionic lattices when R¼H, but are discrete dimers [M(NR2)2]2 when R¼ SiMe3, and are soluble in
hydrocarbons.19

Metal centers that are coordinated with sterically bulky groups usually have lower formal
coordination numbers than their counterparts with smaller ligands, sometimes as small as three
for Csþ and Ba2þ. In such cases, secondary intramolecular contacts between the ligand and metal
can occur. These can be subtle, as in the agostic interactions between the SiMe3 groups on amido
ligands and metal centers (e.g., in [(Me3Si)2N]3LiMg)20 or more obvious, as in the cation-�
interactions discussed in the next section. In any case, further progress with the s-block metals
can be expected to make even greater use of sterically demanding substituents, including those
with internally chelating groups.

3.1.2.2 Recognition of the Importance of Non-ionic Interactions

The conventional approach to understanding bonding in s-block coordination complexes views
the metal–ligand interactions as essentially electrostatic; i.e., that the metals can be considered as
nonpolarizable mono- or dipositive ions, with the ligands arranged around them to maximize
cation/anion contacts and minimize intramolecular steric interactions. Even this ‘‘simple’’ analysis
can lead to structures that are quite complex, but it has been clear since the 1960s that a more
sophisticated analysis of bonding must be used in some cases. The gaseous Group 2 dihalides
(MF2 (M¼Ca, Sr, Ba); MCl2 (M¼ Sr, Ba); BaI2),

21–23 for example, are nonlinear, contrary to the
predictions of electrostatic bonding. An argument based on the ‘‘reverse polarization’’ of the
metal core electrons by the ligands has been used to explain their geometry, an analysis that
makes correct predictions about the ordering of the bending for the dihalides (i.e., Ca < Sr < Ba;
F < Cl < Br < I).22,23 Other ab initio calculations on Group 1 complexes MþL2 (M¼K, Rb, Cs;
L¼NH3, H2O, HF) that have employed quasirelativistic pseudopotentials and flexible, polarized
basis sets indicate that bent L—M—L arrangements are favored energetically over linear struc-
tures for M¼Rb, Cs.24 The source of the bending has been ascribed to polarization of the cation
by the ligand field,24 although whether the noble-gas cores of the metal cations are polarizable
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enough to account for the observed bending has been questioned.25 The ‘‘reverse polarization’’
analysis can be recast in molecular orbital terms; i.e., bending leads to a reduction in the
antibonding character in the HOMO. This interpretation has been examined in detail with
calculations on RaF2.

26

An alternative explanation for the bending in ML2 species has focused on the possibility that
metal d orbitals might be involved. Support for this is provided by calculations that indicate a
wide range of small molecules, including MH2, MLi2, M(BeH)2, M(BH2)2, M(CH3)2, M(NH2)2,
M(OH)2, and MX2 (M¼Ca, Sr, Ba) should be bent, at least partially as an effect of metal
d-orbital occupancy.24,27–31 The energies involved in bending are sometimes substantial (e.g., the
linearization energy of Ba(NH2)2 is placed at ca. 28 kJmol�1).29 Complexes of Ba2þ with three
NH3, H2O, or HF ligands have been computed to prefer pyramidal over trigonal-planar arrange-
ments, although the pyramidalization energy is less than 1 kcalmol�1. Spectroscopic confirmation
of the bending angles in most of these small molecules is not yet available, however.
However fascinating these effects from incipient covalency might be, they are of low energy,

and may be masked by steric effects or crystal packing forces in solid-state structures. A different
sort of noncovalent influence that has gained recognition in the past two decades is the so-called
‘‘cation–� interaction,’’ which describes the involvement of cations with a ligand’s �-electrons
(usually, but not necessarily, those in an aromatic ring).7 Table 1 lists some observed and
calculated binding energies for monocations and various �-donors. Note particularly that the
interaction energy of benzene with the ‘‘hard’’ Kþ ion (19.2 kcalmol�1), for example, is even
slightly greater than to water in the gas phase. The interaction energy falls in the order Liþ > Naþ

> Kþ > Rbþ, which is expected for an ionic interaction, but the binding order is more a marker
of the strength of the interaction, rather than evidence of an ionic origin for the effect. Several
factors are thought to contribute to the cation-� phenomenon, including induced dipoles in
aromatic rings, donor-acceptor and charge transfer effects, and the fact that sp2-hybridized
carbon is more electronegative than is hydrogen.
The cation-� interaction is believed to be operative in many biological systems, such as Kþ-

selective channel pores,32 and Naþ-dependent allosteric regulation in serine proteases.33 There are
also coordination complexes of the s-block elements that display pronounced Mnþ-arene interac-
tions to coordinated ligands. Many examples could be cited; representative ones are provided by
the reaction of Ga(mesityl)3 or In(mesityl)3 (mesityl¼ 2,4,6-Me3C6H2) with CsF in acetonitrile,
which yields [{Cs(MeCN)2}{mes3GaF}]2�2MeCN and [{Cs(MeCN)2}{mes3InF}]2�2MeCN, respect-
ively. A similar reaction with Ga(CH2Ph)3 gives [Cs{(PhCH2)3GaF}]2�2MeCN. The structures
are constructed around (CsF)2 rings and display Cs—phenyl interactions (see Figure 1).34 In the
structure of Na[Nd(OC5H3Ph2-2,6)4], formed from NdCl3 and Na(OC5H3Ph2-2,6) in 1,3,5-tri-
t-butylbenzene at 300 �C, the sodium is coordinated to three bridging oxygen atoms and exhibits
cation-� interactions with three phenyl groups.35

Table 1 Monovalent ion–molecule binding ener-
gies (gas-phase).

Ion Molecule
Binding energy
(�H, kcal mol�1)

Liþ C6H6 38.3 (exp.)
Liþ C6H6 43.8 (calc.)
Naþ C6H6 28.0 (exp.)
Naþ C6H6 24.4 (calc.)
Kþ C6H6 19.2 (exp.)
Kþ C6H6 19.2 (calc.)
Kþ�C6H6 C6H6 18.8 (exp.)
Kþ� (C6H6)2 C6H6 14.5 (exp.)
Kþ� (C6H6)3 C6H6 12.6 (exp.)
Kþ H2O 17.9 (exp.)
Rbþ C6H6 15.8 (calc.)
NH4

þ C6H6 19.3 (exp.)
NMe4

þ C6H6 9.4 (exp.)

Source: Ma (1997)7
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3.1.2.3 Reappraisal of the ‘‘Spectator’’ Role of s-Block Ions

Considering the prevalence of cation-� interactions, it is not surprising that in some cases s-block
ions may play an important role in modifying the structure and bonding of metal complexes. This
represents a more direct kind of interaction than is usually credited to the ions when they are
viewed as ‘‘spectator’’ species, i.e., simply as countercharges to complex anions. In many cases,
verification of the ‘‘nonspectator’’ role of s-block species requires structural authentication
through X-ray crystallography, so it is natural that a growing awareness of the importance of
such interactions has coincided with the increase in crystallographically characterized compounds
during the last two decades.
The consequences of the interaction vary significantly, and only a few examples are detailed

here; others can be found throughout this chapter. At one level, cation-� interactions can be
responsible for the existence of coordination polymers by serving as interanionic bridges, e.g.,
reaction of La2[OC6H3(Pr

i)2-2,6]6 with two equivalents of Cs[OC6H3(Pr
i)2-2,6] in THF yields the

base-free caesium salt Csþ[La(OC6H3(Pr
i)2-2,6)4]

�.36 The latter is an oligomer, in which the
caesium ions, supported only by �-interactions (Csþ–ring plane¼ 3.6 Å), bind the lanthanum
aryloxide anions together (see Figure 2). Similar interactions are observed in (Cs2)

2þ[La(OC6H3-
(Pri)2-2,6)5]

2�.37

In other cases, intramolecular interactions with s-block metal ions may materially change the
nature of the associated complexes. Although it involves organometallic complexes, examination

Figure 1 The structure of [Cs{(PhCH2)3GaF}]2, illustrating the cation-� interactions.

Figure 2 The structure of base-free oligomer Csþ[La(OC6H3(Pr
i)2-2,6)4]

�, supported only by cation-�
interactions.
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of several such cases is instructive. The sodium metal reduction of [(2,4,6-(Pri)3C6H2)2C6H3]GaCl2
in Et2O gives red–black crystals of a compound with the molecular formula Na2[Ga(2,4,6-
(Pri)3C6H2)2C6H3]2.

38 X-ray crystallographic analysis indicates that the compound has a dimeric
structure with a 2.319(3) Å Ga–Ga separation. Based on several criteria, including the presence of
two-coordinate gallium and the relatively short bond, an argument has been made that the
compound contains a Ga�Ga triple bond, i.e., that the compound could be viewed as containing
the [RGa�GaR]2� ion. Discussion over the appropriateness of this description has been exten-
sive; arguments in favor of a high Ga—Ga bond order (�2.5)39,40 and those preferring a lower
value (�2)41–44 have used a variety of computational tests to substantiate their viewpoints. Early
in the debate it was observed, however, that the sodium ‘‘counterions’’ are in a strategic position
in the molecule; i.e., where they can engage in a �-interaction between phenyl rings (Na–ring
plane (2.75–2.81 Å) (see Figure 3).45 It has since been recognized that the Naþ-arene interaction is
responsible for at least some of the short Ga—Ga distance; calculations cannot reproduce the
metal separation if the anion is modeled simply as isolated [HGaGaH]2� or [MeGaGaMe]2�

units.39,46

It is clear that the presence of Naþ is critical to the existence of the molecule; if potassium is
substituted for sodium in the reduction of [(2,4,6-(Pri)3C6H2)2C6H3]GaCl2, the very different
K2[Ga4(C6H3-2,6-(2,4,6-(Pr

i)3C6H2)2)2] moiety is isolated (see Figure 4).47 The almost square
Ga4 ring is capped on both sides by Kþ ions that are at somewhat different distances from the
plane (3.53, 3.82 Å). The potassium ions are clearly involved with phenyl groups on the ligands at
distances of 3.1 Å. It is apparent that the identity of the alkali metal cation is critical to the
formation of the compounds, and that it is incorrect to view the s-block ions as freely inter-
changeable.
There are other examples of Group 1 ions involved in other main-group systems, many of

which are organometallic species and outside the scope of this chapter. There are also compounds
in which an s-block ion serves as both a linker in a coordination polymer and as an integral part
of a metal aggregate, such as the [K(18-crown-6)]3KSn9 cluster (see Figure 5).

48

3.1.2.4 Application of Computational Methods to Complexes

The enormous increase in readily available computing power since the 1980s has greatly affected
the study of s-block metal complexes. A long-standing assumption that the Group 1 and 2 metal
ions (especially the former) could be successfully modeled as point charges in molecular orbital

Figure 3 Na–phenyl contacts in Na2[Ga(2,4,6-(Pr
i)3C6H2)2C6H3]2.
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calculations has been shown to be increasingly inadequate. Schleyer first demonstrated with
calculations on organolithium complexes that attempts to understand the bonding and reactivity
of s-block complexes severely test the performance of ab initio computational methods.49,50 Owing
to their lack of valence electrons, alkali and alkaline-earth complexes are formally electron
deficient and conformationally ‘‘floppy,’’ and only small energies (often 1–2 kcalmol�1) are
required to alter their geometries by large amounts (e.g., bond angles by 20� or more). In such
cases, the inclusion of electron correlation effects becomes critical to an accurate description of
the structure of the molecules. Traditional Hartree–Fock approaches, especially when combined
with small or minimal basis sets, are generally inadequate for these complexes. Some of the

Figure 4 The structure of K2[Ga4(C6H3-2,6-(2,4,6-(Pr
i)3C6H2)2)2], illustrating the Kþ–phenyl interactions.

Figure 5 The structure of the tin aggregate, [K(18-crown-6)]3KSn9.
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quantitative or semiquantitative agreement claimed in the past between observed and calculated
energies and structures must now be ascribed to fortuitous cancellation of errors.
Density functional theory (DFT) methods, which implicitly incorporate electron correlation in

a computationally efficient form, have found wide use in main-group chemistry.51–53 In general,
they have been more successful than Hartree–Fock techniques in dealing with organoalkali and
organoalkaline-earth molecules, and there is growing evidence of their successful use with coord-
ination complexes. Nevertheless, a wide range of computational techniques continues to be used
in s-block element chemistry, from molecular modeling and semiempirical methods, to high-level
coupled cluster and DFT approaches. Representative samples of the application of computational
investigations to s-block coordination compounds are found in the sections below.

3.1.3 MACROCYCLIC COMPOUNDS

As noted in Section 3.1.2, the introduction of the crown ethers in the late 1960s gave legitimacy to the
concept of stable coordination complexes of the alkali metals. Their presence, and that of many other
macrocyclic counterparts (e.g., porphyrins) and three-dimensional chelators (e.g., cryptands, calixar-
enes) is now pervasive in both alkali and alkaline-earth coordination chemistry, and the literature on
these complexes is vast. Early work in this area was summarized in CCC (1987), and examined in a
more focused manner in Comprehensive Supramolecular Chemistry. It is not the intent of this
section to repeat such material, but rather to highlight new developments since the mid-1990s. In
some cases, specialist reviews are available on these subjects; they will be noted where relevant.

3.1.3.1 Porphyrins and Phthalocyanines

The s-block metal most commonly complexed to a porphyrin is magnesium, and many such
compounds have been prepared in the course of studies on models for bacteriochlorophyll.54

These include the metallotetraphenylporphyrin cation radical (MgTPPþ*), obtained as its per-
chlorate salt,55 and the neutral MgTPP, isolated as an adduct with (1-methylimidazole),56

4-picoline,56 piperidine,56 water,57,58 and methanol.58 Related magnesium porphyrin derivatives
have been prepared in the study of photosynthetic reaction centers; e.g., the tetrakis(4-methoxy-
phenyl) H2O adduct,59 and octaethylporphyrinato dimers, whose strength of coupling (reflected
also in UV/vis spectra) is strongly dependent on the polarity of the solvent.60 The tetraphenyl-
porphyrin framework does not undergo significant structural change on oxidation, thus making
neutral molecules realistic models for radical cationic species.
MgTPP has also been examined as a substrate for constructing ‘‘porphyrin sponges,’’ i.e.,

lattice clathrates that can reversibly absorb and release guest molecules.61–65 Such guests as
methyl benzoate,62 propanol and (R)-phenethylamine) have been structurally authenticated;
other examples are known.64

Porphyrin complexes of s-block metals other than magnesium have received less attention.
Reaction of free-base porphyrins (H2Por¼ octaethylporphyrin (H2OEP), meso-tetra-phenylpor-
phyrin, meso-tetra-p-tolylporphyrin, meso-tetrakis(4-t-butylphenyl)porphyrin, and meso-tetrakis
(3,4,5-trimethoxyphenyl)porphyrin (H2TMPP)) with two equivalents of MN(SiMe3)2 (M¼Li,
Na, K) in THF or dimethoxyethane (DME) yields M2(THF)4Por and M2(DME)2Por, respectively.
The lithium derivatives crystallize from THF, DME, and diacetone alcohol as 1:1 [LiQn][Li(Por)]
salts (Q¼THF, n¼ 4; Q¼DME, diacetone alcohol (DAA), n¼ 2).66 The lithium TMPP deriva-
tive crystallizes from acetone, and consists of [Li(TMPP)]� and a [Li(DAA)2]

þ counterion; the
octaethylporphyrin derivative is isolated as the [Li(THF)4]

þ [LiOEP]� salt.67 7Li NMR spectros-
copy and conductivity measurements indicate that these ionic structures are retained in polar
solvents; in relatively nonpolar solvents, symmetrical ion-paired structures are observed.
The solid state structure of the centrosymmetric dilithium tetraphenylporphyrin bis(diethylethe-

rate) differs from the salt-like compounds, in that the [Li(Et2O)]
þ moiety is coordinated to both

faces of the porphyrin in a square pyramidal fashion (Li–N¼ 2.23–2.32 Å).68 A related motif is
found in the case of sodium octaethylporphyrinate; X-ray crystallography reveals two Na(THF)2
moieties symmetrically bound to all four nitrogen atoms, one on each face of the porphyrin ring
(Na—N (av)¼ 2.48 Å). The structure of the potassium derivative K2(py)4(OEP) is similar (K—N
(av)¼ 2.84 Å).66
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Although attempts to prepare the neutral lithium octaethylporphyrin radical ([Li(OEP)�]) have
been unsuccessful, neutral �-radicals of three Li porphyrins, tetraphenylporphyrin [Li(TPP)�],
tetra(pentafluorophenyl)porphyrin [Li(PFP)�], and tetra(3,5-bis-tert-butylphenyl)porphyrin
[Li(TBP)�] are available from the dilithium porphyrins by oxidation with ferrocenium hexafluoro-
phosphate in THF or dichloromethane.69 The resulting lithium porphyrin radicals have been
isolated by crystallization; [Li(TPP)�] is insoluble in acetone and in nonpolar solvents, whereas
[Li(PFP)�] and [Li(TBP)�] are soluble in acetone, with the latter slightly soluble even in toluene
and benzene. The UV/vis spectra of the radicals have been studied in acetonitrile solutions, which
display negligible �M values; this indicates that the compounds exist as tight ion pairs. The
absence of hyperfine splitting for [Li(TPP)�] and [Li(PFP)�] at room temperature in solution and
in the solid state suggests that they exist in the 2A1u ground state, which has low spin density on
the meso-carbons and the nitrogen atoms.
Crystallization of [Li(TPP)�] from dichloromethane and diethyl ether yields purple crystals; the

solid state structure indicates that the lithium atom is bound in the plane of the porphyrin. The
porphyrin macrocycle is slightly ruffled, with opposite pyrrolic carbons up to 0.3 Å above or
below the mean porphyrin plane.69

Several examples of porphyrin complexes of calcium are now known. Activated calcium in
THF reacts with H2OEP at room temperature, producing the bimetallic complex Et8N4

Ca2(THF)4 in 73% yield. Subsequent reaction of the calcium complex with Et8N4Li4(THF)4 in
THF generates the calcium–lithium complex Et8N4CaLi2(THF)3. Both have been structurally
characterized.70 5,10,15,20-Tetrakis(4-t-butylphenyl)porphyrin (H2L) reacts with activated
calcium to give CaL, which in turn reacts with pyridine with or without added NaI or
CaI2(THF)4 to give CaL(Py)3, [CaNaL(Py)6]I and Ca3L2(MeCN)4I2, respectively. In CaL(Py)3,
the calcium is seven-coordinate, and is displaced from the N4 plane of the porphyrin. Ca3L2

(MeCN)4I2 is a double-decker sandwich compound with the outer two calcium atoms coordinated
by four porphyrin N atoms, two acetonitriles and an iodide (see Figure 6). The results indicate
that in polar aprotic solvents, calcium porphyrin derivatives can be stable.71

Phthalocyanine ligands, structurally related to porphyrins, confer distinctive optoelectronic
properties on their complexes. Lithium phthalocyanine (LiPc) forms stacks in the solid state
with a Li—Li0 distance of 3.245 Å,72 this is longer than in the metal (3.04 Å), but less than the sum
of the van der Waals thicknesses of the rings (see Figure 7). The extra electron left from removing
two hydrogen atoms and replacing them with Liþ is delocalized in the central ring of the

Figure 6 The double decker sandwich porphyrin complex Ca3L2(MeCN)4I2.
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macrocycle.73 Despite the stacking of the molecules, and the anticipated overlap of the � orbitals
of the Pc ligand,74 LiPc is in fact a semiconductor75 with an optical gap of 0.5 eV, and not a one-
dimensional conductor. Magnetic susceptibility, heat capacity, and optical conductivity measure-
ments indicate that LiPc should be considered a Mott–Hubbard insulator.76 The localized
electrons behave as an S¼ 1/2 antiferromagnetic spin chain. The related iodinated compound
LiPcI is EPR silent, reflecting the loss of unpaired electrons. It is an intrinsic semiconductor, with
diamagnetic susceptibility.76

Magnesium phthalocyanine (MgPc) is a blue semiconductor with a thin film optical band gap of
2.6 eV;77 its X-phase exhibits an intense near-IR-absorption.78 It has attracted attention as a
material for laser printer photoreceptors,79 optical disks based on GaAsAl laser diodes,80 and
photovoltaic devices.81 Crystalline MgPc/(H2O)2�(N-methyl-2-pyrrolidone)2 exhibits a near-IR
absorption whose spectral shape is similar to that of the X-phase.78,82 The near-IR absorption has
been interpreted from the standpoint of exciton coupling effects. Structures have been calculated for
both MgPc and its radical anion doublet (MgPc�), using ab initio (6–31G(d,p)) and semiempirical
(INDO/1) SCF approaches. The anion displays first-order Jahn-Teller distortion, and the effect that
varying the degree of distortion has on the computed anion spectrum has been examined.83

3.1.3.2 Group 16 Ligands

3.1.3.2.1 Crown ethers

Crown ether complexes of the s-block metals number in the many hundreds,84 and reviews
focused on them, including their use in separation chemistry85–87 and selective ion extractions,88,89

are extensive.90–96 Growing interest has been expressed in the use of macrocyclic ethers in the
design of electroactive polymers.97

Figure 7 Stacking observed in lithium phthalocyanine (LiPc).
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The 12-crown-4 ring is often complexed with lithium,98 and the sandwich [(12-crown-4)2Li]
þ

ion is common, although examples with Naþ,99–106 Kþ,106 Rbþ,106 and Mg2þ107 ions are known.
The centrosymmetric dimer [Li(12-crown-4)]2

2þ, in which each lithium ion forms an intermole-
cular Li—O bond with a neighboring crown ether molecule (Li—O¼ 2.01 Å) in a rectangular
four-membered Li2O2 ring has been described.108

Cation-coordinating macrocycles have been used to form amorphous electrolytes; if the cavity
of the macrocycle is larger than that of the cation, the resulting complex is a glass that has a
subambient glass transition temperature and high ionic conductivity.109,110 Coordination of the
lithium ion in Li[CF3SO2N(CH2)3OCH3] by 12-crown-4, for example, lengthens the Li—N
distance to 2.01 Å, which indicates a weakening of the interaction between the lithium cation and
the [CF3SO2N(CH2)3OCH3]

� anion.111 Such an environment may facilitate ionic conductivity.
Molecular conductors have been constructed by using supramolecular cations as counterions to

complex anions. For example, the charge-transfer salt Li0.6(15-crown-5)[Ni(dmit)2]2�H2O
(dmit¼ 2-thioxo-1,3-dithiol-4,5-dithiolate) exhibits both electron and ion conductivity: the stacks
of the Ni complex provide a pathway for electron conduction, and stacks of the crown ethers
provide channels for Li-ion motion.112 The �-crown cation {[Li(12-crown-4)](�-12-crown-4)
[Li(12-crown-4)]}2þ has been generated as the counterion to [Ni(dmit)2]

2�.106 The salt displays
a room temperature conductivity of 30 S cm�1 and exhibits a semiconductor–semiconductor phase
transition on the application of pressure or on lowering the temperature.
The 15-crown-5 ring binds a larger range of s-block ions than does 12-crown-4, and simple

[M(15-crown-5)]þ or [LnM(15-crown-5)]þ (L¼H2O, halide, ether, acetonitrile, etc.) complexes are
common. Sandwich species of the form [(15-crown-5)2M]þ (M¼Kþ,113,114 Csþ,115 Ba2þ ,116) are
known, including the chloride-bridged species {[Li(15-crown-5)](�-Cl)[Li(15-crown-5)]}þ.117

The reaction of lithium chloride with 15-crown-5 in THF produces an extended chain structure
consisting of alkali metals and bridging halogens. The repeating units, Li(�-Cl)Li(15-crown-5),
are connected by additional bridging Cl atoms. One lithium has close contacts with one Cl
(2.34 Å) and all five oxygen atoms of 15-crown-5, and the other Li is close to three Cl (2.35–
2.38 Å) and one oxygen of 15-crown-5 (see Figure 8). With the use of hydrated lithium chloride,
the lithium is coordinated to all five oxygen atoms of the crown as well as to an additional oxygen
atom from H2O in a distorted pentagonal pyramidal geometry. The Cl� counteranion is isolated
from the Liþ cation, and is hydrogen-bonded to the coordinated water molecule.118

The reaction of NaBr or KBr with 15-crown-5 and TlBr3 in ethanol produces the unusual self-
assembled cations [{M(15-crown-5)}4Br]

3þ, whose formation has been templated by the bromide
anion. The crystal structure of [{Na(15-crown-5)}4Br][TlBr4] reveals that the bromide is surrounded
by four Na(15-crown-5) units with crystallographically imposed D2d-symmetry (Na–Br¼ 2.89 Å;
cf. 2.98 in NaBr) (see Figure 9). A folded network of TlBr4

� anions surrounds the cations.119

The 18-crown-6 ether is widely represented among the s-block elements, and is found in a large
range of compounds, either as the simple [(18-crown-6)M]þ ion, coordinated with various anions
((18-crown-6)ML; L¼H2O, ethers, alcohols, HMPA, NH3, etc.) or as the sandwich species
[(18-crown-6)2M]þ. It is often thought to fit best with Kþ or Sr2þ, but Rbþ can sit in the center

Figure 8 The structure of the LiCl/15-crown-5 polymer.
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of the crown, occupying a crystallographic inversion site (Rb—O bond length of 2.82–2.87 Å).120

‘‘Club sandwiches’’ of the form [(18-crown-6)Cs(18-crown-6)Cs(18-crown-6)]2þ have been
described; the central 18-crown-6 ring displays longer coordination interactions (Cs—O¼ 3.51 Å
(av)) than the end crowns (Cs–O¼ 3.27 Å (av)) (see Figure 10).121,122

The study of luminescence has often involved alkali metal crown complexes. Luminescent
copper(I) halide complexes have been isolated from the reaction of elemental copper with
NH4X (X¼ I, Br or SCN), RbI and 18-crown-6 in MeCN. Halo- or pseudohalo-cuprate(I) anions
crystallize with the geometrically rigid crown ether cation [Rb(18-crown-6)]þ. The complexes
[{Rb(18-crown-6)}2MeCN][Cu4I6], [Rb(18-crown-6)][Rb(18-crown-6)(MeCN)3]2[{Rb(18-crown-6)}6
Cu4I7][Cu7I10]2, {[Rb(18-crown-6)][Cu3I3Br]}1 and {[Rb(18-crown-6)][Cu2(SCN)3]}1 have been
characterized. The first three complexes display temperature-sensitive emission spectra in the
solid state.123 The structure of the second is unusually complex: one [Rb(18-crown-6)]þ cation
and two [Rb(18-crown-6)(MeCN)3]

þ cations, the bulky supramolecular cation [{Rb(18-crown-6)}6
Cu4I7]

3þ (see Figure 11) and the crown-like [Cu7I10]
3� cluster are present.123

Luminescence and electronic energy transport characteristics of supramolecular [M(18-crown-6)4
MnBr4][TlBr4]2 (M¼Rb,K) complexes (see Figure 12) were studied in the expectation that [MnBr4]

2�

ions would be effective luminescent probes for solid state (18-crown-6) rotation-conformational

Figure 9 The solid state structure of the [{Na(15-crown-5)}4Br]
þ cation.

Figure 10 The structure of the ‘‘club sandwich’’ cation [(18-crown-6)Cs(18-crown-6)Cs(18-crown-6)]2þ.
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motion. Luminescence and excitation spectra are normal when M¼Rb (a strong emission at 77K
with �max of 535nm is observed, with weak room temperature luminescence), but when M¼K, an
unusual orange emission with �max� 570 nm is observed; it has been attributed to crystal defects.124

When reduced, fullerene can be supported by [K(18-crown-6)]þ. Paramagnetic red-black [K(18-
crown-6)]3[C60] is prepared by dissolving potassium in molten 18-crown-6, followed by addition of
C60, or by reducing C60 with potassium in DMF followed by reaction with 18-crown-6. In the
solid state, the potassium ions bind to the six oxygen atoms of the crown ethers; two potassium
ions are �6-bonded to opposite 6-membered rings on C60

3�, whereas the third is bound to a crown
ether as well as to two toluene molecules (see Figure 13).125

Figure 11 The structure of the supramolecular cation [{Rb(18-crown-6)}6Cu4I7]
3þ.

Figure 12 The structure of the [Rb(18-crown-6)4MnBr4]
2þ cation.
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In the solid state, the macrocyclic complex Rb3(18-crown-6)3Cu2[N(CN)2]5 includes polymeric
dicyanoamidocuprate(I) anions, and the Cu atoms are coordinated at the nitrile nitrogens (Cu—N
¼ 1.89–2.07 Å). There are two types of Cu atoms with different environments, planar-trigonal and
tetrahedral. The [Rb(18-crown-6)]þ units form puckered planes about 11 Å apart (see Figure 14).126

Large crown ethers have been investigated for their sometimes unexpected ion selectivities. The
structural origins of the selectivity of Rbþ ion over other alkali metal ions by tribenzo-21-crown-7
has been elucidated from single-crystal X-ray structures of Cs[tribenzo-21-crown-7]NO3, {[Rb(4,4-
bis-t-butylbenzo,benzo-21-crown-7)(dioxane)]2(�-dioxane)}Cl, and Na[4,4-bis-t-butylbenzo,benzo-
21-crown-7]ReO4. Different crown conformations are observed for each structure. Molecular
mechanics calculations on the conformers suggest that the selectivity found for the crown for Rbþ

and Csþ over the smaller Naþ can be largely attributed to the energetically unfavorable conform-
ation that must be adopted to achieve heptadentate coordination with optimum Na—O distances.
The selectivity for Rbþ over Csþ may be a consequence of stronger Rb—O bonds, which outweigh
the small (0.7–0.9 kcalmol�1) steric preference for Csþ over Rbþ.127

Alkali metal picrates have been used to measure formation constants for crown ethers in solution,
but the selectivity of benzo crown ethers for metal picrates, relative to the analogous chlorides,
nitrates, perchlorates, and thiocyanates, may vary significantly. Apparently, ��� interactions
between the picrate ions and the aromatic ring(s) on the crown are responsible for the difference.
The importance of the ‘‘picrate effect’’ rises as the number of benzo groups in the crown ether is
increased, and it varies with their location in the macrocycle. The dependence of the picrate 1H
NMR chemical shift on the metal cation and/or macrocycle identity has been used to study picrate-
crown ether �-stacking in large crown ether (18, 21, and 24-membered) complexes.128

3.1.3.2.2 Cryptands and related species

The s-block metals are commonly complexed with the macrocyclic cryptands, sepulchrates, and
related species129 to form large, non-interacting cations that are used to stabilize a variety of
anions, such as metal clusters (e.g., Ge5

2�,130 Ge9
3�,131 Ge18

6�,132 Sn5
2�,133 Sn9

3�,134,135

Figure 13 The structure of [K(18-crown-6)]3[C60].
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Sn2Se6
4�,136 K2Sn2Te6

2�,136 Pb9
3�,134,137 Pb9

4�,137 Pb2S3
2�,138 Pb2Se3

2�,138 PbTe3Tl
3�,138

Pb2Te3
2�,139 As2S4

2�,140 As4Se6
2�,140 As10S3

2�,140 Sb2Se4
2�,140 Bi3Ga

2�,141 Bi3In
2�,141

Bi5In4
3�,141 Se10Sn4

4�,142 Se2Tl2
2�,143 Te2Tl2

2�,143 and MoAs8
2�).144

The relative inertness of cryptands has made them especially useful for the isolation of other-
wise highly reactive or unstable anions. For example, the reaction between RbO3 and 18-crown-6
in liquid ammonia permits the isolation of the crystalline ozonide complex [Rb(18-crown-6)]
O3�NH3.

145 The use of cryptands is required to isolate complexes derived from the less stable
LiO3 and NaO3 in liquid ammonia; crystalline ozonide complexes {Li[2.1.1]}O3

([2.2.1]¼ 4,7,13,18-tetraoxa-1,10-diazabicyclo[8.5.5]eicosane) and {Na[2.2.2]}O3 ([2.2.2]¼ 4,7,13,
16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) can be obtained that contain the bent
O3

� anion.146 The diamagnetic Bi2
2� anion has been isolated as its [K([2.2.2]crypt)] salt.147

Each ‘‘naked’’ anion (Bi—Bi¼ 2.8377(7) Å) is surrounded by eight [K-crypt]þ cations, and it is
notable that the dianion has been stabilized without the bulky substituents usually required for
isolation of multiply bonded main-group species (see Figure 15).148

The fulleride dianion has been isolated in the solid state as [K([2.2.2]crypt)]2[C60]; its structure
consists of alternating layers of ordered C60

2� anions and [K([2.2.2]crypt)]þ cations.149 The
complete separation of the anions (>13.77 Å) by the cations allows EPR and magnetic suscep-
tibility measurements on the isolated fulleride.

3.1.3.2.3 Calixarenes

Calixarenes, the cyclic oligomers formed from condensation reactions between para-substituted phenols
and formaldehyde, are inexpensive compounds that are stable to both basic and acidic media.150,151

Figure 14 Section of the lattice of Rb3(18-crown-6)3Cu2[N(CN)2]5.
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Their ability to complex both neutral and ionic species has driven their employment as complexing
agents, extractants,152–156 in chemical sensing (detection) devices,157–159 and as catalysts.160,161

Calixarenes excel in the complexation of large ions, and this has been exploited in the develop-
ment of ligands for radium.162 223Ra (t1/2¼ 11.4 d) is an �-particle emitter that has been
evaluated for use in cell-directed therapy of cancer. Such use requires that it be attached to a
monoclonal antibody or related targeting protein with high specificity, and that the complex
exhibit kinetic stability at physiological pH in the presence of much greater concentrations of
other potentially binding ions such as Mg2þ and Ca2þ. The lipophilic acrylic polyether carboxylic
acid, bis-1,8-(20-carboxy-3-naphthoxy)-3,6-dioxaoctane, exhibits selectivity for Ra2þ over Ba2þ,
but does not have adequate binding stability to serve in radiotherapy.163

Bifunctional radium-selective ligands together with effective linkers to the protein antibody
have been developed from the 1,3-alkoxycalix[4]arene-crown-6 cavity, which has a high selectivity
for Csþ over Kþ.164 Modified with proton-ionizable crowns with carboxylate sidearms to enhance
the binding of alkaline-earth ions, the two ionizable calixarene-crowns, p-t-butylcalix[4]arene-
crown-6-dicarboxylic acid (see Figure 16(a)) and p-t-butylcalix[4]arene-crown-6-dihydroxamic
acid (see Figure 16(b)), are able to extract greater than 99.9% of radium in the presence of
Mg2þ, Ca2þ, Sr2þ, and Ba2þ. The lariat arms prevent radium from escaping from the cavity, and
the complexes display kinetic stability in the presence of serum-abundant metal ions including
Naþ, Kþ, Mg2þ, Ca2þ, and Zn2þ at relatively high concentrations (10�2 M) and pH 7.4.
The ability of calixarenes to bind large metal ions with high kinetic stability is important in the

search for complexants for radionuclides such as 137Cs (t1/2¼ 30.2 yr) and 85Sr (t1/2¼ 65 d) from
the reprocessing of exhausted nuclear fuel.165 There has been considerable interest in caesium-
complexed calix[4]-bis-crowns as selective Cs-carriers.166 Transport isotherms of trace level 137Cs
through supported liquid membranes containing calix[4]-bis-crowns have been determined as a
function of the ionic concentration of the aqueous feeder solutions, and 1,3-calix[4]-bis-o-benzo-
crown-6 appears to be much more efficient in decontamination than mixtures of crown ethers and
acidic exchangers, especially in highly acidic media.167

Bi

Bi

K
K

K

K

Figure 15 The [K([2.2.2]crypt)] salt of the Bi2
2– anion.
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The complexing properties of 1,3-calix[4]-bis-crown-6 towards Csþ ions have been studied by
133Cs and 1H-NMR spectroscopy. Crystal structures of caesium complexes indicate that the
cations are bound in the polyether loops (e.g., the dinitrato complex, see Figure 17), and suggest
that the ligand is preorganized for Csþ ion complexation. This may explain the high selectivity
displayed toward the cation.168 Caesium ions are also observed to bind to the polyether loops in
the substituted calixarenes prepared from the base-catalyzed reactions of calix[4]crown-6 with
TsO(CH2CH2O)2X(OCH2CH2)2OTs [X¼ o-C6H4, 2,3-naphthalenediyl].

169 Similar caesium bind-
ing is observed in the binuclear complex formed from 1,3-calix[4]-bis-crown-6 and caesium iodide.
The two Csþ ions are located at the center of a coordination site defined by the six oxygen atoms
of the crown-ether chains, and are bonded to six oxygen atoms and iodide counterions; they also
interact with the two closest benzene rings.170

Cone diallyloxybis-crown-4 calix[6]arene and its 1,2,3-alternate stereoisomer have been isolated
in 11% and 15% yields, respectively, by bridging a 1,4-diallyloxy calix[6]arene with triethylene
glycol di-p-tosylate, 4-MeOC6H4SO2OCH2(CH2OCH2)2CH2OSO2C6H4-4-Me. Both conformers
form 1:1 complexes with all alkali metal ions, but are structurally preorganized such that each
exhibits a strong preference for the caesium ion. The structure of the complex between the cone

Figure 16 Two ionizable calixarene-crowns used to complex Ra2þ.

Figure 17 Dinitrato derivative of Csþ and 1,3-calix[4]-bis-crown-6.
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calixarene and caesium tetraphenylborate reveals cooperative complexation of caesium by both
crown-4-ethers (see Figure 18). The association constants of caesium and rubidium ions with the
cone stereoisomer are 20–50 times greater than that for the 1,2,3-alternate stereoisomer; coopera-
tive binding of cations by the two crown ether moieties is not possible for the latter. The Csþ/Naþ

selectivity factor for the cone isomer is found to be 1,500, while that of the 1,2,3-alternate
stereoisomer is 140.171

1,3-Dialkoxycalix[4]arene-crown-6 ligands are obtained in the fixed 1,3-alternate conformation
in 63–85% yield by the reaction of the corresponding 1,3-dialkoxycalix[4]arenes with pentaethy-
lene glycol ditosylate in acetonitrile in the presence of Cs2CO3. The corresponding cone
conformer of the diisopropyl derivative has been synthesized via selective demethylation of the
1,3-dimethoxycalix-crown and subsequent dialkylation. Extraction with alkali metal picrates reveals
a strong preference of the ligands for Csþ; greater than 99.8% of Csþ can be removed at pH¼ 0
from solutions that are 4M in Naþ. Thermodynamic measurements obtained for the complexation of
the diisopropyl derivative indicate a high stability constant in methanol (log �¼ 6.4� 0.4). The
entropy of complexation (T�S¼�15 kJmol�1) is less negative than for other crown ethers, and
probably derives from the preorganization of the ligand. Both X-ray crystallographic and solution
NMR studies confirm that the cation is positioned between the two aromatic rings.172

In an interesting variation on the use of calixarenes to complex caesium ions, when
[HNC5H5]2[UO2Cl4] is treated with t-Bu-calix[6]arene (H6L) in pyridine, no reaction is observed,
even after refluxing for 12 hours. When one equivalent of caesium triflate is added to the mixture,
however, the pale yellow color of the solution immediately turns deep red, and a heterotrimetallic
complex of the t-Bu-calix[6]arene can be isolated. The crystal structure of the compound reveals
that two uranyl cations and a caesium atom are coordinated to the macrocycle (see Figure 19).173

The two uranyl cations are bound in an external fashion to the macrocycle through the depro-
tonated oxygens of the phenolate groups. The caesium cation is bound to the two protonated
oxygens of the calixarene that do not form bonds with uranium, and is also bound in an
approximately �6-fashion to the faces of the two phenolic rings (mean Cs–centroid
distance¼ 3.35 Å). NMR experiments (1H and 133Cs) indicate that the caesium cation interacts
with H6L in pyridine and changes its conformation, which is critical for subsequent binding of the
uranyl cation.
Calix[6]- and calix[8]-arene amides have been found to be efficient ionophores for the selective

extraction of strontium from highly acidic radioactive solutions.174 Often low concentrations of
strontium ion (ca. 10�3M) must be removed in the presence of much higher alkali metal ions
(e.g., [Naþ]¼ 4M), and therefore ligands with high Sr2þ/Naþ selectivity are desirable.175 Stron-
tium complexes of calixarene amides, in particular, have been studied as part of the search for
high alkaline-earth selectivity. A p-t-butylcalix[6]arene hexaamide forms a 1:1 complex with
strontium picrate, whereas related p-t-butylcalix[8]arene and p-methoxycalix[8]arene octaamides
encapsulate two strontium cations each. The binding geometries of the metal cations depend on
the ligand size and whether a chloride or picrate counteranion is present.176 The higher Sr2þ/Naþ

selectivity shown by calix[8]arene derivatives compared to those of calix[6]- and calix[4]-arene

Figure 18 Cooperative complexation of caesium by both crown-4-ethers in a cone calixarene.
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amides appears to be mainly a consequence of the low binding ability of the larger calixarene
ligands towards the sodium cation, which in turn stems from its small size relative to the
calixarene cavity.
Various homo- and heterometallic aggregates can be constructed within calixarene frameworks.

Tetralithiation of p-t-butylcalix[4]arene (H4L) in the presence of wet HMPA affords the mono-
meric complex (Li4LLiOH4�HMPA), in which LiOH is incorporated into an Li5O5 core based on
a square pyramid of Li atoms. When the same reaction is conducted with dry HMPA, a dimeric
LiOH-free species containing an Li8O8 core formed by the edge-sharing of two square pyramids
of Li atoms is generated (see Figure 20).177 The deprotonation of substituted (Pri and Bui)
calix[8]arenes (H8L) with BunLi in DMF followed by reaction with anhydrous SrBr2 yields the
discrete, structurally authenticated molecular complexes Li4Sr2(H2L)(O2CC4H9)2(DMF)8 (the Pr

i

derivative is depicted in Figure 21). The heterometallic Li4Sr2 cores fit within the flexible cavities
of the calix[8]arene.178

Cation-� interactions, which are frequently encountered in calixarenes complexes, are observed
in three related potassium complexes of calix[6]arenes, [K2(MeOH)5]{p-H-calix[6]arene-2H},
[K2(MeOH)4]{p-t-butylcalix[6]arene-2H} and [K2(H2O)5]{p-H-calix[6]arene-2H}. The crystal

Figure 19 Cooperative binding of two uranyl cations and a caesium atom within a But-calix[6]arene.

Figure 20 Octalithium aggregate formed from lithiation of p-tert-butylcalix[4]arene in dry HMPA.
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structure of each complex indicates that the doubly deprotonated macrocyclic ligand incorporates
two Kþ ions and adopts the double partial cone conformation. The structures of the first two are
similar in that one Kþ ion is positioned near the center of the cavity of the macrocycle and binds
to four phenolic oxygens and two methanol ligands, while the other Kþ ion binds to either
phenolic oxygen and four methanols, or to three methanols. In the structure of the aqua complex,
each of the two Kþ ions are mirror-related and linked to each other through three bridging
waters. Close contact between Kþ ion and aryl rings is observed in all three structures.179

3.1.3.2.4 Alkalides and electrides

Alkalides and electrides are salts in which alkali metals (Na, K, Rb, Cs; Li derivatives are
unknown) and electrons, respectively, are the anionic species. The formal M(–I) oxidation state
of the alkalide ions gives them closed subshell ns2 electron configurations, and the extra electron
gives them large effective sizes, 
2.7 Å for Na� to 
3.5 Å for Cs�.180 The crystal structures of
known electrides are similar to the corresponding alkalides except that the anionic sites are
empty.181 The field of alkalides and electrides expanded tremendously in the 1980s and1990s
through the work of Dye and co-workers, and the first structurally characterized alkalide
(Csþ(18-crown-6)Na�)182 and electride (Csþ(18-crown-6)2e�)183 came from his group. The area
has been reviewed in Comprehensive Supramolecular Chemistry184 and other summaries are
available.185,186

Recent work has helped to refine the understanding of the physical and magnetic properties of
these systems. The synthesis, structure, polymorphism, and electronic and magnetic properties of
the electride Rb(cryptand[2.2.2])e� have been described. Depending on the manner of preparation
and the temperature, the antiferromagnetic electride can display a range of elecrical conductivity,
from poor (<10�4 S cm�1)—consistent with localized electrons—to near-metallic electrical
conductivity.187 Studies of the phase transitions in Csþ(18-crown-6)2e

� with NMR, EPR, and
variable-temperature powder X-ray diffraction indicates that it undergoes a slow irreversible

Figure 21 Structure of the strontium derivative Li4Sr2(H2L)(O2CC4H9)2(DMF)8 formed from Pricalix[8]
arene (H8L).
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transition above 230K from a crystalline low temperature phase to a disordered Curie–Weiss
paramagnetic high temperature phase.188

Ligands other than crowns and cryptands, which are the most common complexants of the
cations in alkalides and electrides, have begun to receive more investigation. The properties of the
lithium–sodium–methylamine system (LiNa(CH3NH3)n) have been examined as a function of n.
The phase diagram (established with DTA) shows the presence of a compound with n� 6, which
melts congruently at 168.5� 0.5K. A combination of EPR and alkali-metal NMR spectroscopies
and static magnetic susceptibilities data indicate that the sodide LiNa(CH3NH2)4 could be
considered a type of near-metal in the liquid state, with a conductivity similar to that of
Li(CH3NH2)4 (conductivity of around 400 S cm�1).189

By using compounds that have only C—N linkages and no amine hydrogens, alkalides with
improved thermal stability can be generated. Thus when 4,7,13,16,21,24-hexamethyl-1,4-
7,10,13,16,21,24-octaazabicyclo[8.8.8]hexacosane (i.e., the fully methylated aza analog of cryp-
tand[2.2.2]) is allowed to react with NaK or K in MeNH2, the corresponding sodide or potasside
salt is formed. Characterized with thin film reflectance spectral data, SQUID (Superconducting
QUantum Interference Device) measurements, and crystallography, these represent the first
alkalides that are stable at, and even slightly above, room temperature (
50–60 �C).190 An
interesting extension of this concept led to the examination of 36 adamanzane as a ligand. The
reaction of protonated 36 adamanzane glycolate with Na in liquid NH3 converts the glycolate into
the disodium salt NaOCH2COONa, releasing H2 and 36AdzHþ cations. These subsequently
recombine with Na� anions to form the complex 36AdzHþNa� (Equation(1)):

AdzHþHOCH2COO
� þ 3Na ! AdzHþNa� þNaOCH2CONa # þ 0:5H2 " ð1Þ

The sodide, stable to �25 �C, has been dubbed an ‘‘inverse sodium hydride’’ (see Figure 22).191

The strategy of using kinetically trapped cations in polyaza cages may lead to new classes of
stabilized alkalides and electrides.
Parallels have been proposed between the dissolution of the alkali metals in nonaqueous

solvents and the interactions of alkali metals with zeolites.192,193 The sorption of sodium or
potassium vapor into dehydrated zeolites produces intensely colored compounds, ranging from
burgundy red to deep blue, depending upon the metal concentration. A combination of EPR,

Figure 22 The structure of the ‘‘inverse sodium hydride’’ 36AdzHþNa
��. The sodide anion is drawn

approximately to scale.
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magnetic susceptibility, and powder neutron diffraction measurements has been applied to the
characterization of the sodium- and potassium-based ‘‘cluster crystals’’ in zeolites Y and A,
respectively.194 It has been suggested that molecular wires might be constructed in the one-
dimensional channels of alkali metal-loaded zeolite L.195,196

3.1.4 NONMACROCYCLIC COMPLEXES

3.1.4.1 Hydroborates

In this section, only monoboron ligands (e.g., BH3, BH4
�) are considered, and not those contain-

ing higher boranes or B—B bonded units. Until the mid-1980s, the tetrahydroborate anion BH4
�

(‘‘borohydride’’) was considered to be an essentially noncoordinating anion in alkali metal
chemistry. This was a reasonable conclusion, as its MBH4 salts crystallize with ionic lattices
(e.g., NaBH4 has the NaCl structure)197 and are high-melting solids. The beryllium compound
Be(BH4)2 was known to be polymeric in the solid state,198 although it is monomeric in the gas
phase with six-coordinate Be (i.e., each BH4 group is �3-).199–201 Disagreements over its confor-
mation led to many, sometimes conflicting, computational studies.202–212 The chemistry of the
alkaline-earth borohydrides has been reviewed.213

In conjunction with auxiliary ligands, a wide variety of coordination geometries have now been
structurally authenticated for the s-block borohydride ions, including �1-, �2-, and �3- modes (see
Table 2). In some cases, the compounds are prepared by recrystallizing the M(BH4)n salts or their
THF adducts in the presence of the supporting ligand (e.g., pyridine, trimethyltriazacyclono-
nane214 bipy (2,20-bipyridyl), pyrazolylborates,215 diglyme, and 18-crown-6216). In the case of
pyridine and substituted pyridine solvates, IR and 11B-NMR data do not provide definitive
information about the coordination modes of the BH4

� ligands.214

Table 2 Structurally characterized borohydride complexes of the s-block metals.

Complex M��H(Å) References

Py3Li(�
2-BH4) 1.97, 2.05 214

(p-benzyl-py)3Li(�3-BH4) 2.08–2.31 214
[(2,4,6-Me3)py]3Li(�

2-BH4) 1.81 214
(DME)2Li(�

2-BH4) 2.02 740
(PMEDTA)Li(�2-BH4) 1.92–2.04 214
[(c-1,3,5-(MeNCH2)3)Li(� : �

3-BH4)]2 1.92–2.08 214
[(TMEDA)Li(� : �2-BH4)]2 2.02–3.12 741
(18-crown-6)[Li(�1-BH4)]2 1.72 742
[HC(3,5-Me2pz)3]Li(�

3-BH4) 2.06–3.12 215
(THF)3Li(�

3-BH4) 3.11–3.12 740
{[H2C(3,5-Me2pz)2]Li(� : �

3-BH4)}2 2.04–3.18 215
{[4,40-Me2bipy]Li(� : �

3-BH4)}2 1.91–2.23 215
[(Et2O)2Li(� : �

4-BH4)]n 1.97–2.34 740,743
[(ButMeO)2Li(� : �

4-BH4)]n 2.08–3.16 740
[(triglyme)Li(�2-BH4)]n 2.05 740
[(1,3-dioxolane)Li(� : �2-BH4)]n 1.98–2.07 740
[(PMEDTA)Na(� : �3-BH4)]n 2.41–2.74 214
[(PMEDTA)Na(� : �3-BH4)]n 2.64 214
[(�-ButO)2Be(�

2-BH4)]2Be 1.46–1.61 744
(THF)3Mg(�2-BH4) 2.45 745
(diglyme)Mg(�2-BH4)2 1.94–2.00 746
(diglyme)2Ca(�2-BH4)2 2.45–2.48 747
(�3-diglyme)(�2-diglyme)Ca(�2-BH4)(�

3-BH4) 2.33–2.60 748
[(THF)2Sr(� : �

4-BH4)2]n 2.65–2.92 740
(diglyme)2Sr(�

3-BH4)2 216
(18-crown-6)Sr(�3-BH4) 216
(diglyme)2Ba(�

3-BH4)2 216
[(THF)2Ba(� : �

2-BH4)2]n 2.80–2.90 740
(18-crown-6)Ba(�3-BH4)3 216
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The coordination chemistry of other BHn
(3�n) ligands has been developed with the s-block

elements. The reaction of Na metal with Me2NH�BH3 in THF yields Na[(H3B)2NMe2], which can
be isolated as a THF solvate {Na[(H3B)2NMe2]}5�THF, and which reduces aldehydes, ketones, acyl
chlorides, and esters to the corresponding alcohols.217 Addition of 15-crown-5 or benzo-15-crown-5
to a THF solution of Na[(H3B)2NMe2] yields Na[(H3B)2NMe2]�15-crown-5 and Na[(H3B)2N-
Me2]�benzo-15-crown-5, respectively. {Na[(H3B)2NMe2]}5�THF crystallizes in an extended three-
dimensional lattice, in which the Na atoms are coordinated by six to nine hydridic hydrogens.
Na[(H3B)2NMe2]�benzo-15-crown-5 is a molecular compound in the solid state, with a [(�-H-BH2)2-
N(CH3)2]

� ligand; only one hydrogen atom of each BH3 group coordinates to the Na center.
The reaction between NaSH and THF�BH3 under dehydrogenation conditions or between anhy-

drous Na2S and THF�BH3 produces Na[H3B-�2-S(B2H5)], whose structure has been examined with
SCF calculations.218 Addition of NaBH4 to Na[H3B-�2-S(B2H5)] in diglyme or triglyme generates the
[S(BH3)4]

2� ion, which has been crystallized as [Na(triglyme)]2[S(BH3)4]. The latter contains a
�4-sulfur atom, i.e., [(triglyme)Na(�-H)BH2(�-H)2BH]2(�4-S) (Na—S¼ 2.75, 2.92 Å) (see Figure 23).
The ‘‘superhydride’’ anion (BEt3H

�) has been isolated and crystallographically characterized as
its sodium derivative. Two moles of sodium superhydride (NaHBEt3) and one mole of mesitylene
form a crystalline compound that has been characterized with differential scanning calorimetry
and single-crystal X-ray diffraction. The molecule consists of a central dimeric Na2(�-HBEt3)2
core; each sodium is also coordinated to another bridging HBEt3 anion that is in turn bound to
another sodium atom. The two terminal sodium ions display �6- cation-� interactions to two
mesitylene rings (see Figure 24).219

Deprotonation of Me2NH�BH3 with BunLi generates lithium(dimethylamino)trihydroborate,
Li(Me2NBH3), which is found to be unstable in most ethers, reversibly decomposing into lithium
hydride and Li(Me2N-BH2-NMe2-BH3). Five solvates of (TMEDA, dioxane, 1,3-dioxolane, 1,3,5-
trioxane, 12-crown-4) were characterized by X-ray diffraction. Only the TMEDA adduct displays
Li�H�B interactions; i.e., two (TMEDA)Li units are connected to one another by Li(�-H)BH2–
NMe2 bridges.

220

The reaction of 2,6-Mes2C6H3Li and BBr3 produces the 2,6-Mes2C6H3BBr2 derivative in good
yield. Reduction of the latter with KC8 affords potassium 9-borafluorenyl salts. The product
isolated from reduction with four equivalents of KC8 in diethyl ether, crystallizes from THF/
hexane as a centrosymmetric dimer in which two THF molecules solvate each potassium ion and
also interact with the 9-H and 9-Me groups of the 9-borafluorenyl rings. The product from the
reduction of the arylboron dibromide with excess KC8 in benzene also forms a centrosymmetric
dimer; each potassium ion is �6-coordinated by benzene in addition to the solvation by 9-H and
9-Me groups from the 9-borafluorenyl rings.221

Figure 23 The structure of [(triglyme)Na(�-H)BH2(�-H)2BH]2(�4-S).
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The reaction of 3,5-bis(trifluoromethyl)pyrazole and KBH4 in toluene at 115–120 �C produces
white K[H2B(3,5-(CF3)2pz)2], characterized with

1H, 13C, and 19F spectroscopy. It has a polymeric
structure resulting from close contacts between the potassium ion and the nitrogens, some of the
fluorines of the CF3 groups on the 3- and 5-positions, and a hydrogen of the BH2 moieties. Each
potassium center is coordinated to three nitrogens (2.82–3.04 Å), five fluorines (2.81–3.33 Å) and to
a hydrogen (K—H¼ 2.77 Å) (see Figure 25). The potassium salt has been used in the synthesis of
Cu(II) and Zn(II) derivatives.222

3.1.4.2 Group 14 Ligands

In this section are covered complexes that contain s-block–(Si, Ge, Sn, Pb) bonds as their primary
point of interest. Cluster compounds that contain Group 14–Group 14 bonds, or in which an

Figure 24 The structure of the sodium derivative of the ‘‘superhydride’’ anion, Na[HBEt3].

Figure 25 The structure of K[H2B(3,5-(CF3)2pz)2].
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alkali or alkaline-earth metal is involved peripherally (e.g., the Na(THF)2 units in the tin cube
[(Si(But)3)6Sn8](Na(THF)2)2)

223 are not considered here.
A variety of monomeric species with terminal s-block–Group 14 bonds are known and have

been structurally characterized (see Table 3). (THF)3Li–E(SiMe3)3 complexes are commonly
prepared from the reaction of E(SiMe3)4 with MeLi, which eliminates SiMe4 (E¼ Si,224 Ge,225

Sn226). A one-pot synthesis is available for the preparation of (THF)3Li–Sn(SiMe3)3 by the
reaction of chlorotrimethylsilane and lithium wire; the resulting Li(THF)n�SiMe3 is treated with

Table 3 Structurally authenticated s-block complexes with group 14 ligands.

Complex M—Eterm (Å) References

[(THF)3Li–Si(SiMe3)3]�0.5Si(SiMe3)4 2.68 224
(THF)3Li–Si(SiMe3)3 2.61, 2.67 (at 153K); 2.67 (at 213K) 224,749
(THF)3Li–SiPh3 2.67 749
(THF)3Li–SiPh(NEt2)2 2.63 749
(THF)3Li–SiPh2(NEt2) 2.68 749
HC{SiMe2N(4-CH3C6H4)}3SnLi(THF)3 2.89, 2.97 750
MeSi{SiMe2NBu

t}3PbLi(THF) 2.83 750
(THF)2Li[(Si[(NCH2Bu

t)2C6H4-1,2])Si(SiMe3)3] 2.61 751
[(THF)2Li]2–Si[Si(Pr

i)3]2 2.55 (av) 229
(C7H8)3K–Sn(CH2CMe3)3 3.55 752
Na8(OCH2CH2OCH2CH2OMe)6(SiH3)2 3.05 232
[Li{Me2Si(H)NBu

t}]3 1.95 (av) 233
Mg2{Me2Si(H)NBu

t}4 3.14, 2.27 233
(THF)3Li–SiPh2(NPh2) 2.73 753
(TMEDA)Mg–(SiMe3)2 2.65, 2.67 754
(CO)4Fe–Sn(�-OBu

t)3Sr(�-OBu
t)3Sn–Fe(CO)4 3.29 755

(CO)5Cr–Sn(�-OBu
t)3Ba(�-OBu

t)3Sn–Cr(CO)5 3.49 755
(TMEDA)BrMg–SiMe3 2.63 756
(PMDTA)BrMg–SiMe3 2.65 756
[Me3SiSiMe2Li]4 2.68 (av) 757
Cl2Sn{O(SiPh2O)2}2-�(Li(THF)2)2 3.01 758
(THF)3Li–Ge[(Bu

tSi(OSiMe2NPh)3]3 2.90 759
(p-dioxane)LiSi(2-(Me2NCH2)C6H4)2
Si(2-(Me2NCH2)C6H4)2Si(2-(Me2NCH2)
C6H4)2Li(p-dioxane)�(p-dioxane)�cyclohexane

2.54, 2.55 760

(THF)2Li(2-(Me2NCH2)C6H4)2Si–Si
(2-(Me2NCH2)C6H4)2Li(THF)2

2.57 (av) 760

(PMDTA)Li–SnPh3 2.86, 2.88 228
(THF)3Li–Si(SiMe3)2SiMe2(Bu

t) 2.68 761
[Li–Si(PhMe2Si)2Me]2 2.66, 2.78 762
[Li–Si(PhMe2Si)2Ph]2 2.63, 2.77 762
(THF)3Li–Ge(SiMe3)3 2.67 763
(THF)2Li–Ge(2-Me2NC6H4)3 2.60 764
(PMDTA)Li–Ge(SiMe3)3 2.65 763
[Na–Si(SiMe3)3]2 2.99 (av) 231
[Na–Si(SiMe3)3]2�C6H6 3.02 (av) 231
[K–Si(SiMe3)3]2 3.39 (av) 231
(C6D6)3K–Si(SiMe3)3 3.34 (av) 231
[Rb–Si(SiMe3)3]2�toluene 3.52–3.62 231
[Cs–Si(SiMe3)3]2�toluene 3.77–3.85 231
[Cs–Si(SiMe3)3]2�biphenyl�n-pentane 3.68–3.81 231
[Cs–Si(SiMe3)3]2 (�-THF) 3.67–3.73 231
(�6-C7H8)Na–Sn(SiMe3)3�n-pentane 3.07 231
(THF)3Li–Sn(SiMe3)3 2.87 227
(THF)2Na–Si(Bu

t)3 2.92 230
(PMDTA)Na–Si(But)3 2.97 230
(PMDTA)Li–PbPh3 2.86 234
(C6D6)3K–Si(Bu

t)3 3.38 230
[Li–Si(But)3]2 2.63, 2.67 230
[Na–Si(But)3]2 3.06, 3.07 230
(THF)4Ca–(SnMe3)2 3.27 765
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a 1:4 molar equivalent of tin(IV) chloride.227 Multinuclear NMR spectroscopy has been used to
verify the correspondence between solution and solid state structures; direct observation of
1J(7Li—117,119Sn)¼ 412Hz in a solution of pentamethyldiethylenetriamine (PMDTA)Li–SnPh3,
for example, confirmed that the Sn—Li bond observed in the solid state (2.87 Å (av)) persists in
solution.228

Treating the persilyl-substituted 1,1-bis(triisopropylsilyl)-2,3-bis(trimethylsilyl)silirene with Li
in THF results in cleavage of two Si–C bonds in the three-membered ring, yielding Li2Si[Si(Pr

i)3]2
and Me3SiC�CSiMe3 (see Scheme 1). A THF adduct was structurally characterized by X-ray
crystallography and NMR spectroscopy (1J(29Si—6Li)¼ 15.0Hz)). Reaction of the dilithiosilane
with Br2Si[Si(Pr

i)3]2 in THF gave the disilene (Pri3Si)2Si¼Si(Si(Pri3)2 in almost quantitative
yield.229

Scheme 1

Derivatives of the bulky ‘‘supersilyl’’ ligand (–SiBut3) can be isolated from the reaction of
lithium, sodium, or potassium with But3SiX halides in alkanes or THF, and optionally in the
presence of donors including ethers, amines, and aromatic hydrocarbons. Ethers can be
exchanged for stronger donors like PMDTA, 18-crown-6, and cryptand-222.230 Alkali metal
supersilyl complexes are extremely water- and air-sensitive; and because the –SiBut3 ligand is
strongly basic, complexes such as (18-crown-6)NaSiBut3 and (cryptand-222)(Na,K)SiBut3 are
unstable owing to their tendency to deprotonate the crown and cryptand, respectively. Even
weak bases such as THF or benzene can be deprotonated, with concomitant formation of
HSiBut3. The complexes couple in the presence of AgNO3 to generate the disilane But3Si—
SiBut3, and react with Me3SiX to form Me3Si—SiBut3. At 100

�C, But3SiX oxidizes M–SiBut3
(Equation(2)):

MSiBut3 þ But3SiX ! 2But3Si� þ MX ð2Þ

The supersilyl radical will abstract a hydrogen atom from alkanes to form HSiBut3 and R�; the
latter can then generate secondary products.230

The reaction between Zn[Si(SiMe3)3]2 and potassium, rubidium, and caesium in heptane affords
the donor-free derivatives.231 The use of boiling n-heptane with sodium can be used to produce
NaSi(SiMe3)3. NMR and Raman spectra, structural analysis, and calculations on model systems
indicate that the bonding is largely ionic in the compounds. The unsolvated species [MSi-
(SiMe3)3]2 are cyclic dimers with almost planar M2Si2 rings; various benzene and toluene solvates
are known also.
Large aggregates containing M—Si bonds have been formed by a variety of methods. Treat-

ment of SiH4 with dispersed Na in diglyme at 100 �C yields [Na8(OCH2CH2OCH2CH2OMe)6-
(SiH3)2].

232 The eight sodium atoms form a cube, the faces of which are capped by the alkoxo
oxygen atoms of the three ligands, which in turn are each bound to four sodium atoms
(Na—O¼ 2.30–2.42 Å). The sodium and oxygen atoms generate an approximate rhombododeca-
hedron. Six of the eight sodium atoms are five-fold coordinated to oxygen atoms, and the
coordination of the other two Na atoms is completed by SiH3

– ions, which have inverted C3


symmetry (i.e., Na—Si—H angle 58–62�) (see Figure 26). Despite the strange appearance of the
latter, ab initio calculations (MP4/6-31G(d)) on the simplified model compound (NaOH)3NaSiH3

indicate that the form with inverted hydrogens is 6 kJmol�1 lower in energy than the uninverted
form; electrostatic (rather than agostic) interactions (H�—–Na�þ) between the SiH3 group and the
three adjacent sodium atoms stabilize the inverted form.
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Agostic Si—H–Li contacts (i.e. less than 3.0 Å) are not present in the solvent-free X-ray crystal
structure of [Li{Me2Si(H)NBut}]3; shorter Bu

tCH3–Li distances (2.8 Å) are observed instead. In
toluene solution at�80 �C, solution, the 1H–6Li HOESY (Heteronuclear Overhauser Enhance-
ment Spectroscopy) spectrum of Li[Me2Si(H)NBut] confirms that the trimeric species lacks
Si—H–Li interactions, but two other species with strong Si—H–Li interactions are present also.
Computations on the model system Li-HN-SiH3 suggest that Si—H–Li interactions are energe-
tically favored and result in increased Si—H distances and decreased Si—H frequencies.233 In
contrast, the related magnesium-based compound Mg2[Me2 Si(H)NBut]4 does display evidence of
agostic Si—H–Mg contacts in the solid state. The two short agostic Si—H–Mg interactions
(Mg—H¼ 2.2, 2.5 Å) are represented by two low �(Si—H) frequencies in the IR spectrum
(2,040, 1,880 cm�1).233

The bonding between Li and Sn and Pb has been investigated computationally with SCF/HF
(Self-Consistent Field/Hartree-Fock) methods in the model compounds LiSnPh3 and
LiPbPh3.

234 The 6pz orbital of the lead in LiPbPh3 is oriented toward the lithium atom, and
hence the Pb—Li bond involves the Pb(6pzþ 6s)–Li(2s) orbitals, and not the Pb(6s)–Li(2s)
orbitals only. The other lobe of the 6pz orbital is directed between the phenyl rings on the
lead, and is able to interact with them. The compression of the phenyl ligands toward the z-axis
is evident in the C(phenyl)—Pb–C(phenyl) angle of 102� calculated for the model compound,
which compares favorably with the corresponding angle of 94.3� observed crystallographically
in the complex (PMDTA)Li–PbPh3.

3.1.4.3 Group 15 Ligands

3.1.4.3.1 Nitrogen donor ligands

(i) Amides, especially bis(trimethylsilyl)amides

Whereas the parent amides of the s-block metals (M(NH2)1,2) possess either ionic lattices or
framework structures,197 replacement of the hydrogen atoms with groups of increasing size leads
to molecular complexes. Group 1 and 2 amido complexes are remarkably versatile reagents, and
are used both in organic synthesis235 and to prepare a wide variety of derivatives of other main-
group and transition metal complexes. Issues in the coordination chemistry of amidolithium
reagents that are concerned chiefly with applications in synthetic organic chemistry are summar-
ized elsewhere.236–242

A widely used class of s-block amido complexes is that containing the bis(trimethylsilyl) group,
–N(SiMe)2. Examples of these compounds were synthesized by Wannagat in the 1960s,243 but all

Figure 26 The structure of [Na8(OCH2CH2OCH2CH2OMe)6(SiH3)2], with its inverted SiH3 moieties.
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the s-block metals (excepting Fr and Ra) are now represented. The chemistry of the heavy
alkaline-earth derivatives has been extensively developed by Westerhausen;244 this chemistry has
been reviewed.19

Synthesis of the s-block metal bis(trimethylsilyl)amides is varied, and representative routes are
summarized in Table 4. The lithium compound can be prepared by reaction of LiBun with
hexamethyldisilazane (pKa¼ 25.8) (Table 4, Equation (1)),245 and the sodium derivative is avail-
able by transmetallation of the metal with Hg[N(SiMe3)2]2 at room temperature (Table 4,
Equation (2)).246 The monomeric Be[N(SiMe3)2]2 can be prepared from the reaction of (Et2O)-
BeCl2 with Na[N(SiMe3)2] Table 4, Equation (4)),247 whereas reaction of MgBun2 with
HN(SiMe3)2 produces Mg[N(SiMe3)2]2 in quantitative yield (Table 4, Equation (5)).248 The heavy
alkaline-earth derivatives are available from reaction of Ca, Sr, and Ba with M[N(SiMe3)2]2
(M¼ Sn, Hg) (Table 4, Equations (2) and (3))249 or with HN(SiMe3)2 in THF (Table 4, Equation
(6)) or THF/NH3 (Table 4, Equations (7a)–(7c)). The approach relies on the solubility of ammonia
in ethereal solvents (especially tetrahydrofuran) (Table 4, Equation (7a)), the dissolution of the
metal in the saturated ammonia/THF solution (Table 4, Equation (7b)), and the reactivity of
the dissolved metal with the parent amine (Table 4, Equation (7c)). The ammonia is a catalyst in
the process.250 Halide metathesis with MN(SiMe3)2 (M¼Na, K) has been used for the calcium,
strontium, and barium derivatives (Table 4, Equation (8)),249 Other reactions involving metal
alkoxides251 and paratoluenesulfonates252 have been reported.
Synthesis of the compounds is sensitive to the reaction conditions and identity of the metals.

For example, the dimeric [MN(SiMe3)2]2 (M¼Rb, Cs) species form from the reaction of the
metal in refluxing neat hexamethyldisilazane (Table 4, Equation (9)).253 If caesium is first
dissolved in liquid ammonia, however, addition of HN(SiMe3)2 results in the formation of a
mono(trimethylsilyl)amido complex, [CsHN(SiMe3)2]4.

254 The latter is a tetrameric species in
which one N—Si bond of the original amine has been broken, and the remaining N—Si bond
is short enough (1.59(1) Å) to suggest the presence of some degree of multiple bonding (see
Figure 27). The formula of heterometallic amido complexes can also be difficult to predict; e.g.,
addition of LiN(SiMe3)2 to Ca[N(SiMe3)2]2 in THF produces the heterometallic species
[Ca{N(SiMe3)2}{�-N(SiMe3)2}2Li(THF)]; if the barium amido complex is used instead,
[Ba{N(SiMe3)2}2(THF)3][Li2{�-N(SiMe3)2}2(THF)2] can be isolated.255

A large number of structurally characterized bis(trimethylsilyl)amido complexes now exist;
Table 5 gives a representative selection of monometallic homoleptic compounds, both base-free
and with coordinated ethers. Other examples are known with coordinated fluorobenzenes,256

isonitriles,257 methylated pyridines,258 various amines (TMEDA, PMDTA, TMPDA (Tetra-
methylpropylenediamine), BzNMe2 (benzyldimethylamine)),259 Ph3PO,

260 (BunO)(Pri)CO,261 and
1,3-(Pri)2-3,4,5,6-tetrahydropyrimid-2-ylidene.

262 Their structures illustrate the complex interac-
tions between metal size, ligand bulk, and molecular structure that exist with these metals. For
example, among the alkali metal base-free species, the unsolvated Li derivative crystallizes as a
cyclic trimer,263 whereas the Na salt is found both as a trimer264 and as infinite chains of [Na-
N(SiMe3)2�]n units.265 The potassium,266 rubidium, and caesium253 derivatives exist as discrete
dimers in the solid state, constructed around planar [M—N–]2 frameworks.
In the Group 2 derivatives, less diversity is found: the beryllium complex is monomeric,267,268

probably for steric reasons, but the Mg–Ba compounds are dimers.6 Although the M—Si

Table 4 Synthetic methods for the preparation of s-block bis(trimethylsilyl)amido complexes.

Reaction No.

LiRþHN(SiMe3)2!LiN(SiMe3)2þRH (1)
m/2 Hg[N(SiMe3)2]2þM!M[N(SiMe3)2]m(S)xþm/2 Hg (2)
m/2 Sn[N(SiMe3)2]2þM!M[N(SiMe3)2]m(S)xþm/2 Sn (3)
2 Na[N(SiMe3)2]þ (Et2O)BeCl2!Be[N(SiMe3)2]2þ 2 NaCl (4)
Mg(Bun)2þ 2 HN(SiMe3)2!Mg[N(SiMe3)2]2þ 2 (Bun)H (5)
M(NH3)mþ n HNR2!M(NR2)n(NH3)m–xþ n/2 H2þ x NH3 (6)
NH3(g)þTHF!NH3(sat)

Mþm NH3(sat)!M(NH3)m(S)x
M(NH3)m(S)x
þ n HNR2!M(NR2)n(S)xþ n/2 H2þm NH3

(7)
(7)
(7)

2 MI[N(SiMe3)2]þMIIX2!MII[N(SiMe3)2]2þ 2 MIX (8)
MIþ xsHNR2!MIN(SiMe3)2þ 1/2 H2 (9)

MI¼ alkali metal; MII¼ alkaline-earth metal; X¼halide; S¼ coordinated solvent.
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distances change as expected with the increasing size of the cation, the difference between terminal
and bridging N—Si distances decreases with the larger metals.
Solution and gas-phase structures do not always match those in the solid state: unsolvated

bis(trimethylsilyl)amido]lithium and -sodium are dimeric in hydrocarbon solutions, for example,
and LiN(SiMe3)2 remains a dimer in the gas phase,269 although the sodium270 and magnesium271

derivatives are primarily or exclusively monomeric. Mg[N(SiMe3)2]2 will dissociate into mono-
mers in aromatic solvents,249 whereas the M[N(SiMe3)2]2 (M¼Ca, Sr, Ba) derivatives are dimeric
in solution, as evidenced by cryoscopic molecular weights.249

The correlation between the Si—N distance and the Si—N—Si0 angle in metal silylamides has
been the subject of considerable discussion.265,272–274 Partial multiple bonding between Si and N,
in which the lone pair electrons on nitrogen are delocalized onto silicon, has been invoked as an
explanation for the Si—N distance/Si—N—Si0 angle relationships, but steric interactions may
also play a critical role in determining the geometries. In fact, the Si–Si0 separation is relatively
constant at 
3.0 Å for a variety of transition metal, main group, and f-element bis(trimethylsilyl)
amide complexes,266 and is probably of steric origin; i.e., bis(trimethylsilyl)amide complexes
containing short Si—N bonds must necessarily possess relatively large Si—N—Si0 angles to
avoid violating a minimum SiMe3–SiMe03 separation.
The trimethylsilyl groups are associated with hydrocarbon solubility of the base-free and ether

adducts. This is a particularly remarkable property, in that the metal atoms in many of the
structures are exposed to external molecules, and are not appreciably shielded by the trimethyl-
silyl group of the amido ligands (see Figure 28). Strong ion pairing interaction between the Mnþ

and the N(SiMe3)2
– ions probably contributes to their solubility.266

Extensive NMR data (1H, 13C, 15N, 29Si) exist for these species;19 the �(N) and �(SiMe3) shifts
are sensitive to the identity of the metal center. In the case of the alkaline-earth compounds,
differences in the chemical shifts and coupling constants for the bridging and terminal –SiN(Me3)2
groups disappear for the barium derivatives, an indication that they are in fast exchange.
Owing to the widespread use of Lewis bases to activate alkyllithium and amidolithium reagents

in organic synthesis, the relationship between solvation and aggregation in the reactivity of
lithium complexes is of considerable importance. The conventional interpretation of the activa-
tion phenomenon holds that bases disrupt the oligomers in which alkyllithium and amidolithium
complexes are typically found (i.e., tetramers for CH3Li, hexamers for Bu

nLi, etc.), and it is the
monomers that are the reactive species. Experimental evidence to the contrary, however, has been
provided by Collum and co-workers,275–306 who have examined the molecularity of solvated
amidolithiums with 6Li, 15N, and 13C-NMR spectroscopy, and have argued that strongly coordin-
ated ligands do not necessarily promote higher reactivity, nor do similar reaction rates auto-
matically imply similar mechanisms.307,308

The structural chemistry and solution behavior of lithium diisopropylamide (LiN(CHMe2)2,
LDA) typifies the complexities of these systems. Although the base-free compound crystallizes as
infinite helical chains with two-coordinate lithium and four-coordinate nitrogen,309 it is isolated
from N,N,N0,N0-tetramethylethylenediamine (TMEDA)/hexane mixtures as an infinite array of

Figure 27 The structure of the tetrameric mono(trimethylsilyl)amido complex, [CsHN(SiMe3)2]4.
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dimers linked by bridging (nonchelating) TMEDA ligands (see Figure 29).295 Lithium-6 and
15N-NMR spectroscopic studies indicate that LDA in neat TMEDA exists as a cyclic dimer bearing
a single �1-coordinated TMEDA ligand on each lithium. However, the equilibrium between solvent-
free LDA and the TMEDA-solvated dimer shows a strong temperature dependence; TMEDA
coordinates readily only at low temperature, and high TMEDA concentrations are required to
saturate the lithium coordination spheres at ambient temperature.295

NMR spectroscopic studies of 6Li-15N labeled lithium hexamethyldisilazide in solvents includ-
ing THF, 2-methyltetrahydrofuran (2-MeTHF), 2,2-dimethyltetrahydrofuran (2,2-Me2THF),
diethyl ether (Et2O), t-butyl methyl ether (ButOMe), n-butyl methyl ether (BunOMe), tetra-
hydropyran (THP), methyl i-propyl ether (PriOMe), and trimethylene oxide (oxetane) have been
used to characterize the nature of the solvated species. Mono-, di-, and mixed-solvated dimers can
be identified in the limit of slow solvent exchange, but ligand exchange is too fast to observe

Table 5 Bond lengths (Å) in solid state homoleptic s-block bis(trimethylsilyl)amide complexes and base
adducts.

Complex
M–Nterm

(Å)
M–Nterm

(Å)
Nterm–Si
(Å)

Nbrid–Si
(Å) References

[LiN(SiMe3)2]3 1.98–2.03 1.73 263,766
[(Et2O)LiN(SiMe3)2]2 2.04 1.70 767,768
[(THF)LiN(SiMe3)2]2 2.03 1.69 245,769,770
[(BzNMe2)LiN(SiMe3)2]2 2.03–2.09 1.71 259
[(�1-DME)LiN(SiMe3)2]2 2.01–2.05 1.70 259
(PMDTA)LiN(SiMe3)2 1.99 1.67 259
(12-crown-4)LiN(SiMe3)2 1.97 1.68 771
(TMEDA)LiN(SiMe3)2 1.89 1.68 259
[(p-dioxane)LiN(SiMe3)2]2
{p-dioxane�[LiN(SiMe3)2]2}1

2.03/2.04 1.70/1.70 259

[NaN(SiMe3)2]3 2.36–2.40 1.70 264,772
[NaN(SiMe3)2]1 2.36 (av) 1.69 265
[(THF)NaN(SiMe3)2]2 2.40 1.68 773
[(p-dioxane)2NaN(SiMe3)2]n 2.38 1.67 774
{[(�1-TMPDA)NaN(SiMe3)2]2}1 2.43 1.68 259
[KN(SiMe3)2]2 2.77/2.80 1.68 266
[KN(SiMe3)2]2�toluene 2.75/2.80 1.67 775
[KN(SiMe3)2]2�1,3-diisopropyl-
3,4,5,6-tetrahydropyrimid-2-ylidene

2.76/2.84 1.67 262

(p-dioxane)2KN(SiMe3)2 2.70 1.64 776
[RbN(SiMe3)2]2 2.88/2.96 1.67 253
[(p-dioxane)3RbN(SiMe3)2]n�

(p-dioxane)n

2.95/3.14 1.67 774

[CsN(SiMe3)2]2 3/07/3.15 1.67 253
[CsN(SiMe3)2]2�toluene 3.02/3.14 1.68 253
[(p-dioxane)3CsN(SiMe3)2]n�

(p-dioxane)n

3.07/3.39 1.67 774

[Be[N(SiMe3)2]2 1.56 1.73 267,268
Mg[N(SiMe3)2]2 (g) 1.91 1.70 271
{[Mg[N(SiMe3)2]2}2 (s) 1.98 3.15 1.71 1.77 777
(THF)2Mg[N(SiMe3)2]2 2.02 1.71 246
[(p-dioxane)Mg[N(SiMe3)2]2 1.95 1.70 778
{[Ca[N(SiMe3)2]2}2 2.27 2.47 1.70 1.73 779
(THF)2Ca[N(SiMe3)2]2 2.30 1.69 447
(DME)Ca[N(SiMe3)2]2 2.27 1.68 779
{[Sr[N(SiMe3)2]2}2 2.24 2.64 1.69 1.71 780
(THF)2Sr[N(SiMe3)2]2 2.46 1.67 781
{(p-dioxane)Sr[N(SiMe3)2]2}n 2.45 1.69 782
(DME)2Sr[N(SiMe3)2]2 2.54 1.69 780
{[Ba[N(SiMe3)2]2}2 2.58 2.82 1.69 1.70 6
(THF)2Ba[N(SiMe3)2]2 2.59 1.68 6
{(THF)Ba[N(SiMe3)2]2}2 2.60 2.83/2.90 1.69 1.71 6
(THF)3Ba[N(SiMe3)2]2 2.64 1.67 255
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bound and free diisopropyl ether (Pri2O), t-amyl methyl ether (Me2(Et)COMe), and 2,2,5,5-
tetramethyltetrahydrofuran (2,2,5,5-Me4THF). Relative free energies and enthalpies of
LiN(SiMe3)2 dimer solvation display an approximately inverse correlation of binding energy
and ligand steric demand, but there is no simple correlation between reduced aggregation state and
increasing strength of the lithium–solvent interaction. Contributions from solvation enthalpy and
entropy, with the added complication of variable solvation numbers (higher with more sterically
compact solvents) affect the measured free energies of aggregation.285

The structures of lithiated phenylacetonitrile and 1-naphthylacetonitrile have been studied in
THF and HMPA–THF solution. In pure THF, 7Li-NMR line width studies suggest that these
species exist as contact ion pairs. In the presence of 0.25–2 equivalents of HMPA, HMPA-
solvated monomeric and dimeric contact ion pairs can be identified with 31P and 7Li-NMR
spectroscopy, but with four to six equivalents of added HMPA, NMR spectra provide direct
evidence for the formation of HMPA-solvated separated ion pairs.310

Figure 28 Space-filling drawing of [KN(SiMe3)2]2, indicating the exposure of the potassium atom.

Figure 29 Portion of the solid state structure of TMEDA-adducted LiN(CHMe2)2.
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The complexity of the solvation of lithium bases has also been demonstrated by studies of
LiNPri2 mediated ester enolization of But-cyclohexanecarboxylate in four different solvents
(THF, ButOMe, HMPA/THF and DMPU/THF (DMPU¼ 1,3-dimethyl-3,4,5,6-tetrahydro-
2(1H)-pyrimidone)).311 Even when experiments are designed to exclude mixed aggregate effects,
four different mechanisms with nearly identical rates are observed, involving:

(i) disolvated monomers in THF,
(ii) monosolvated dimers in ButOMe,
(iii) both monosolvated monomer and tetrasolvated dimers in HMPA/THF, and
(iv) mono- and disolvated monomers in DMPU/THF.

Both monomeric and aggregated species (e.g., ‘‘open’’ dimers in ButOMe and triple ions in HMPA/
THF) are reactive. In related work in which aggregate formation wasmaximized, it was shown that the
rates of enolization in the presence of the mixed aggregates are much lower and solvent dependent.312

The autoinhibition correlates with the relative stabilities of the mixed aggregates; the stabilities do not,
however, correlate in a straightforward manner with the ligating properties of the solvent.
A particularly interesting development in heterometallic amido complexes are the so-called ‘‘inverse

crown ether’’ complexes. These 8-membered (M—N—Mg—N)2 rings (M¼Li, Na, K)20,313,314

act as polymetallic hosts to anionic species. Most common are oxo or peroxo species, in which
the O2� or O2

2� ions are derived from molecular oxygen, although hydride encapsulation has also
been described.315 Larger 12-membered (NaNMgNNaN)2

2þ or 24-membered (KNMgN)6
2þ var-

iants, which function as single or multiple traps for arene-based anions, are also known.316

In a typical preparation of an ‘‘inverse crown’’, the reaction of n-butyllithium with dibutylmag-
nesium and oxygenated 2,2,6,6-tetramethylpiperidine (LH) affords the complex [L4Li2Mg2O]. The
same reaction with n-butylsodium in place of n-butyllithium and HN(SiMe3)2 in place of tetra-
methylpiperidine yields [(Me3Si)2N]4Na2Mg2(O2)x(O)1�x.

313 The structure of the related
[(Me3Si)2N]4Li2Mg2(O2)x(O)1�x contains a side-on bonded peroxide molecule occupying a
square-planar site. The four disordered metal atoms achieve a three-coordinate geometry by
bridging to amido N atoms, producing an eight-membered ring (see Figure 30; an oxide atom
replaces the peroxide molecule in approximately 30% of the molecules within the bulk lattice; it is
positioned at the center of the O(1)—O(10) bond).20

Compounds that are both heterometallic and contain mixed-amido ligand sets are rare. A novel
example is found from the reaction of the magnesium amide Mg(TMP)2 (TMP¼ 2,2,6,6-tetra-
methylpiperidide (TMP)) with the lithium amide LiN(SiMe3)2 in hydrocarbon solution. A steric-
ally promoted hydrogen transfer/amine elimination process occurs, yielding the mixed lithium–
magnesium, mixed amide (R,R/S,S)-{LiMg(TMP)[CH2Si(Me)2N(SiMe3)]}2.

317 Its molecular
structure is dimeric, composed of dinuclear (LiNMgN) monomeric fragments with pendant
Me2SiCH2 arms that bind intramolecularly through the methylene CH2 unit to the Mg center

Figure 30 The structure of the ‘‘inverse crown ether’’ complex [(Me3Si)2N]4Li2Mg2(O2)x(O)1�x.
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(see Figure 31). Dimerization occurs through intermolecular bonds from the methylene CH2 unit
to the Mg center of the other monomeric fragment. The formally two-coordinate lithium atoms
are engaged in agostic interactions with one TMP and the methyl of a bis(trimethylsilylamido)
group. Interestingly, the nitrogen atoms N(1) and N(4) of two N(SiMe3)2 groups are chiral; each
binds to one Li and one Mg center, and to one SiMe3 and one SiMe2CH2 group. Only the
enantiomeric R,R and S,S pair has been observed.

(ii) Imidoalkalis

The imidoalkalis, RR0C¼NM, constitute a large family of compounds that encompass M—N,
M—O and M—C rings and aggregates of various sizes. They were the first group of compounds
in which the concepts of ‘‘ring-stacking’’ and ‘‘ring-laddering’’ were systematically developed.318–323

They are useful precursors to imido complexes of p-block and transition metal elements, for
example (Equation (3)):

R00
3SiCl þ RR0C¼NLi ! R0RC¼NSiR00

3 þ LiCl ð3Þ

With the bulky base HMPA, a dimeric imidolithium can be isolated (i.e., (But2C¼NLi�HMPA)2
(Li—N¼ 1.92, 1.95 Å)324). With less sterically demanding bases, more complex aggregates can
form. For example, (Ph2C¼NLi�Py)4 has a cubane structure that can be viewed as two stacked
(LiN)2 four-membered ring systems (see Figure 32).

324 The cube is considerably distorted, with three
distinct ranges of Li—N distances (2.03, 2.08, and 3.16 Å (av)).Somewhat greater uniformity is
observed in the cubic imidolithium complex {Li[N¼C (But)CHCHC(SiMe3)(CH2)2CH2]}4, formed
from the reaction of 2-trimethylsilylcyclohexenyllithium with (But)CN (Li—N¼ 1.99–2.04 Å).325

Larger clusters are also known; among the first to be structurally authenticated was {Li[N¼C-
(But)2]}6 (Figure 33);

326 the structure of {Li[N¼C(NMe2)2]}6 is similar. Both are based on folded
chair-shaped Li6 rings held together by triply bridging N¼CR2 groups; the �3-imino ligands function
as three-electron donors, forming one two-center Li—N bond and one three-center Li2N bond to
isosceles triangles of bridged metal atoms. The mean Li—Li distance in the metal rings is 2.35 Å in
{Li[N¼C(But)2]}6, and the mean dihedral angle between Li6 chair seats and backs is 85

�. The N atoms
of the bridging N¼CR2 groups are roughly equidistant from the three bridged Li atoms (Li—
N¼ 2.06 Å (av)).326 The stacked ring motif is found in the related hexameric compounds
[LiN¼C(C6H5)C(CH3)3]6 (generated from (But)C�N and PhLi or C6H5C�N and ButLi) and
[LiN¼C(C6H5)NMe2]6 (generated from C6H5C�N and LiNMe2 orMe2NC�N and LiC6H5).

318,327

A rare example of a heterometallic imido complex is the triple-stacked Li4Na2[N¼C(Ph)-
(But)]6, prepared from the reaction of PhLi and PhNa with (But)NC (see Figure 34). The molecule
has six metal sites in a triple-layered stack of four-membered M—N rings, with the outer rings
containing lithium and the central ring containing sodium; the latter is four-coordinate.328

Figure 31 The structure of the lithium–magnesium, mixed amide (R,R/S,S)-{LiMg(TMP)[CH2Si(Me)2N-
(SiMe3)]}2.
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(iii) Thiocyanates

Thiocyanate (SCN�), and to a lesser extent, selenocyanate (SeCN�) ions are among the classic
ambidentate ligands. The conventional expectation is that they should display N–coordination to
the ‘‘class a’’ s-block metals, and the majority of crystallographically characterized examples
support this. Thiocyanate ions are often found in complexes with macrocyclic ligands, such as
crown ethers,329–358 azacrowns,359–374 cryptands,375 glymes,376–379 hemispherands,380 paracyclo-
phanes,381 and other polydentate oxygen ligands.382–386 Nonmacrocyclic thiocyanate compounds
are found with water,335,387 pyridines,388–391 THF,392 acetates,393 HMPA,394–397 TMPDA,398

phenolate399 and other more complex ligands.400,401 Homoleptic examples also exist (e.g.,
[Ca(NCS)6]

4�,334 [Rb(NCS)4]
3�, [Cs(NCS)4]

3�402). In the case of the complex of (E)-9,10-diphenyl-
2,5,8,11,14,17-hexaoxaoctadec-9-ene with NaSCN, a unique Na3(�3-NCS) arrangement is
found (see Figure 35).403

Notwithstanding these examples, the preference for N–coordination is not absolute. S–bound
NCS� ligands are found bound to potassium in crown ether complexes.369,404 For example, the
30,50-difluoro-40-hydroxybenzyl-armed monoaza-15-crown-5 ether forms F-bridged polymer-like

Figure 32 The structure of (Ph2C¼NLi�py)4, constructed from stacked (LiN)2 rings.

Figure 33 The structure of {Li[N¼C(But)2]}6, based on folded chair-shaped Li6 rings.
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complexes with MSCN (M¼K, Rb) in the solid state and in solution. The thiocyanate ligands are
S-bound and terminal in the potassium complex, S-bound and bridging in the rubidium derivative
(see Figure 36).405

Bridging SCN ligands will naturally have both N– and S–bound ends. Such ligands are found
in the 1:1 TMEDA complex of lithium thiocyanate, (LiSCN�TMEDA)n prepared from solid
NH4SCN and BunLi in TMEDA/hexane. In hydrocarbon solvents, it assumes a dimeric, purely
N—Li bridged structure, but in the solid state it exists as a polymeric solid with lithium ions
linked by SCN ligands (Li—N¼ 1.96 Å; Li—S¼ 2.57 Å).406 Similar bridged structures are
adopted by SCN ions spanning potassium complexed azacrown ligands,407 and barium-com-
plexed bipyridine.408

A more complex arrangement is generated from the reaction of solid NH4SCN with solid NaH
and HMPA (1:1:2 molar ratios) in toluene, which produces both the discrete dimer [NaNCS-
(�-HMPA)(HMPA)]2 with bridging and terminal HMPA ligands and N-bound NCS� ligands,
and the polymeric (NaNCS�HMPA)n, which has both N– and S–bound NCS� ligands (Na—
N¼ 2.33 Å; Na—S¼ 2.89 Å).395 The detection of radicals with EPR spectroscopy suggests that
the reaction proceeds via an electron-transfer mechanism.
Heterobimetallic species containing �-SCN ligands are found in the polymeric chain structures

[K(18-crown-6)(�5-C5Me5)2Yb(NCS)2]1,
409 [K(18-crown-6)(�-SCN)]2UO2(NCS)2(H2O),

410 and

Figure 34 The structure of the bimetallic triple-stacked complex Li4Na2[N¼C(Ph)(But)]6.

Figure 35 The structure of complex formed between (E)-9,10-diphenyl-2,5,8,11,14,17-hexaoxaoctadec-9-ene
and NaSCN.
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[K(18-crown-6)]2K[Bi(SCN)6], which exists in two isomeric forms.411 In the yellow form, octahed-
ral [Bi(SCN)6]

3� anions are surrounded by four K[K(18-crown-6)]2 units in a layered arrange-
ment; all the thiocyanates are N–bound to potassium. In the yellow form, the thiocyanatobismuth
anions have four S-bonded and two trans N-bonded thiocyanate ligands, and are arranged in
parallel columns separated by Kþ cations; each potassium has two trans S-bound and four
N-bound thiocyanate ligands. Two [K(18-crown-6)]þ units are located between the columns.411

Structurally characterized selenocyanate complexes of the s-block metals are much rarer, but as
befits the softer nature of selenium relative to sulfur, all known examples are N–bound.411–414

(iv) N-donor stabilized metal-centered radicals

The 1,4-di-t-butyl-1,4-diazabutadiene ligand ((But)2DAB) is able to stabilize a ligand-centered
radical with lithium,415 or triplet biradicals with magnesium, calcium, and strontium.416 The dark
green lithium species can be generated from (t-Bu)2DAB and sonicated lithium in hexane;
activated magnesium will react with (But)2DAB in THF to form the deep red Mg[(But)2DAB]2.
EPR measurements (gav¼ 2.0034 for Li415; 2.0036 for Mg417), DFT calculations,418 and X-ray
single-crystal structural studies have been used to characterize the products. The lithium com-
pound, for which calculations suggest the metal–ligand interaction is primarily ionic, displays a
tetrahedral coordination geometry (see Figure 37). One (But)2DAB ligand (involving N1 and N4)
has a geometry consistent with a radical anion (Li—N(mean)¼ 1.995 Å; N—Li—N¼ 88.3(3)�);
the other is bound as a simple neutral ligand (Li—N(mean)¼ 3.141 Å; N—Li—N¼ 79.5(2)�). In
the magnesium compound, the metal center is also tetrahedrally coordinated, but the molecule

Figure 36 Portion of the polymeric lattice of an S-bound thiocyanate rubidium crown ether complex.

Figure 37 The structure of the lithium complex of 1,4-di-t-butyl-1,4-diazabutadiene.
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possesses nearly 2mm symmetry, and both ligands display features consistent with radical anions
(Mg—N¼ 2.070(7), 2.067(7) Å; Mg—N¼ 83.1(3), 82.4(3)�). It should be noted that it is possible
to prepare beryllium, calcium and barium complexes of the diazabutadiene ligand that contain
doubly-reduced ligands; the complexes [Be(1,4-bis(4-methylphenyl)-2,3-diphenyl-1,3-diazabuta-
diene)(THF)]2 (black-green),419 [Ca(NRCPh¼CPh¼NR-N,N0)(DME)2] (R¼C6H4-4-Me)
(orange) and [Ba2(DME)3(NPhCPh¼CPhNPh)2DME] (red) have been structurally characterized.420

(v) Other nitrogen donor ligands

The pyrazolate anion, [C3H3N2]
�, is isolectronic with the cyclopentadienyl anion, and has been

incorporated into s-block metal complexes. Reaction of the disubstituted pyrazoles 3,5-R2pzH
(R¼But or Ph) with KH in THF yields [(3,5-R2pz)K(THF)n]6 [R¼But, n¼ 0; R¼Ph, n¼ 1]. The
crystal structure of the hexameric drum-shaped diphenylpyrazolato derivative (see Figure 38)
indicates that each potassium is bonded in an �2-manner to one pyrazolato ligand, in an
�1-fashion to two adjacent ligands, and to a single THF ligand. The complex serves as a
pyrazolato transfer reagent to titanium and tantalum.421

The hexadentate ligand bis{3-[6-(2,20-bipyridyl)]pyrazol-1-yl}hydroborate contains two terden-
tate chelating arms joined by a [BH2]

� spacer. Its potassium derivative crystallizes in the form of a
double helix, in which each metal ion is six-coordinated by a terdentate arm from each of the two
(pyrazol-1-yl)hydroborate ligands; the two ligands are bridging, and folded at the –BH2– linkage
(see Figure 39).422

The reaction of magnesium bromide with potassium 3,5-di-tert-butylpyrazolate, K[But2pz], in
toluene affords Mg2(Bu

t
2pz)4; in THF the product is Mg2(Bu

t
2pz)4(THF)2.

423 Both of these are
dinuclear complexes with two bridging pyrazolato and two chelating �2-pyrazolato ligands.
TMEDA binds to the unsolvated compound or displaces THF from the solvate to give Mg(But2pz)2
(TMEDA), which is a mononuclear species with two �2-pyrazolates and chelating TMEDA.
Reaction of CaBr2 with two equivalents of K[But2pz] in THF yields Ca(But2pz)2(THF)2, which

on treatment with pyridine, TMEDA, PMDETA, triglyme, and tetraglyme generates the adducts
Ca(But2pz)2(Py)3, Ca(But2pz)2(TMEDA), Ca(But2pz)2(PMDETA), Ca(But2pz)2(triglyme), and
Ca(But2pz)2(tetraglyme), respectively. A related series of THF, PMDETA, triglyme, and tetra-
glyme adducts of the 3,5-dimethylpyrazolate anion can also be prepared. The But pyrazolato
complexes are mononuclear, with �2-bound ligands. The compounds have been investigated for

Figure 38 The structure of the hexameric complex [(3,5-Ph2pz)K(THF)n]6.
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their potential use in CVD, but only Ca(But2pz)2(triglyme) displays appreciable volatility,
subliming at 160 �C (0.1mmHg), and even then, decomposition by triglyme ligand loss is competitive
with sublimation. In other complexes, unfavorable steric interactions between the pyrazolato
ligands and the neutral donors leads to the loss of the latter on heating before sublimation
occurs.424

In the synthesis of barium 3,5-dimethylpyrazolate from barium metal and the pyrazole, silicone
joint grease and cyclo-(Me2SiO)4 are cleaved, forming the complex [(THF)6Ba6(3,5-dimethylpyr-
azolato)8{(OSiMe2)2O}2]. Two [O(SiMe2O)2]

2� bidentate chelating siloxane anions are coordin-
ated above and below a nearly hexagonal Ba6

12þ layer that has been compared to the (110) layer in
cubic body-centered metallic barium (see Figure 40). Eight 
/� coordinated pyrazolate anions
flank the barium layer, and six coordinated THF molecules are located at the periphery of the Ba6
plane.425

In its s-block complexes, the amidinate ligand, [RC(NR0)(NR00)]�,426 displays bonding arrange-
ments that are strongly metal- and substituent-dependent. It is commonly found as a delocalized,
bidentate moiety, forming four-membered M—N—C–N rings. Among the structurally authenti-
cated monometallic species are [PhC(NSiMe3)(N-myrtanyl)]Li�TMEDA (which is chiral by virtue
of the myrtanyl group),427 [PhC(NSiMe3)2]2Be,

428 [PhC(NSiMe3)2]2Mg(THF)2,
429 [PhC(NSi-

Me3)2]2Mg(NCPh)2,
430 [2-Py(CH2)2NC(p-MePh)NPh]2Mg (with a intramolecularly coordinated

pendant pyridine),431 [PhC(NSiMe3)2]2Ca(THF)2,
432 and [PhC(NSiMe3)2]2Ba(THF)(DME).433

Extreme steric bulk on the amidinate ligand can force it to become monodentate, as in the
lithium complex derived from N,N0-diisopropyl(2,6-dimesityl)benzamidine. The TMEDA adduct
(see Figure 41) displays a short N—Li bond (1.94 Å), and the N—C—N bond lengths suggests
that the amidinate is not fully delocalized (C1—N1¼ 1.32 Å and C1—N2¼ 1.34 Å).434

Bimetallic complexes are represented by {[N(SiMe3)C(Ph)NC(Ph)¼C(SiMe3)2Li](CNPh)}2
435

{[�2-N,N
0-di(p-tolyl)formamidinato-N,N,N0]Li(Et2O)}2,

436 {[N(SiMe3)C(Ph)N(CH2)3NMe2]Li}2
(with a �-pendant amine functionality),437 [MeC6H4C(NSiMe3)2Li(THF)]2 and [PhC(NSiMe3)2-
Na(Et2O)]2�Et2O, whose M–M0 distances (2.42 and 2.74 Å, respectively) are 80% and 73% of
those in the metals,438 and [4-MeC6H4C(NSiMe3)2�Li(NCC6H4Me-4)]2. The latter has two four-
coordinated Li cations bound in an N,N0-bidentate �-fashion to one amidinato anion, thereby
forming a double diazaallyl Li bridge, and in a monodentate 
-fashion to a nitrogen lone pair of a

Figure 39 The structure of the potassium derivative of bis{3-[6-(2,20-bipyridyl)]pyrazol-1-yl}hydroborate.

Figure 40 The structure of [(THF)6Ba6(3,5-dimethylpyrazolato)8{(OSiMe2)2O}2.
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second amidinate (see Figure 42). In solution, the different Li-amidinate bonding arrangements
(
Ð�) rapidly interconvert.439

More elaborate polymetallic species are also known. The reaction of benzonitrile with LiN
(SiMe3)2 in hexane affords the trimeric complex [Li3{PhC(NSiMe3)2}3(NCPh)].

440 Two of the
lithium cations are coordinated by three nitrogen atoms of two phenylamidinate anions, and the
other cation is ligated by four nitrogen atoms of two chelating phenylamidinate anions and an
adducted benzonitrile molecule (see Figure 43). The tetra- and hexametallic boraamidinate com-
plexes {[BunB(NBut)2]Li2}2 and {[MeB(NBut)2]Li2}3 have been synthesized from the reaction of
B[N(H)(But)]3 with three equivalents of BuLi or LiMe, respectively. The tetrametallic derivative
possesses a 10-atom Li4B2N4 framework isostructural with the Li4Si2N4 core in {Li2[Me2Si(N-
But)2]}2.

441 The larger aggregate is constructed around a distorted Li6[N(Bu
t)]6 hexagonal prism,

Figure 41 The structure of the TMEDA adduct of the lithium derivative of N,N-diisopropyl(2,6-dimesityl)-
benzamidine.

Figure 42 The structure of [4-MeC6H4C(NSiMe3)2�Li(NCC6H4Me-4)]2.
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in which alternate Li2N2 rings are N,N
0-capped by a BMe unit, generating a tricapped hexagonal

prismatic cluster (see Figure 44).442

The reaction of lithium cyclopentylamide in the presence of traces of H2O generates the large
aggregate [{(c-C5H9)N(H)}12(O)Li14].

443 In contrast to the ladders and rings that dominate the
analysis of many amido and imido complexes, the molecule contains a salt-like, distorted, face-
centered cube of lithium cations surrounding its central oxo anion (Li—O¼ 1.89 Å).
The elegantly simple cations [Ba(NH3)n]

2þ are generated in the course of reducing the fullerenes
C60 and C70 with barium in liquid ammonia. The X-ray crystal structure of [Ba(NH3)7]C60�NH3

reveals a monocapped trigonal antiprism around the metal, with an ordered C60 dianion.
444 An

even more highly coordinated barium cation, [Ba(NH3)9]
2þ (Ba—N¼ 2.89–2.97 Å), was identified

from the reduction of C70. The coordination geometry around barium is a distorted tricapped
trigonal prism; the fullerene units are linked in slightly zigzagging linear chains by single C—C
bonds (1.53 Å) (see Figure 45).445

Figure 43 The structure of the trimeric complex [Li3{PhC(NSiMe3)2}3(NCPh)].

Figure 44 The structure of the hexametallic boraamidinate complex {[MeB(NBut2)2]Li2}3.
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3.1.4.3.2 Phosphorus donor ligands

The interaction of s-block metals and phosphorus-based ligands takes many forms, from neutral
phosphines and anionic diphosphides [PR]2�, to mixed (P,N) and (P,S) donors. The area has been
one of intensive investigation, and there is practical interest in the use of such compounds in
organophosphorus synthesis. The area has witnessed considerable growth: prior to 1985, fewer
than five compounds containing an s-block element bonded to phosphorus had been structurally
authenticated; by the end of 2000, the total was over 200. Extensive reviews of the area have
appeared.19,322,446–448

(i) Neutral phosphines

As expected from the mismatch between the type a s-block metals and the type b character of
neutral phosphines, adducts of the s-block metals with coordinated PR3 groups are rare; examples
are found among organometallic species,449 but not usually with coordination complexes. Pen-
dant phosphines that form part of a chelating ligand can be isolated, however, such as in the
tetrameric sodium enolate {Na[(Pri)2PC(H)¼C(O)Ph]}4, with a Na–P interaction at 2.85 Å.450

and the chelating diphenylphophino arms found in {Li[�-OC(CMe3)2CH2PR2]}2 (R¼Me, Ph)
(Li–P distance= 2.50, 2.65 Å).451

(ii) Monosubstituted phosphido complexes

Group 1 and Group 2 compounds containing the dinegative PR2� unit are not common, but complex
structures can be formed from them. Magnesium forms several types with Mg2nP2m cores. The
magnesiation of tri(t-butyl)silylphosphine with Mg(Bun)2 in THF yields tetrameric [(THF)MgPSi-
(But)3]4.

452The centralMg4P4 cube is only slightly distorted, withMg—P ranging from 2.55 to 2.59 Å.
When the reaction is conducted in toluene, the larger aggregate Mg6[P(H)Si(Bu

t)3]4P[Si(Bu
t)3]2 is

generated. A Mg4P2 octahedron is at the center, with the phosphorus atoms in a trans position. The
Mg–Mg edges are bridged by the P(H)Si(But)3 substituents. A refluxing toluene solution of Mg6-
[P(H)Si(But)3]4P[Si(Bu

t)3]2 will eliminate H2PSi (Bu
t)3 and precipitate the hexameric [MgPSi (But)3]6.

Figure 45 Portion of the polymeric structure of [Ba(NH3)9]C70�7NH3.
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Its structure is based on a Mg6P6 hexagonal drum, with Mg—P distances varying between 2.47
and 2.51 Å in the six-membered Mg3P3 ring, and 2.50–2.60 Å between the two rings (see Figure 46).453

Large Mn(PR)m aggregates have been synthesized with lithium reagents; e.g., dilithiation of H2PSi-
(Pri)3 produces the hexadecametallic cluster Li16(PSi(Pr

i)3)10.
454 It is a doubly capped Archimedean

antiprism with ten phosphorus centers and a lithium atom located on each deltahedral face.
The parent phosphide anion (PH2

–) has been structurally authenticated only in lithium com-
plexes (i.e., Li(PH2)(DME)2 (Li—P¼ 2.60 Å),455 [Li(PH2)(DME)]n (Li—P¼ 2.60 Å)456,457) but
examples of M(P(H)R)n compounds are more common. Among these are aryl-substituted species
MP(H)Ar, where Ar¼ phenyl,458 mesityl,459–461 2,4,6-tri-t-butylphenylphosphide,462,463 2,6-dimesi-
tylphenylphosphide,464,465 and 2,6-dimesitylphenylphosphide.462 The latter ligand forms a bimet-
allic sandwich complex with 18-crown-6 that displays cation-� interactions (Cs—P¼ 3.42 Å; Cs—C
distance¼ 3.48–3.77 Å) (see Figure 47).462 Other primary phosphido complexes include those
with –P(H)CH3,

466 –P(H)(But),467 –P(H)(c-C6H11).
468,469 and –P(H)Si (Pri)3.

244,453,470–473

The triisopropylsilylphosphido ligand has been used to generate a variety of polymetallic species.
For example, metalation of H2PSi(Pr

i)3 with Ca(THF)2[N(SiMe3)2]2 in tetrahydropyran (THP) in a
molar ratio of 3:2 yields (Me3Si)2NCa[�-P(H)Si(Pri)3]3Ca(THP)3; the complex contains a trigonal-
bipyramidal Ca2P3 core, with the metal atoms on the apices;

473 a presumably similar complex (based
on NMR evidence) can be made with THF as the supporting ether.474 A heteroleptic complex,
(THF)2Ba[N(SiMe3)2][P(H)Si(Bu

t)3], can be derived from the equimolar reaction of (tri-tert-butyl-
silyl)phosphine with (THF)2Ba[N(SiMe3)2]2 in toluene. Addition of a second equivalent of H2PSi-
(But)3 to the latter affords (THF)Ba3(PSi(Bu

t)3)2[P(H)Si(But)3]2 (see Figure 48); it can be viewed as a
Ba4P4 heterocubane, with two opposite faces capped by (THF)Ba[P(H)Si(Bu

t)3]2 units.
473 An Sr4P4

cube serves as the core of [Sr(THF)2(�-PHSi(Pr
i)3)2{Sr2(�4-PSi(Pr

i)3)2}2Sr(�-PHSi(Pr
i)3)2(THF)2],

which is formed by elimination of PH2Si(Pr
i)3 from Sr(THF)4(PH(Pr

i)3)2 in toluene.244

Complexes are also known that contain both PR2� and PHR� functionalities.475 The silaphos-
phane R2Si(PH2)[P(H)SiPh3] (R2Si¼ (2,4,6-(Pri)3C6H2)(Bu

t)Si) reacts with BunLi with loss of
butane to form the tetrametallic dimer {Li2(PSiPh3)[P(H)(�-SiR2)]}2. On further treatment with
LiCl the latter generates an Li10P8 aggregate, a ‘‘dimer of dimers,’’ in which two of the tetra-
metallic dimers are joined at a central (LiCl)2 ring (see Figure 49).476 Treatment of ethyl
tris(triisoproplysilylphosphino)silane), EtSi{P[Si(Pri)3]H}3, with either BunLi or BunNa leads to
distinctly different products. The lithium derivative, {EtSi[P(Si(Pri)3)Li]3}2, has a distorted

Figure 46 The structure of the hexameric complex [MgPSi(But)3]6.
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rhombic dodecahedral Si2P6Li6 framework, whereas the product from the sodium reaction has an
open polyhedral structure, with two bridging sodium atoms, each coordinated �2 to a molecule of
the toluene solvent (see Figure 50). It is thought that the mismatch between Si—P (2.2 Å) and Na—P
(2.8 Å) distances prohibits the formation of a closed structure.476

(iii) Disubstituted phosphido complexes

Disubstituted phosphido ligands [PRR0]� have been incorporated into numerous s-block com-
plexes. Many examples are known, and are covered in detail in the previously cited reviews; only

Figure 47 The structure of the 18-crown-6 complex of caesium 2,6-dimesitylphenylphosphide.

Figure 48 The structure of (THF)Ba3(PSi(Bu
t)3)2[P(H)Si(Bu

t)3]2.
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Figure 49 The structure of the Li8P8 aggregate derived from LiCl and {Li2(PSiPh3)[P(H)(�-SiR2)]}2.

Figure 50 The structure of the open polyhedral complex {EtSi[P(Si(Pri)3)Na]3}2.
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representative systems need be presented here. A particularly well-studied class of these complexes
are those with trialkylsilyl groups as substituents, especially the bis(trimethyl)silyl moiety.19

Synthetic methods for these compounds vary, from direct metalation (e.g., the reaction of
HPN(SiMe3)2 with KH or KO(But) produces KP(SiMe3)2; (Bu

n)2Mg and HPN(SiMe3)2 generate
Mg[P(SiMe3)]2) to metathesis (e.g., M[N(SiMe3)2]2 (M¼Mg, Ca, Sr, Ba) react with HP(SiR3) to
produce the corresponding phosphides). Representative complexes are listed in Table 6. In donor
solvents (ether, THF), the complexes are monomeric; in hydrocarbons, monomer/dimer equilibria
can be observed in NMR spectra.
Other series of phosphido complexes are well-established, including those containing the

ligands P(But)2
�477,478 and PPh2

�. The compact size of the latter permits extensive bridging to
occur, generating polymeric structures. {Li(Et2O)PPh2}1, {Li(THF)2PPh2}1, and the related
{Li(THF)P(cyclohexyl)2}1, for example, all have infinite –Li—P—Li—P chains in the solid
state, with distorted tetrahedral coordination around phosphorus.479 A similar arrangement is
found in [Li(DME)PPh2]1.

477 Sodium diphenylphosphide, NaPPh2, prepared from sodium and
PClPh2 in refluxing dioxane, crystallizes from dioxane as [Na4(�-dioxane)8/2(�-diox-
ane)(PPh2)4]1, which includes a dioxane molecule suspended within eight-membered Na4P4
rings (Na—P¼ 2.88–3.00 Å); the rings, in turn, are linked by additional dioxane molecules to
form a network structure (Figure 51).480 The solid-state structure of [K(dioxane)2PPh2]1 displays
�-interactions between the potassium ions and aryl rings of a neighboring PPh2 anion, thereby
generating a three-dimensional framework.481

The effect of steric bulk in limiting oligomerization is evident in the structures of [(TMEDA)-
LiPPh2]2, which is a dimer, and (PMDTA)LiPPh2, which is a monomer (Li—P¼ 2.57 Å).
Lithium-7 and 31P-NMR spectroscopic studies indicate that both solid-state structures are
retained in arene solvents, although the TMEDA adduct dissociates to some extent.482 Alterna-
tively, extra bulk on the phenyl rings will limit oligomerization; thus unlike the oligomeric
{Li(Et2O)2PPh2}1, [Li(OEt2)P(mesityl)2]2 is a discrete dimer.459

The ladder structures found in s-block amides are common structural motifs in phosphides as
well. Solvent free [LiP(SiMe3)2]6 displays such an arrangement in the solid state, with four five-
coordinate and two four-coordinate P atoms and four three-coordinate and two two-coordinate
Li atoms; the Li—P distances range from 2.38 Å to 2.63 Å (see Figure 52).483 Li4(�2-PR2)2(�3-
PR2)2(THF)2, formed from the reaction of P(SiMe3)3 with BunLi in THF, has a fused tricyclic
(LiP)4 ladder skeleton. The Li atoms are three-coordinate, with each of the two terminal lithiums
bound to two P atoms and one THF, while the two internal lithiums have three phosphorus
atoms as neighbors (see Figure 53).484 In solution, there is no NMR evidence for 7Li–31P

Table 6 Selected bond lengths (Å) and angles (�) of the complexes (L)M[P(SiR3)2]n as well as chemical
31P[1H] shifts of the bis(phosphanides).

Compound �ppm(31P[1H]) M—P(Å) P—M—P(�) References

[LiP(SiMe3)2]2 2.45–2.50 107.0 475
[LiP(SiMe3)2]6 2.38–2.62 104.1–114.0 483
[(THF)2LiP(SiMe3)2]2 –298 2.62 100.0 484
Li4(�2-PR2)2(�3-PR2)2(THF)2 –298 2.44–2.64 105.4–149 484
[(DME)LiP(SiMe3)2]2 2.56 104.3 457
{[(Me3Si)2PK(THF)]2}n –293 3.32–3.43 99.0, 140.2 783
{[(Me3Si)2PRb(THF)]2}n –287 3.42–3.49 98.4, 139.3 783
{[(Me3Si)2PCs(THF)]2}n –270 3.58, 3.64 95.3, 165.1 783
((Me3Si)2PMg[�-P(SiMe3)2]2)2Mg –243, –275 2.45, 2.55,

2.60–2.68
116.9–122.2,
144.7 (av)

784

(THF)2Mg[P(SiMe3)2]2 –295 2.50 143.6 504
(DME)Mg[P(SiMe3)2]2 –296 2.49 122.5 785
(THF)4Ca[P(SiMe3)2]2 –282 2.91, 2.92 175.2 786
(TMTA)2Ca[P(SiMe3)2]2 –277 2.99 110.2 787
(THF)4Sr[P(SiMe3)2]2 –274 3.04, 3.01 174.2 788
(THF)4Sr[P(SiMe2Pr

i)2]2 –290 3.089 168.5 789
(THF)4Ba[P(SiMe3)2]2 251 3.158,3.190 174.9 787
(THF)4Ba[P(SiMe2Pr

i)2]2 –274 3.200,3.184 139.9 790
(DME)3Ba[P(SiMe2CH2)2]2 –289 3.333 178.9 791

Source: Alkaline-earth compounds: Westerhausen.19
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coupling. Other ladder structure are known, including [(THF)LiCl�(THF)2LiP(Bu
t)2]2

485 and
[R-PLi2(F-R)]2 (R¼ diisopropyl-(2,4,6-triisopropylphenyl)silane.486

Compounds containing a variety of substituted heteroallyl-like ligands, with PCP (bis(phos-
phino)methanides),487–491 PNP (bis(phosphino)amides),492 NCP,493 PSiP (diphosphasilaal-
lyl),494,495 and PPP (triphosphides)496,497 frameworks are known. Some of these complexes can
adopt a variety of coordination modes; in Rb(18-crown-6)(N(PPh2)2), the phosphinoamide is P,P-
ligated,492 whereas in (THF)3LiN(PPh2)2, the ligand is bound �2-P,N. Phosphorous-31 and 6Li-
NMR spectroscopy indicate that the structure of the latter in THF solution is similar to that in
the solid state; dynamic 31P-NMR spectroscopic measurements indicate that an 8.1 kcalmol�1

rotation barrier exists around the P—N bonds.498 The utility of some of these complexes as ligand
transfer reagents has been investigated. Thus from the reactions of ZrCl4 with {(TMEDA)-
Li[CH(PMe2)(SiMe3)]}2, a mixture of the compounds Cl(4� n)Zr[CH(PMe2)(SiMe3)]n (n¼ 1–4)
has been characterized with NMR spectroscopy. With (TMEDA){Li[C(PMe2)(SiMe3)2]}2, only
the disubstituted product Cl2Zr[C(PMe2)(SiMe3)2]2 is obtained.

499,500

Figure 51 Portion of the lattice of [Na4(�-dioxane)8/2(�-dioxane)(PPh2)4]1.

Figure 52 The structure of solvent-free [LiP(SiMe3)2]6.
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3.1.4.3.3 Arsenic donor ligands

Early reports describing the preparation of s-block arsenides such as Ca(AsH2)2 and Ca(AsHMe)2
provided few details on their properties.501 That situation has changed with the use of silyl-
substituted arsenic ligands, and compounds containing them display considerable structural
diversity. This area has been reviewed.502

Sometimes arsines themselves are the starting materials for s-block derivatives. The preparation
of [Li(AsH2)(DME)2 from AsH3 has been reported,455 and in the solid state it possesses a trigonal
bipyramidal metal center with the AsH2 residue in an equatorial site (Li—As¼ 2.699 Å). The
reaction of BunLi with PhAsH2 in toluene–THF produces the primary arsenide [PhAsHLi�2THF]1.
It crystallizes in the form of helical polymers; the right-hand enantiomorph was identified in the
lattice (see Figure 54).503 The reaction of (n,s-butyl)2Mg with bis(trimethylsilyl)arsine in THF yields
[(Me3Si)2As]2Mg(THF)2. The magnesium atom is in a distorted tetrahedral environment (Mg—
As¼ 2.59, 2.60 Å; Mg—O¼ 2.05, 2.06 Å), whereas the environment around arsenic is pyramidal.504

Many arsenic derivatives have been synthesized from bis(trimethylsilyl)amido complexes. The
2:1 reaction of AsH2SiPr

i
3 with Ba[N(SiMe3)2]2�2(THF) in THF affords the bis(arsenide) complex

[Ba(THF)3{�-As(H)SiPr
i
3}3BaAs(H)SiPr

i
3(THF)2].

473 M(NR2)2 (M¼Ca, Sr; R¼Me3Si) react
with HAsR2 in THF to give (R2As)2M(THF)4.

505 Both (R2As)2Ca(THF)4 and (R2As)2Sr(THF)4
exist as colorless trans-isomers with a nearly linear As—M—As moiety; however, the light-
sensitive Sr analog contains two different configurations for the As atoms. One As atom is
surrounded in a nearly trigonal planar manner with an Sr—As bond length of 3.10 Å, whereas
the other arsenic atom has an angle sum of 338� and an Sr—As distance of 3.15 Å.
Metallation of As[SiMe2(Bu

t)]2H with Ba[N(SiMe3)2]2�4(THF) generates Ba[As(SiMe2-
(But))2]2�4(THF) (see Figure 55), which in the solid state exists as a distorted pentagonal bipyr-
amid with apical arsenic atoms and a vacant equatorial site shielded by the trialkylsilyl groups.
The As—Ba—As0 angle is 140.8�. When the compound is recrystallized from toluene, THF
ligands are lost to give the dimeric {Ba[As(SiMe2(Bu

t))2]2(THF)}2 (see Figure 56), which contains
four-coordinate Ba centers.506 The magnesiation of AsH2(SiPr

i
3) in THF yields [Mg(THF)AsSi-

Pri3]4(see Figure 57), constructed around a Mg4As4 cube.
507

Reaction of AsH2(SiPr
i
3) with M[N(SiMe3)2]2�2(THF) (M¼Ca or Sr) produces M[As(H)Si-

Pri3]2(THF)4, which is in equilibrium with the dimers M[As(H)SiPri3][�-As(H)SiPri3]3M(THF)3 by
elimination of THF. Reaction of the equilibrium mixtures with diphenylbutadiyne gives the metal
bis(THF)bis(2,5-diphenylarsolide) species. A mechanism based on intermolecular H/SiPri3
exchange has been proposed that explains the formation of both the [As(SiPri3)2]

� and 2,5-
diphenyl-3,4-bis(phenylethynyl)arsolide anions; the latter was isolated as a solvent-separated ion
pair with the binuclear [(THF)3Ca{�-As(H)SiPr

i
3}3Ca(THF)3]

þ cation (see Figure 58).508

Figure 53 The structure of Li4(�2-PR2)2(�3-PR2)2(THF)2.
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The solid state structure of the lithium arsenide {Li2[�2-As(SiMe3)2][�3-As(SiMe3)2](THF)}2
reveals a [LiAs]4 ladder-like framework with four antiparallel adjacent As–Li rungs (see Figure 59).
The two Li atoms of the central ring each bridge three As centers, while the two Li atoms on
the outer rings each span two As atoms and are coordinated to one THF molecule. The Li
arsenide [((Me3Si)2As)Li(THF)2]2 crystallizes as a centrosymmetric dimer constructed around a
four-membered As—Li—As—Li ring; each Li atom is coordinated to two molecules of THF.509

Reaction of two equivalents of LiAsH2(DME) with (2,4,6-triisopropylphenyl)2SiF2 at 20
�C in

THF gives (2,4,6-triisopropylphenyl)2SiFAsHLi in quantitative yield.510 The product reacts with
[Pri3Si]SO2CF3 to give (2,4,6-triisopropylphenyl)2SiFAsHSiPr

i
3, which upon lithiation with BunLi

Figure 54 Portion of the helical structure of [PhAsHLi�2THF]1.

Figure 55 The structure of Ba[As(SiMe2(Bu
t))2]2�4(THF).
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Figure 56 The structure of {Ba[As(SiMe2(Bu
t))2]2(THF)}2.

Figure 57 The structure of [Mg(THF)AsSiPri3]4.

Figure 58 Schematic structure of the binuclear cation [(THF)3Ca{�-As(H)SiPr
i
3}3Ca(THF)3]

þ.
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in THF-hexane produces (2,4,6-triisopropylphenyl)2SiFAs{Li(THF)2}{SiPr
i
3} (see Figure 60). The

latter undergoes thermal elimination of LiF and THF in toluene at 80 �C to produce the
arsanylidenesilane (2,4,6-triisopropylphenyl)2Si¼AsSiPri3.
A variety of large clusters have been formed by lithiation of arsine derivatives. Treatment of AsRH2

(R¼ SiMe2C(Pr
i)Me2) with Li2O-containing Bu

nLi generates the orange-yellow (RAs)12Li26O aggre-
gate, which is based on a slightly distortedAs12 icosahedron with all faces capped by lithium. Four Li

þ

cations are located in the center of the roughly spherical framework; the ions are encapsulate a Li2O
molecule, thereby generating an octahedral [Li6O]

4þ core (see Figure 61).511 Partial lithiation of
AsRH2 in the presence of LiOH leads to the isolation of the intermediate species [Li20O(RAsH)6-
(RAs)6], which contains wheel-like [Li18As12] ladder structures with [Li2O] units acting as the ‘‘stabiliz-
ing axis’’ of the wheel; it is isotypic with a phosphorus analogue.454 Dilithiation of AsH2SiPr

i
3

produces the decameric cluster Li16(AsSiPr
i
3)10. It forms a doubly capped Archimedean antiprism

with ten arsenic centers and a lithium atom located on each deltahedral face.454

3.1.4.4 Group 16 Ligands

3.1.4.4.1 Oxygen donor ligands

The generally high oxophilicity of the alkali and alkaline-earth elements gives oxygen donor
ligands a prominent place in s-block coordination chemistry. Oxygen donor ligands, of which

Figure 59 The structure of {Li2[�2-As(SiMe3)2][�3-As(SiMe3)2](THF)}2.

Figure 60 The structure of (2,4,6-triisopropylphenyl)2SiFAs{Li(THF)2}{SiPr
i
3}.
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carboxylates, diketonates, enolates, and alkoxides and aryloxides are considered here, are found
in a vast array of s-block complexes. The interest in their properties encompasses inorganic
synthesis (many s-block complexes are used as transfer reagents for p-, d-, and f-block complexes),
materials chemistry (e.g., precursors to metal oxides), and the biological realm (water and oxygen-
containing organic functional groups play a critical role in defining the structure and reactions of
many proteins and enzymes).

(i) Carboxylates

Compared to other s-block metal complexes with anionic oxygen donors, the metal carboxylates
are particularly robust; although often hygroscopic, they will not decompose upon absorption of
water, and are as a class quite thermally stable. Their handling is thus simpler than alkoxides and
aryloxides. The bonding arrangments of calcium carboxylates were reviewed in the early 1980s,512

and the chemistry of Group 2 carboxylates and thiocarboxylates, and their potential applications
as reagents in CVD have been extensively reviewed.13

Carboxylates can form structurally complex units, often assisted by the presence of bridging
water molecules, which can generate three-dimensional networks. For example, in the crystal
structure of [Mg{C2H4(CO2Et)2}3]

2þ[MgCl4], the cations are linked by other diethyl succinate
ligands to form a linear polymer. In the cation, each magnesium atom is octahedrally coordinated
by six carbonyl oxygen atoms of ethyl succinate molecules.513 A more complex infinite two-
dimensional structure exists in barium diethyl 1,3-dithiepane-2-ylidenemalonate via intermetallic
coordination of the dicarboxylic groups. The metal center adopts a nine-coordinate geometry
with three different carboxylate bonding arrangements (chelated monodentate, bidentate �2,
monodentate) and two water molecules. Each ligand is associated with five barium atoms, in
the form of a layer structure (see Figure 62).514

Even ostensibly monomeric complexes can display close contacts in the solid state that will
affect their reactivity. Bis(trans-but-2-enoato)calcium forms discrete molecules with intermolecu-
lar Ca–O contacts (2.36 Å) that are only slightly longer than the intramolecular bonds

Figure 61 The structure of the (RAs)12Li26O aggregate (R¼ SiMe2CPr
iMe2). The alkyl groups have been

removed for clarity.
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(Ca—O¼ 2.30 Å). The closeness of the molecules help explains why under irradiation with �-rays
from 60Co, a solid-state cyclodimerization reaction in induced, producing cis,trans-nepetic acid,
one of four possible diastereomers.515 Related radiation-induced chemistry is displayed by aquated
(3-butenoato)calcium, Ca(CH2¼CHCH2CO2)2(H2O), synthesized from 3-butenoic acid and calcium
carbonate. The carboxylate is a two-dimensional coordination polymer with nearly parallel vinyl
groups and short –C¼C�C¼C– contacts of 3.73 Å and 3.90 Å (see Figure 63).516

Alkali metal ions are commonly used to complex carboxylic acids of biological importance for
structural analysis. Examples of such derivatives include 2-epimutalomycin-potassium dihydrate
and 28-epimutalomycin-potassium (metabolites from mutalomycin fermentation),517 the rubidium
salt of CP-80,219 (an antibiotic related to dianemycin),518 kijimicinate-rubidium hexane solvate
(a polyether antibiotic),519 griseocheline-calcium (an antifungal antibiotic),520 the sodium salt of the
antibiotic A204A,521 and the potassium salt of the polyether antibiotic monensin A dihydrate.522

Comparison of the conformation of the latter with the sodium derivative reveals structural

Figure 62 Portion of the lattice of barium diethyl 1,3-dithiepane-2-ylidenemalonate, illustrating the various
carboxylate binding modes present.

Figure 63 Portion of the lattice of Ca(CH2¼CHCH2CO2)2(H2O), illustrating the close packing of the vinyl
groups.
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features that help explain the selectivity of monensin for Naþ over Kþ. In the Kþ derivative, the
conformation of the dioxaspiro-fused ring is altered and, according to the results of molecular
mechanics calculations, raised in energy compared to the highly conserved Naþ-complexed form.521

Liquid carboxylate salts of the Group 2 elements are readily prepared via the reaction of
polyether carboxylic acids such as 2-[2-(2-methoxy)ethoxy]ethoxyacetic acid (MEEA) and (2-[2-
(2-methoxyethoxy)ethoxy]acetic acid (MEEAA) with metal hydroxides, carbonates, and alkox-
ides.523–525 These salts can be used directly in organometallic deposition processes to prepare
ceramic films. They have also been used as solvents for transition metal or lanthanide nitrates and
acetates in liquid precursors for polymetallic ceramics. Such monocarboxylates are generally
highly soluble in a range of solvents including H2O, methanol, acetone, THF, CHCl3, and
CH2Cl2.
Unlike the carboxylates prepared from MEAA and MEEAA, the calcium, strontium, and

barium derivatives of the dicarboxylic 3,6,9–trioxaundecanedioic acid (TODD) are solids at
room temperature, and display little solubility in solvents less polar than H2O and MeOH.525

In the solid state, the calcium compound Ca(TODD)(H2O)2 forms a discrete dinuclear unit in
which bridging carboxylates span the two calcium centers and all the oxygen atoms except one
belonging to a carboxylate group are coordinated to the metal centers (see Figure 64). The ligand
is twisted into a fan-like shape in order to allow the oxygen atoms to approach the metal center
closely enough to bond (Ca—O(ether)¼ 2.46–2.63 Å).
Potassium, rubidium and caesium thiocarboxylates (MS2CR; M¼K, Rb, Cs; R¼Me, Et, Pri,

cyclohexyl, Ph, 2- and 4-MeC6H4, 4-MeO and 4-ClC6H4, 2,4,6-Me3C6H2) have been synthesized
by reaction of thiocarboxylic acid or its O-trimethylsilyl esters with KF, RbF, and CsF.526,527 The
structures of several of the derivatives have been determined, including potassium benzene-,
2-methoxybenzene-, and 4-methoxybenzenecarbothioates, rubidium and caesium 2-methoxybenzene-
carbothioate, potassium 2-methoxybenzenecarboselenoate, and rubidium 2-methoxybenzenecar-
botelluroate. The metal derivatives have a dimeric structure in which the O and/or S atom is
associated with the metal of the opposite molecule. In the 2-methoxybenzenecarbothioates,
dimeric metal thiolate units held together by both the chelating thiocarboxylate groups and the
o-methoxy functionalities form the motif for polymeric structures (see Figure 65).527 The C(sp2)—S
distances of the thiocarboxylate groups range from 1.70–1.72 Å; this value is close enough to
that of a C—S single bond to indicate that the negative charges may be partially localized on the
sulfur atoms.

(ii) Diketonates

Metal diketonates, the salts of �-diketones and �-ketoimines, are of interest for their usefulness as
reagents (principally the alkali metal derivatives) and as potential precursors (the alkaline-earth
derivatives) for CVD.528 The latter are discussed in additional detail in Section 3.1.4.4.1(vi), and
Group 2 �-diketonates used for this purpose have been extensively reviewed.13 Considerable
interest has been expressed in fluorinated derivatives, which can display substantially increased
volatility relative to the hydrocarbon compounds. Commonly used �-diketones and �-ketoimines

Figure 64 The structure of the calcium derivative of 3,6,9-trioxaundecanedioic acid.
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and their abbreviations are listed in Table 7. Note that the 2,2,6,6,-tetramethylheptane-3,5-dionate
anion is variously abbreviated in the literature as THD, TMHD, and DPM.
The deprotonation of �-diketones and �-ketoimines can be accomplished by a variety of

methods including reaction with aqueous solutions of metal chlorides,529 hydroxides, carbon-
ates,530 or ethoxides.531,532 For example, reaction of Mg(OEt)2 and [Ca(OEt)(EtOH)4]n with
HTMHD (1:2) yields the homoleptic �-diketonate compounds M(TMHD)2; the calcium complex

Figure 65 The dimeric motif in the solid state structure of rubidium 2-methoxybenzenecarbothioate.

Table 7 Commonly used �-diketones and �-diketonimines in the preparation of metal diketonates.

�-diketone and �-diketonimine Formula
Anion
abbreviation

pentane-2,4-dione CH3C(O)CH2C(O)CH3 acac
1,1,1-trifluoropentane-2,4-dione CF3C(O)CH2C(O)CH3 tfa, tfac
1,1,1,5,5,5-hexafluoropentane-
2,4-dione

CF3C(O)CH2C(O)CF3 Hfa, hfac

1,1,1-trifluoro-5,5-dimethylhexane-
2,4-dione

CF3C(O)CH2C(O)C(CH3)3 tpm

1,1,1,5,5,6,6,6-octafluorohexane-
2,4-dione

CF3C(O)CH2C(O)CF2CF3 ofhd

2,2,6,6-tetramethylheptane-3,5-dione (CH3)3CC(O)CH2C(O)C(CH3)3 dpm, tmhd, thd
1,1,1,2,2-pentafluoro-
6,6-dimethylheptane-3,5-dione

(CH3)3CC(O)CH2C(O)CF2CF3 ppm

1,1,1,5,5,6,6,7,7,7-decafluoroheptane-
2,4-dione

CF3C(O)CH2C(O)CF2CF2CF3 dfhd

1,1,1,2,2,3,3-heptafluoro-
7,7-dimethyloctane-4,6-dione

(CH3)3CC(O)CH2C(O)CF2CF2CF3 hpm, fod

1,1,1,2,2,3,3,7,7,8,8,9,9,9-
tetradecafluorononane-4,6-dione

CF3CF2CF2C(O)CH2C(O)CF2CF2CF3 tdfn, tdfnd

1,1-dimethyl-8-methoxyoctane-
3,5-dione

(CH3)3CC(O)CH2C(O)CH2CH2CH2OCH3 dmmod

1,1,1-trichloropentane-2,4-dione CCl3C(O)CH2C(O)CH3 tclac
1,3-diphenylpropane-1,3-dione PhC(O)CH2C(O)Ph dpp, Ph2acac
2,2-dimethyl-5-N-
(2-methoxyethoxyethylimino)-3-hexanone

(CH3)3CC(O)CH2C(N(CH2)2OCH3)
CH3

miki

2,2-dimethyl-5-N-(2-(2-methoxy)
ethoxy-ethylimino)-3-hexanone

(CH3)3CC(O)CH2C(N(CH2(N(CH2

CH2O)2CH2)CH3

diki

2,2-dimethyl-5-N-(2-(2-(2-ethoxy)
ethoxy)-ethoxyethylimino)-3-hexanone

(CH3)3CC(O)CH2C(N(CH2

CH2O)3CH3)CH3

triki

5-N-(2-methoxyethylimino)-2,2,6,6-
tetramethyl-3-heptanone

(CH3)3CC(O)CH2C(N(CH2)2
OCH3)C(CH3)3

dpmiki

5-N-(2-(2-methoxy)ethoxyethylimino)-
2,2,6,6-tetramethyl-3-heptanone

(CH3)3CC(O)CH2C(N(CH2

CH2O)2CH3)C(CH3)3

dpdiki

5-N-(2-(2-(-2-ethoxy)ethoxy)
ethoxyethylimino)-
2,2,6,6-tetramethyl-3-heptanone

(CH3)3CC(O)CH2C(N(CH2CH2O)3
CH3)C(CH3)3

Dptriki

Source: Wojtczak (1996).13
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is a rare example of a homoleptic �-diketonate complex, and has a triangular core with
6-coordinate calcium atoms (see Figure 66).533,534 Metathetical reaction of the sodium salts of
THD with hydrated barium chloride has been used to prepare hydrated diketonates.535

Metalla-�-diketonates of the s-block compounds are sensitive compounds, and despite the
interest in their application to CVD processes, differences in handling procedures have led to
conflicting reports of reactivity and volatility. The use of auxiliary Lewis bases, including NH3,
THF, pyridine, and HTMHD has been claimed to increase the volatility of �-diketonates,
ostensively by causing deoligomerization of aggregates.536–538 However, in the course of studies
of the often ill-characterized ‘‘Ba(THD)2’’ with the potential base NEt3, the peroxo complex
[Ba6(THD)10(H2O)4(OH)2(O2)][HNEt3]2 was isolated and structurally authenticated (see Figure
67).539 In this complex, which is based on an octahedron of Ba atoms and contains a �4-peroxo
group (O—O¼ 1.48 Å), the oxygen source is evidently ambient air and/or water.
At times, only small changes in steric bulk are enough to affect the aggregation of complexes.

For example, crystallographic examination of M(THD)2(THF)4 (M¼ Sr or Ba) has shown them
to have mononuclear structures; interestingly, the analogous diethyl ether and tetrahydropyran
complexes ([M(THD)2(THP)2]2 and [M(THD)2(Et2O)]2, respectively) are dinuclear.540 Adduct
formation with polyethers or polyamines541–543 has been used in attempts to inhibit aggregation
and consequently raise volatility, and the improvement in properties can be substantial. Com-
plexation of tetraglyme to Ba(TDFND)2 for example, lowers the melting point by 96 �C and the
sublimation temperature by 60 �C, so that the adduct sublimes at 90 �C and 10–2 torr.544,545 In the
structure of the adduct, the tetraglyme is found wrapped around the metal, enforcing its mono-
nuclearity and lowering intermolecular forces (see Figure 68).546

(iii) Enolates

Metal enolates of the s-block metals encompass a variety of forms, depending on the nature
of the R group and the presence of auxiliary bases coordinated to the metal. Some are of a
simple nature, e.g., [ArC(CH2O)O][K(18-crown-6)] (Ar¼Ph, 2-MeOC6H4, 1,3,5-Me3C6H2),
[PhC(¼CHMe)O—K(18-crown-6)], and [PhC(CH2)O][K(crypt-2,2,2)],

547 and not discussed
further, and some derivatives are mentioned in this Chapter in the context of other chemistry;
e.g., the ketoiminato ‘‘lariat crowns’’ investigated for use in CVD chemistry.548 (See also Section
3.1.4.4.1(vi)) A tetrameric sodium complex with a chelating phosphine ligand450 has also been
discussed elsewhere (see Section 3.1.4.3.2). In this section, focus is placed on aggregates of
enolates, from dimers to larger clusters.
Dimeric enolates have been isolated in the course of studies on the effects of H-bonding on

deuteration; the trimethylethylenediamine adducts of [(Z)-MeCH¼C(OLi)NMe2]2 and
[CH2¼C(OLi)CMe3]2 have �2-enolate moieties.

549 The N,N0-dimethyl-N,N0-(1,3-propanediyl)urea

Figure 66 The structure of the trimeric Ca(TMHD)2.
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solvate of lithium 1,3-(But)2-1,3-butadienolate also displays a central four-membered (Li—O)2
ring, and curiously, the Li—C¼O– angle is bent (153, 156�), and not linear as theoretical
considerations would predict.550 The magnesium complex ((Z)-BrMgOC(CMe3)¼CH-
Me)2�(Et2O)2 is likewise dimeric, and its bridging enolate O atoms form slightly puckered (Mg—
O)2 rings.

551

The Hauser base reagents Pri2NMgCl and Pri2NMgBr react with a variety of enolizable ketones
to yield magnesium enolates. They cannot be isolated in the presence of THF, but when diethyl
ether is used as a solvent and in the presence of HMPA, the halomagnesium enolate compounds
{(But)C(¼CH2)OMgBr�HMPA}2 and Me2CHC(¼CMe2)OMgBr�HMPA can be identified. The
former is a dimer, with enolate bridges, whereas the latter is a simple monomer. A computational
study (HF/6-31G(d)) indicated that the enolate anion [H(CH2¼)CO]– will bridge in preference to
the halides F�, Cl�, and Br�, and that the amido anions Me2N

�, (H3Si)2N
�, and (Me3Si)2N

� are
favored over the chloride anion in three-coordinate dimer systems. The presence of solvents may
switch the bridging preferences, however.552

Figure 67 The structure of the peroxo complex [Ba6(THD)10(H2O)4(OH)2(O2)][HNEt3]2.

Figure 68 The structure of the tetraglyme adduct of Ba(TDFND)2.
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Mixed enolate/amides have been found with the same core structure as pure enolates;
e.g., MeC(O)CMe3 reacts with LiN(SiMe3)2 and DME to afford Li2(CH2C(O)CMe3)[N(Si-
Me3)2]�2DME, and Me2CO2CMe3 reacts with NaN(SiMe3)2 and TMEDA to yield Na2-
(MeCH2CO2CMe3)[N(SiMe3)2]�2TMEDA. The two compounds, prepared as models in stereo-
selectively enhanced enolate reactions, have slightly puckered rings and predictably longer Li—N
than Li—O bonds (2.07 Å and 1.87 Å, respectively, in the lithium complex).553

Aggregates consisting of lithium halides (LiBr, LiI) with lithium amides or enolates (i.e.,
LiOC(Pri)¼CMe2) have been identified as either heterodimers or -trimers (for amido species)
or heterodimers only (for the enolate complexes).554 An ab initio and semiempirical PM3 theor-
etical study of model systems shows that solvated heterodimers between LiBr and either LiNH2 or
LiOC(H)¼CH2 are favored over the respective homodimeric species, and that a stable eight-
membered ring transition state exists for the enolization step between LiCl�LiNH2 and acetalde-
hyde. The dissociation of donor solvents is computed to require more energy for heterodimers
than for homodimers.
A triple anion complex containing enolate, amide, and halide functionalities can be isolated

from the mixture of n-butyl bromide, hexamethyldisilazane, TMEDA, BunLi and pinacolone
(ButCOMe). The resulting solution of LiBr, LiN(SiMe3)2, LiOC(Bu

t)¼CH2, and TMEDA pro-
duces crystals of Li4(�4-Br)(�-OC(Bu

t)¼CH2)2(�-N(SiMe3)2)(TMEDA)2, which, instead of form-
ing a ladder-type structure, consists of a planar butterfly of four lithium atoms bonded to a �4-Br;
the stability of this arrangement has been studied with semi-empirical (PM3) and ab initio HF/
LANL2DZ computations.555

The most common aggregate above the dimers are the cubes, which are known for lithium,
sodium and magnesium. Condensation of lithium pinacolate and pivalaldehyde produces an
aldolate that in the presence of pyridine leads to the isolation of tetrameric 4:3 and 4:4 enolate-
pyridine complexes; these are constructed around Li4O4 cubes (see Figure 69).

556

The reaction of tetramethyl-1,3-cyclobutanedione with R3SiLi (R¼Me3Si or Et) and Et3GeLi
results in the opening of the cyclobutanedione ring to give the corresponding �-ketoacylsilane
lithium enolates, which after aqueous workup afford the �-ketoacylsilanes Me2CHCOCMe2COR.
The lithium enolate itself (R ¼ SiMe3) is constructed around a Li4O4 cube, with chelating enolate
anions (see Figure 70). Ab initio calculations (HF/6-31G(d)) were used to demonstrate that Liþ

complexation in the enolate weakens the hyperconjugative interactions between the O lone pair
(no) and the 
–C–Si orbital, and is responsible for the two new transitions observed in the UV/vis
spectra; one is red-shifted, and the other blue-shifted relative to the absorptions of the corres-
ponding �-ketoacylsilanes.557

Cocrystallization of either LiOCMe3 or KOCMe3 with preformed potassium or lithium enolate
derived from MeCOCMe3 in the presence of THF yields a novel aggregate composed of four

Figure 69 The structure of tetrakis((�3-tert-butylethenolato-O,O,O)-pyridine-lithium).
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enolate residues, four t-butoxides, four Liþ, five Kþ, a KOH residue and five THF molecules (see
Figure 71). The polymetallic compound is based on a square-based pyramid of potassium ions,
with each edge bridged by an O atom. Triply bridging lithium ions span the oxygens on the sides
of the pyramid.558

Figure 70 The structure of the lithium enolate tetrakis(�3-1-tris(trimethylsilyl)silyl-2,2,4-trimethylpentane-
1,3-dionato-O,O0)-tetra-lithium.

Figure 71 The structure of tetrakis((�4-tert-butyloxo-O,O,O,O)-(�3-1-methyleneneopentyloxo-O,O,O))-(�4-
hydroxo)-pentakis(tetrahydrofuran)-tetra-lithium-penta-potassium.
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The heterometallic aggregate [Li2Na4{OC(¼CH2)(Bu
t)}6((Pr

i)2NH)2] has been prepared from
sodium diisopropylamide, sodium diisopropylamide, and pinacolone, and has been structurally
authenticated by X-ray crystallography. It possesses a distorted triple-layered stack consisting of a
(Na—O)2 ring sandwiched between two Li—O—Na—O rings. Interestingly, two edges of the
face-sharing cubes are absent; the Na–O separations are 2.88 Å, whereas other Na–O contacts in
the molecule range from 2.29–2.42 Å (see Figure 72). The difference in size between Li and Na,
combined with contacts between the H2C¼C moieties of the enolates and metals, are probably
responsible for the open stack structure. The fact that coordinated diisopropylamine is found at
each end of the cluster demonstrates that the free base itself (as distinct from the metallated
amide) may influence the regioselectivities of incoming reactants.559

A complete thermochemical analysis has been described for the aldol reaction of lithiopinaco-
lonate with pivalaldehyde in hexane at 25 �C and in cyclohexane at 25 �C and 6 �C.560 Reactions
were performed in the presence and absence of THF, TMEDA, and DME. The heats of reaction
of pivalaldehyde with the hexameric lithiopinacolonate, the tetrameric and dimeric enolate-ligand
complexes as well as heats of interaction of the hexameric enolate with the ligands were deter-
mined, and it was found that the tetrameric lithium aldolate product does not complex with any
of the three ligands in hydrocarbon solution. Caution was raised about proposed mechanisms
based on data not gathered under modern synthetic reaction conditions. The unsolvated hexame-
ric enolate, (Me3CCOCH2Li)6, has a classic drum shape and nearly S6 symmetry (see Figure
73).561,562

The reaction products between Mg[N(SiMe3)2]2 and 2,4,6-trimethylacetophenone in hexane solu-
tion have been determined with 1H-NMR spectroscopic analysis of the solids precipitated from
solution.563 Only enolate and unenolized ketone are present in the solids, and the absence of any
amide suggests formation of a magnesium bis(enolate). Formation of the latter (in preference to an
amido(aldolate)) probably reflects a combination of steric crowding and electronic characteristics of
the ketone that retard the addition reaction. The structure of the isolated bis(enolate), Mg4{OC(2,4,6-
trimethylphenyl)¼CH2}8{O¼C(2,4,6-trimethylphenyl)Me}2(C6H5Me)2, reveals four metals in a
linear arrangement with six bridging and two terminal enolates and two terminal ketones; three
orthogonal (Mg—O)2 rings are thereby formed (see Figure 74).

(iv) Alkoxides and aryloxides

Alkali and alkaline-earth derivatives of phenol and the lower alcohols (methoxides, ethoxides)
have been known for more than a century. Traditional applications for them include use as
lubricants (e.g., lithium greases), polymerization catalysts, and surfactant stabilizers. Based on
their solubility and volatility (both generally low), alkaline-earth alkoxides were presumed to be

Figure 72 The structure of [Li2Na4{OC(¼CH2)(Bu
t)}6((Pr

i)2NH)2].
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oligomeric or polymeric substances, although until the last quarter of the twentieth century
comparatively little was known of their structural chemistry.564

The interest expressed in ion transport across biological membranes in the 1970s565,566 and
early 1980s, and the discovery of superconducting oxides in the mid-1980s567 initiated intensive
study of s-block alkoxides, especially in their role as precursors to metal oxides and halides.12 The
area has expanded considerably since the 1980s, and extensive reviews of various subjects in
alkoxide chemistry, especially the alkaline-earth derivatives, are now available.13,564,568–570

Standard approaches to metal alkoxide synthesis (see Table 8) involve the direct reaction of the
bulk metal in the neat alcohol, sometimes under reflux conditions (Table 8, Equation (1)). In
practice, this generally works well for Group 1 species, but side reactions stemming from the
heterogeneous nature of the system often complicate the reactions with the Group 2 metals; oxo-
alkoxide complexes are often formed from the latter.571–574 Degradation of the alkoxide ligand
may be involved, but in the reaction of t-butanol with barium metal, for example, a diolato ligand
is found coordinated to the metal (Equation(4)):

Ba þ ButOH ! H3Ba6ðOÞðOCMe3Þ11ðOCEt2CH2OÞðTHFÞÞ ð4Þ

Figure 74 The structure of Mg4{OC(2,4,6-trimethylphenyl)¼CH2}8{O¼C(2,4,6-trimethylphenyl)Me}2
(C6H5Me)2.

Figure 73 The structure of the unsolvated hexameric enolate (Me3CCOCH2Li)6.
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Since the diolate is not formed in toluene, the THF solvent is its most likely source.573 Metal-
coordinated alcohol molecules frequently accompany the isolated alkoxides, and the rate and
possible the yield of reactions are dependent on the cleanliness of the surface of the metal (the use
of activated metals can be helpful),575,576 the acidity of the alcohol, and the solubility of the resulting
complex. A variation on this method allows the metal to react with the alcohol in polar coordinating
solvents, such as ethers (Table 8, Equation (2)); oligomerization of the resultant complex, depending
on how tightly the solvent is held, can complicate the isolation of binary alkoxides. Solvent-free
metal vapor synthesis has been used to form calcium and barium aryloxides.251

Syntheses that exploit the solubility of the alkaline-earth metals in liquid ammonia have proven
practical for alkoxide work, as they generate high yields, reaction rates, and purity (Table 8, Equation
(3)). In a refinement of this approach, Caulton and co-workers have used dissolved ammonia in an
ethereal solvent, usually THF, to effect the production of a number of alkoxides of barium,573,577 and
this method has also been examined with calcium and strontium (Table 8, Equations (4a) to (4c)).578

Displacement reactions using alkali metal alkoxides and alkaline-earth dihalides (Table 8, Equation
(5)),579–581 and between alkaline-earth hydrides or amides and alcohols (Table 8, Equations (6) and
(7)),251 have been examined, but alkali-metal halide impurities, incomplete reactions, and unexpected
equilibria and byproducts can affect the usefulness of these approaches.
Heterometallic alkoxides of calcium, strontium, and barium with transition or posttransition

metals have been formed by reactions with the preformed alkoxides (e.g., Table 8, Equations (8a)
and (8b)).582,583 A variation on this approach generates the Group 2 alkoxides in situ by reaction
of the metal with an alcohol and/or another alkoxide (e.g., Table 8, Equations (9a) and (9b)).564,584

Alkoxide and aryloxide complexes are moisture-sensitive, and are usually colorless or white
solids with melting points substantially above room temperature. An interesting exception to this
generalization is provided by the brown barium alkoxides Ba[O(CH2CH2O)nCH3]2 (n¼ 2, 3),
formed from the reaction of elemental barium with a stoichiometric quantity of the polyether
alcohol in THF.585 They are soluble in diethylether, THF and aromatic hydrocarbons, and are
liquid at room temperature.
The number of structurally characterized homo- and heterometallic alkoxides and aryloxides of

the s-block elements is now in the hundreds, and the previously cited reviews should be consulted
for extensive listings.13,564,568–570 A large amount of structural diversity exists in the compounds,
and monomers up to nonametallic clusters and polymeric species are represented. In this regard,
the large molecular aggregate Ca9(OCH2CH2OMe)18(HOCH2CH2OMe)2 is particularly interest-
ing. Isolated from the reaction of calcium metal with methoxyethanol,586 it represents a transition
between the polymeric Group 2 alkoxides of the lower alcohols (e.g., Ca(OMe)2]x, Ba(OEt)2]x)
and the mono- or dinuclear complexes formed with bulkier alcohols. The central Ca9(�3-O)8(�2-
O)8O20 section displays three six-coordinate metals and six seven-coordinate metals that can be
viewed as filling octahedral holes in two close-packed oxygen layers (average Ca—(�3-
O)¼ 2.39 Å; Ca—(�2-O)¼ 2.29 Å; Ca—(Oether)¼ 2.60 Å) (see Figure 75). As such, the Ca—O
substructure mimics part of the CdI2 lattice. The particular size of the aggregate has been
suggested as representing thermodynamic compromise between maximizing the coordination
number of the calcium atoms and the number of independent particles.

Table 8 Synthetic methods for the preparation of s-block alkoxide and aryloxide complexes.

Reaction No.

Mþ n HOR ! M(OR)n(HOR)xþ n/2 H2 (1)
Mþ n HOR ! M(OR)n(S)xþ n/2 H2 (2)
Mþ n HORþNH3 ! M(OR)n(NH3)xþ n/2 H2 (3)
NH3(g) ! NH3(sat)

Mþm NH3(sat) ! M(NH3)m(S)x
M(NH3)m(S)xþ n HOR ! M(OR)n(S)xþ n/2 H2þm NH3

(4a)
(4b)
(4c)

n MIORþMIIX2 ! MII(OR)nX2–nþ n MIX (5)
MHnþ n HOR ! M(OR)n(S)xþ n H2 (6)
M(NR2)nþ n HOR0 ! M(OR0)n(S)xþ n NHR2 (7)
(OBut)2(Sr,Ba)þ 2 Sn(OBut)2 ! Sn(�-OBut)3(Sr,Ba)(�-OBu

t)3Sn
Ba(OCH2CH2OMe)2þ 4 Cu(THD)(OCH2CH2OMe) ! BaCu4(OCH2CH2OMe)6(THD)4

(8a)
(8b)

MIIþ 2PriOHþ 2M(OPri)3 ! MII{M(OPri)4}2þH2

Baþ 4 Zr(OPri)4�Pr
iOH ! Ba{Zr2(OPr

i)9}2þ 2HOPr
iþH2

(9a)
(9b)

MI¼ alkali metal; MII¼ alkaline-earth metal; X¼ halide; S¼ coordinated solvent.
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The variety of M—O bonding modes available (e.g., �1, �2, �3) and the potential contribution
from M—O �-bonding in s-block alkoxides and aryloxides have made quantitative and even
qualitative predictions of structures problematic. The difficulties encountered when analyzing the
bonding with terminal oxygen-based ligands are compounded with bridging ligands, and there are
few generalizations available for accurately predicting their structural details.587 Nevertheless,
some trends have become clearer as the number of crystallographically characterized alkoxides
and mono(alkoxides) of low nuclearity has increased. The ability of the larger metals to accom-
modate more ligands in their coordination spheres and hence to form more extensive aggregates is
counterbalanced by their lower Lewis acidity. It is not axiomatic, for example, that barium
compounds will have higher coordination numbers than their calcium analogs.581 This inherent
electronic effect can be reinforced by the presence of sterically demanding ligands.
An illustration of these principles is provided by the Group 2 aryloxide complexes. The calcium

and barium derivatives of 2,6-di-t-butyl-4-methylphenol (BHT) were the first monomeric alkox-
ides of the heavier alkaline-earth metals to be structurally characterized;251,581 the strontium
derivative has also been crystallographically examined.576 The dominating effect of the extremely
bulky BHT ligands is evident from the fact that the three aryloxides are isostructural monomers,
even though there is a substantial change in metal radii from 1.00 Å (Ca2þ) to 1.35 Å (Ba2þ). The
complexes display distorted trigonal bipyramidal geometries, with two of the THF ligands lying
on the axes in a nearly linear arrangement (O—M—O0 ¼ 177–179�). The remaining THF and the
two aryloxide ligands lie in the equatorial plane (see Figure 76). Although metal radii have usually
been thought to play a key role in determining metal–ligand geometries, it appears that the ligand
charge (and the operation of either ‘‘primary’’ and ‘‘dative’’ metal–ligand bonding)588 may be just
as critical. The aryloxide complexes display a nonadditive relationship between metal radii and
metal–alkoxide distances; the increase in M—OR distance from calcium to barium (2.20 Å to
2.40 Å; �¼ 0.20 Å) is considerably smaller than the increase in metal radii (0.93 Å to 1.30 Å;
�¼ 0.37 Å). The M—THF distances, however, do vary approximately as the metal radii (2.40 Å
to 2.73 Å; �¼ 0.33 Å). The packing of ligands around the metal may also serve to control coordin-
ation geometries.580

Ba(BHT)2(THF)3 reacts readily with BaI2 in THF to produce the dimeric mono(alkoxide) complex
[IBa(BHT)(THF)3]2 (see Figure 77).580 The coordination geometry around the barium atoms is
distorted octahedral, with the two bridging iodides, the BHT, and a THF ligand in one plane, and
two additional THF molecules lying above and below the plane (Ba—I (I0)¼ 3.44 (3.59) Å and Ba—
OAr¼ 2.41 Å). The compound could be viewed as having been formed by the fusion of two coordin-
ately unsaturated ‘‘IBa(BHT)(THF)3’’ fragments, but the fact that a stable tetrasolvate (i.e.,
IBa(BHT)(THF)4) has not been isolated is telling, in that the monomeric mono(aryloxide)
ICaBHT(THF)4 can be synthesized, despite being constructed around a smaller metal center.

580

The flexibility of the s-block coordination sphere is particularly evident with heterometallic
clusters. This is strikingly evident in the mixed Li-heavier alkali metal t-butoxides [(ButO)8Li4M4]
(M¼Na, K, Rb, Cs), which form a structurally authenticated homologous series.589,590 They are

Figure 75 The structure of the calcium–oxygen core of Ca9(OCH2CH2OMe)18(HOCH2CH2OMe)2.
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constructed around (Mþ)4 planes, capped with chelating (O4Li2)
2� dianions, and contain a

‘‘breastplate structure’’ that involves �3-Li, �4-M, �3-O, and �4-O atoms (see Figure 78). Ab initio
calculations indicate that the assembly of the triple ion sandwich is exothermic. The flexibility of
this ‘‘breastplate’’ framework has been suggested to be an important, but underappreciated,
structural motif in heterometallic cluster chemistry. In other heterometallic alkoxides, where
closed structure forms are not present, it can be difficult to describe the coordination geometry
in terms of regular polyhedra.568 For example, all the metal atoms in the alkane-soluble [BaZ-
r2(OPr

i)10]2 are six-coordinate; the Zr atoms can be viewed as occupying the centers of two face-
sharing octahedra, with the Ba atoms connected by one [�2-OPr

i]� and two [�3- OPr
i]� ligands

from each Zr (see Figure 79). The barium atoms have geometries only loosely related to
octahedra, as the Ba—O distances range from 2.55 Å to 2.90 Å, with ‘‘trans’’ O—Ba—O0 angles
varying from 114.6� to 167.6�.

(v) Other oxygen donor ligands

Calixarene-based M5 [calix[4]arene sulfonates]�xH2O (M¼Na (x¼ 12); K (x¼ 8); Rb (x¼ 5); Cs
(x¼ 4)) have been used to construct supramolecular assemblies. They have been structurally
characterized, and exist as bilayers of anionic truncated pyramids in the ‘‘cone’’ configuration;

Figure 76 The structure of Ca(BHT)2(THF)3.

Figure 77 The structure of the iodide-bridged mono(alkoxide) dimer, [IBa(BHT)(THF)3]2.
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their structures have been compared to those for clay minerals.591 On the addition of pyridine
N-oxide and lanthanide ions, the calixarenes assemble in a parallel alignment with spherical and
helical tubular structures. Alkali ions (e.g., Naþ) assist in stabilizing the tubular assemblies
(formed with various M3þ lanthanide ions) by coordinating to the sulfonate groups of calixarenes
in adjacent turns of the helix.592 Many examples of the self-assembly in aqueous solutions of
bowl-shaped sodium p-sulfonatocalix[4,5]arenes are now known, and extensive reviews are avail-
able.593,594 The complexes have found uses in selective isolation of Keggin ions,595 chiral recogni-
tion,596 and fullerene selectivity.597

A water-soluble sulfonated crown ether (see Figure 80) has been prepared and used as an ion
size selection reagent. In the synergistic extraction of alkaline earth ions with 4-benzoyl-3-methyl-
1-phenyl-5-pyrazolone and trioctylphosphine oxide in cyclohexane, addition of the sulfonated
crown ether shifted the extraction for the larger ions to a higher pH level, thereby improving the
separation.598

The first structurally authenticated molecular peroxide of an s-block element was reported in
the form of the dodecameric lithium t-butyl peroxide, {Li[�2-O2(Bu

t)]}12.
599 Isolated from the

reaction of ButLi and molecular oxygen, the lithium ion bridges the two peroxide oxygens,
lengthening the O—O bond to 1.48 Å (see Figure 81). Quantum chemical calculations on the
reaction between MeLi with LiOOH to give MeOLi and LiOH were used as a model for
the formation of the compound, which can be viewed as an intermediate in alkoxide generation.
The oxygen-scavenging properties of alkali metal-containing organometallic compounds, which
can result in encapsulated oxide or peroxide ions, have been reviewed.600

Figure 78 The structure of (ButO)8Li4Cs4.

Figure 79 The structure of [BaZr2(OPr
i)10]2.

Figure 80 The structure of a sulfonated crown ether usable as an ion size selective masking reagent.
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(vi) Chemical vapor deposition

The technique of CVD; sometimes abbreviated as MOCVD (metalorganic chemical vapor
deposition) has been under intensive development for the s-block elements, and particularly the
alkaline-earth metals, since the late 1980s.13,601–604 The production of complex oxides of calcium,
strontium, and barium, such as the perovskite-based titanates (Sr,Ba)TiO3 and superconducting
cuprates (e.g., YBa2Cu3O7�x),

9,605 has been a focus of much of this research. In addition, cerium-doped
alkaline-earth sulfides (e.g., (Ca,Sr,Ba)S, CaGa2S4)

606 are of interest as phosphors for
electroluminescent devices, as are sodium and potassium dopants for color modification.607

Volatile sources of magnesium are required for CVD-doping of the Group 13 nitrides that serve
as the basis for blue and green light-emitting and laser diodes.608–611

Owing to the low volatility or unfavorable deposition properties of alkaline-earth compounds
such as the simple metal alkoxides and acac (acetylacetonate) derivatives, they are usually unsui-
table as precursors to electronic materials. The approaches used to obtain reagents more useful as
precursors for CVD work have generally focused on the reduction of intermolecular forces by the
use of sterically bulky ligands (e.g., [THD]�, [OCH(CMe3)2]

�),531,533,612–614 fluorinated derivatives
(e.g., [OC4F9]

�),615,616 ligands with internally chelating groups (e.g., O(CH2CH2OCH3)
�) or ‘‘lar-

iats’’ (e.g., (RCOCHC(NR0)Me)2 (R¼ t-Bu; R0 ¼ (CH2CH2O)2Me)),548,617 polyethers (e.g., Ba(H-
FA)2�CH3O (CH2CH2O)6-n-C4H9 (see Figure 82)),

618 and the addition of Lewis bases (e.g., OR2,
NH3) to alkoxides to form adducts.619 Coordination compounds such as amides,258 amidinates,620

and pyrazolates423 have been proposed as alternatives to the use of the organometallic reagents
(Cp2Mg, (MeCp)2Mg) that dominate magnesium CVD. Some of the currently used compounds in
s-block CVD are described in more detail in appropriate sections elsewhere in this Chapter. Extensive
review articles on alkaline-earth CVD are also available.12,14,621

The demands for high purity reagents and consistent gas-phase behavior are especially critical
in s-block chemistry, and consistent pictures of CVD reactivity are not always easy to obtain.
Problems with residues in deposited materials are common. For example, fluorinated compounds
are favored for their increased volatility, but their use can lead to the deposition of metal fluorides
that contaminate the deposited oxides.622 Films of the high-Tc superconductor
(TlO)mBa2Can�1CunO2nþ2 (m¼ 1, 2; n¼ 1, 2, 3) generated under MOCVD conditions from Ba(H-
FA)2(tetraglyme), Ca(dipivaloylmethanate)2, and Cu(acac)2, for example, are contaminated with
both BaF2 and CaF2; extra processing is required to remove the fluorides.9 Handling problems
also occur with fluorinated compounds; for example, partial hydration of Ca(HFA)2 samples with
attendant lowering of their vapor pressure is difficult to avoid.623

Owing to the sensitivity of alkaline-earth alkoxides and their derivatives to air and moisture,
their application to systems of practical interest is not always straightforward. Early reports on
the thermal behavior of the widely-used barium oxide precursor ‘‘Ba(THD)2,’’ for example,
indicated that 
25–40% of the material remains unsublimed under oxide forming condi-
tions.624,625 Such reports are now thought to reflect the use of partially hydrolyzed and/or

Figure 81 The structure of the lithium tert-butyl peroxide, {Li[�2-O2(Bu
t)]}12.
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adducted material, which would reduce volatilities, as later thermal gravimetric analysis indicated
that only a 5–6% residue remains after heating to 410 �C.531

The solid state structure of ‘‘Ba(THD)2’’ has also been the subject of controversy. An X-ray
crystal structure of the commercially available ‘‘anhydrous Ba(THD)2’’ was found to be a partially
hydrolyzed pentabarium aggregate, described as Ba5(THD)9(OH)(H2O)3.

626 Re-analysis of the
structural parameters has suggested that it be formulated as the even more degraded species
Ba5(THD)5(HTHD)4(O)(OH)3.

627 Rigorously anhydrous Ba(THD)2 has been the subject of sev-
eral structural investigations,531,628,629 the most accurate of which appears to be the low tempera-
ture study of Drake and co-workers.531 The complex crystallizes as a centrosymmetric tetramer,
with the seven-coordinate barium atoms extensively bridged by THD ligands. Two of the barium
atoms (Ba(1) and Ba(1)0) are coordinated by one terminal THD ligand; four other coordination
modes of the remaining �-diketonates are also observed in the structure (see Figure 83). Some
Ba—O bonding interactions are long (up to 3.14 Å) and weak, which may account for the ease
with which the tetramer is disrupted by Lewis bases to yield dimeric species such as
[Ba2(THD)4L2]2 (L¼NH3, Et2O).

619,630

Considerable care is obviously needed in handling Group 2 alkoxides and related compounds
reliably in CVD applications. In some cases, the use of mixtures of precursors with different
ligands (e.g., �-diketonates, �-ketoesterates, alkoxides) can lead to ligand exchange reactions that
improve stability toward moisture.621 The development of aerosol-assisted CVD (AACVD) has
meant that the volatility of precursors is no longer as critical, and wider varieties of precursors
can be used.631–633

Figure 82 The structure of Ba(HFA)2�CH3O(CH2CH2O)6-n-C4H9.

Figure 83 The structure of Ba4(THD)8; the t-butyl groups have been removed from the THD ligands
for clarity.
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3.1.4.4.2 Sulfur donor ligands

Driven in part by interest in potential materials applications,634–637 the number of s-block
complexes containing ligands with sulfur donors has increased tremendously since the 1980s.
The structures of hundreds of such compounds are now known, even though the first crystal
structure of a lithium thiolate did not appear until 1985.638

The s-block thiolates M(SR)n are generally synthesized by one of three routes: hydrogen
elimination from a metal hydride (used for Na and K, Equation (5a));639 alkane elimination
from an alkyllithium (Equation (5b));640 and metallation (used for Na–Cs, Equation (5c)).641

MH þ HSR ! MSR þ H2 ð5aÞ
BunLi þ HSR ! LiSR þ C4H10 ð5bÞ
M þ HSR ! MSR þ 0:5H2 ð5cÞ

Such compounds take a variety of forms including monomers, dimers, trimers, cubes, fused cubes,
and large rings and polymers; predictably, the degree of aggregation is dictated to a large extent
by the steric bulk of the thiolate and associated ligands. The area of s-block thiolates has received
repeated comprehensive review,642–646 and simple thiolates and most carboxythiolates,527,647

including intramolecularly stabilized species, are not covered further here.
The reaction of [tris(3-p-tolylpyrazolyl)hydroborate)]MgMe with H2S produces the monomeric

hydrosulfido complex [tris(3-p-tolylpyrazolyl)hydroborate)]MgSH, which has been structurally
authenticated; the Mg—S bond length is 2.35 Å.648 Other monodentate sulfur ligands include
2-(1-methylethyl)-1,3-dimethyl-1,3,2-diazaphosphorinane 2-sulfide, whose lithium complex has
been modeled with molecular orbital calculations,649 1,3-dimethyl-2-benzylide- 2-thioxo-1,3,2-
diazaphosphorinane-S,S),650 and N-diisopropoxythiophosporylthiobenzamine.651,652

Polysulfide linkages have been incorporated into several s-block complexes, with the S6
2� anion

being especially common. Sulfur powder reacts with BunLi, lithium metal or solid lithium hydride
in toluene/TMEDA, or with LiBH4 with THF to afford Li2S6�(TMEDA)2.

653 The same com-
pound can also be prepared directly from the reaction of Li2S2 with TMEDA in toluene.654 The
compound contains a central Li2S2 ring (Li—S¼ 2.49 Å) (see Figure 84), and in donor solvents,
the S6

2� residue cleaves to give the blue S3
�� radical anion. A tetraethylethylenediamine (TEEDA)

analogue to the TMEDA complex can be prepared by a Li2S2/TEEDA/toluene combination, but
if the triply coordinating PMDETA is substituted instead, a bridging tetrasulfido unit is formed
that has a zigzag chain structure.655 The sodium PMDETA counterpart, formed from sodium
hydride and sulfur in toluene/PMDETA, again contains an S6

2� residue that is bound in a
manner similar to that found in the Li/TMEDA and Li/TEEDA aggregates (Na—S¼ 2.82,
2.91 Å).656

The hexasulfido moiety can be found in a chain form even with a large metal if crown ethers
are present as supporting ligands. Thus reaction of 18-crown-6 and K2S5 in acetonitrile leads to
K(18-crown-6)]2S6�2MeCN, from which the acetonitrile is easily lost. The S6

2� anion is suspended
as a transoid chain between two crown ether-coordinated potassium atoms (K—S¼ 3.08 Å).657 If an
even larger metal is used, however, the hexasulfido anion reverts to its ring binding mode, e.g., a

Figure 84 The structure of Li2S6�(TMEDA)2.
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multidecker stack involving crown ethers and polysulfide anions can be isolated from the reaction
of dibenzo-18-crown-6, Cs2CO3, and sulfur in H2S-saturated acetonitrile.658 Molecules of Cs4
(dibenzo-18-crown-6)3(S6)2�2MeCN are built of stacks of three crown ether molecules and two
hexasulfide chains with the cations located between them (Cs—S¼ 3.46–3.55 Å) (see Figure 85).
The conformation of the hexasulfide chains is all-cis.658

Dithiocarboxylic acids and their trimethylsilyl esters readily react with potassium, rubidium, and
caesium fluorides to give MS2CR complexes (M¼K, Rb, Cs; R¼Me, Et, Pri, cyclohexyl, Ph,
2- and 4-MeC6H4, 4-MeO and 4-ClC6H4, 2,4,6-Me3C6H2) inmoderate to good yields. The ammonium
derivatives Me4NS2CR can be prepared by the reaction of NaS2CR with Me4NCl. The structures of
KS2CEt, RbS2SC6H4Me-4, and CsS2CC6H4Me-4 have been characterized crystallographically.
They have a dimeric structure, (RCSSM)2, in which the two dithiocarboxylate groups are chelated
to the metal cations that are located on the upper and lower sides of the plane involving the two
opposing dithiocarboxylate groups (e.g., Figure 86; Rb—S¼ 3.47 Å (av)). The Kþ ions display
cation-� interactions with the tolyl fragment of a neighboring molecule, whereas the Rbþ and Csþ

cations interact with two neighboring tolyl fragments. The sodium salt was found to be a monomer,
with �1-bound ligands. (Na—S¼ 1.81 Å; S—Na—S¼ 116.9�).526

A variety of heterocycles will react to form complexes with M–S interactions, including
2-sulfanylbenzothiazole,659, 1-methyl-1H-tetrazole-5-thiol,660 benzoxazole-2(1H)-thione,661, 5-(1-
naphthylamino)-1,2,3,4-thiatriazole,662 2-mercaptobenzoxazole,663 and 5-mercapto-1-naphthylte-
trazole).662 Some of these ligands undergo alkali–promoted rearrangement on complexation, such
as the transformation of 5-amino-substituted thiatriazoles into 5-thio-substituted tetrazoles. For
example, when solid Ba(OH)2 suspended in toluene containing HMPA reacts with 5-(1-naphthyl-
amino)-1,2,3,4-thiatriazole, the monomeric Ba[5-mercapto-1-naphthyltetrazole-N,S]2�3HMPA
complex is formed.662

Complexes derived from 2-mercaptopyrimidine, 2-mercaptothiazoline, and 2-mercaptobenzimi-
dazole have been described.664 The latter is a dimer in which each lithium is chelated by an N—
C—S unit of the organic dianion; the two end lithium atoms of the dimer are each coordinated to
two terminal HMPA molecules, whereas the two central lithium atoms are linked by two
�-HMPA molecules (see Figure 87). The reasons for the difference between this structure and
those displayed by the other complexes (which in the case of the 2-mercaptothiazoline complex
contains direct S—Li bonding) have been examined with ab initio calculations. The option of
generating a strong C¼N bond in the 2-mercaptothiazoline complex rather than a weaker C¼S
bond apparently drives the lithium–sulfur interaction.
Thiocarbamates and dithiocarbonates, which have attracted interest as possible sources of

metal sulfides, are known with a variety of s-block metals, including lithium,665 calcium,392,666

strontium,666 and barium.666 Dithiocarbonates have been formed by CS2 insertion into metal
alkoxide bonds.666 Magnesium-isothiocyanate and -carbodiimide insertion products, e.g.,
Mg(SCPhN(But))2(THF)2, Mg(SCPhNPh)2(THF)2, Mg(PriNCRN(Pri))2(THF)2 (R¼Ph, Et or
Pri) and Mg(ButNCEtN(But))2(THF)2 have been synthesized by the reaction between MgR2

(R¼Ph, Et or Pri) and various isothiocyanates and carbodiimides in THF solution. The reaction
of Mg(SCPhN(But))2(THF)2 with an excess of PhNCO cyclotrimerizes the latter to afford
(PhNCO)3�THF.

667

Figure 85 The structure of Cs4(dibenzo-18-crown-6)3(S6)2�2MeCN.
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Larger rings with S–M contacts have been prepared by a variety of routes. The reaction of the
sodium salt of Ph2P(S)NHP(S)Ph2 with either triglyme or tetraglyme affords the corresponding
adducts Na{Ph2P(S)NP(S)Ph2}(glyme), which are monomeric species with all four oxygen atoms
of the glyme moieties coordinated to the Naþ cations. The sulfur atoms of the
[Ph2P(S)NP(S)Ph2]

� anion are bound in a symmetrical fashion to the sodium cations, forming
six-membered S—P—N—P—S—Na rings (Na—S¼ 2.84–3.08 Å).668 The reaction of 1,3-
dimethyl-2-iminoimidazoline with KMe gives the corresponding potassium imidate, from which
(1,3-dimethylimidazolin-2-imino)CS2K is obtained in almost quantitative yield. Its crystal struc-
ture (see Figure 88) contains a framework in which rings of K2 units bridged by the four sulfur
atoms of two thiolate ligands are connected by N and S bridges.669 The addition of MeLi or BuLi
to alkyl isothiocyanates produces Li thioamidates {Li[RCS(NR0)]}n. When R¼Bu and R0 ¼But,
the unsolvated hexamer {Li[BuCS(NBut)]}2 is obtained. In contrast, the solvated derivatives
{Li�THF[MeCS(NBut)]}1 and {Li�2THF[MeCS(NMe)]}1 form single-strand polymers.670

More complex S, N, O interactions are found in the polymeric (Cs(5,5-dimethyl-4-oxoimida-
zolidine-2-thione)OH)1, which was isolated in an attempt to prepare the Cs salt of the mono-
anion of 5,5-dimethyl-4-oxoimidazolidine-2-thione. The polymeric complex consists of layers of
(Cs(5,5-dimethyl-4-oxoimidazolidine-2-thione)OH)1 along the crystallographic [010] plane. Each
Cs atom displays eight-fold coordination with four different thione molecules and three hydroxy
molecules and 3 OH� groups as surrounding ligands (see Figure 89).671

Dropwise addition of BunLi to a slight excess of the isothiocyanate ButNCS in hexane yields
hexagonal prisms of Li[CS(NBut)(Bun)]. X-ray crystallography reveals that the molecule is con-
structed around hexagonal Li6S6 aggregates, in which the BunCN(But) bridges form a paddle-
wheel arrangement with D3d symmetry (see Figure 90).672

Ab initio calculations on mono- and di-lithiated derivatives of thiourea have been used to
predict that Li atom(s) will bridge N and S centers, leading to lengthening of the C—bond and
shortening of one or both of the C—bonds in thiourea. Structurally authenticated di-lithiated
diphenylthiourea, [PhNLiC(¼NPh)SLi�2HMPA]2, contains monomeric units with S—Li and
N(�2—Li)N bonds, these monomers then being linked by N:!Li coordination (see
Figure 91).673

Figure 86 The structure of (RbS2C6H4Me-4)2.

Figure 87 The structure of bis((�2-2-mercaptobenzimidazolinato-N,N,S,S)-(�2-hexamethylphosphoramido-
O,O)-bis(hexamethylphosphoramide)-dilithium).
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An investigation of the lithiation and CS2-insertion reactions of (Ph)(pyridyl)CH2 precursors
(reactions used in the synthesis of ketene dithioacetals) lead to the monolithiated complexes
(Ph)(pyridyl)CHCS2Li�TMEDA (R1¼Ph, R2¼ pyridyl) and (H)(2-methylpyrazine)CHC-
S2Li�TMEDA (R1¼H, R2¼ 2-methylpyrazine). Interestingly, attempted second lithiation of the
former complex fails to give the anticipated (Ph)(pyridyl)C¼CS2Li2, but synthetic and

1H-NMR
spectroscopic evidence indicates that the 2-methylpyriazine complex can be lithiated further.674

Bis(pentamethylcyclopentadienyl)phosphine (C5Me5)2PH reacts with S under basic conditions
to give the corresponding dithiophosphinate salt Li[(C5Me5)2PS2] (see Figure 92), which is formed
via the intermediate (C5Me5)2P(S)H. The corresponding transition metal dithiophosphinate is
formed on treatment with Co(II) chloride.675

Reaction of 2-mercapto-1-methylimidazole and 2-mercapto-1-mesitylimidazole with LiBH4 in
toluene produces the corresponding lithiated derivatives. The bidentate coordination of the sulfur
atoms to lithium is augmented by donation from one of the B—H groups of the imidazole
ligands. In the mesityl derivative, Li—B¼ 2.80, 3.09 Å (values for two independent molecules);

Figure 88 Portion of the structure of dipotassium (�4-bis(1,3-dimethylimidazoline-2-dithiocarbiminato)).
Acetonitrile of crystallization is in the center of the rings.

Figure 89 Portion of the lattice of (Cs(5,5-dimethyl-4-oxoimidazolidine-2-thione)OH)1.
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Li–H distance¼ 1.86, 2.34 Å (see Figure 93). Similar coordination is observed in thallium and zinc
derivatives.676

3.1.4.4.3 Selenium and tellurium donor ligands

Only after the publication of CCC (1987) were well-characterized coordination compounds of the
s-block elements containing bonds to Se or Te described. As a rule selenium or tellurium donor

Figure 90 The structure of {Li[CS(But)N(Bun)]}6.

Figure 91 The structure of urea, [PhNLiC(=NPh)SLi�2HMPA]2.

Figure 92 The structure of {(DME)Li[(C5Me5)2PS2]}2.
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ligands possess large, sterically demanding substituents that confer kinetic stability on the
complexes.
Direct insertion of elemental Se into the Li�C bond of (THF)3LiC(SiMe3)3 in DME produces

(DME)LiSeC(SiMe3)3.
677 The related centrosymmetric dimer [(DME)LiSeSi(SiMe3)3]2 has also

been structurally characterized (Li—Se¼ 2.57, 2.62 Å).678 Interestingly, Te is displaced from
(THF)2LiTeSi(SiMe3)3 by Se in THF at�55 �C in a novel chalcogen metathesis reaction (Equa-
tion(6)):

ðTHFÞ2LiTeSiðSiMe3Þ3 þ Se ! ðTHFÞ2LiSeSiðSiMe3Þ3 þ Te ð6Þ

Use of the analogous germanium (THF)2LiTeGe(SiMe3)3 reagent gives only intractable materials
when treated with Se.677

The 1:1 reaction of [PhC�CLi]n with Se metal in THF/TMEDA gives the monomeric insertion
product PhC�CSeLi�TMEDA�THF.679 Selenium also inserts into the Li—N bond of lithium
2,2,6,6-tetramethylpiperidide to form lithium 2,2,6,6-tetramethylpiperidinoselenolate. In the com-
plex, one Li atom is coordinated tetrahedrally by two molecules of THF and two Se atoms,
whereas the other Li atom exhibits an approximately rectangular-planar coordination by two (N,
Se)-chelating groups. The Li atoms are bridged by two Se atoms, thus forming a planar Li2Se2
core (see Figure 94).680Ab initioHartree–Fock calculations indicate that a hypothetical nonchelated

Figure 93 The structure of lithium bis((�2-bis(2-mercapto-1-mesitylimidazolyl)dihydrogenborate-H).

Figure 94 The structure of lithium 2,2,6,6-tetramethylpiperidinoselenolate.
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dimer would be of distinctly higher energy than the observed form—apparently charge transfer
from Se to N supports the (N, Se)-chelation.
The –Se(aryl) moiety is commonly incorporated into complexes; for example, 2,20-bipyridine

(bipy) forms coordination complexes with lithium benzeneselenolate and lithium pyridine-2-
selenolate. The compounds can be recrystallized from THF, in which they are highly soluble.
Dimeric {Li(bipy)(SePh)}2 contains two lithium ions bridged by a pair of symmetrical benzene-
selenolate ligands, with bidentate bipy ligands bound to each lithium ion (Li—Se¼ 2.55, 2.59 Å).
In {Li(bipy)(NC5H4Se)}2, each lithium ion is coordinated to a bidentate bipy ligand, one bridging
selenium atom, and the nitrogen atom from the second bridging pyridine-2-selenolate ligand,
thus forming an eight-membered [Li—Se—C—N–]2 ring with a chair conformation (Li—
Se¼ 2.62 Å).681

Monomeric (THF)3LiSe(2,4,6-tri-t-butylphenyl) can be produced from the reaction of
HSe(2,4,6-tri-t-butylphenyl) and BunLi682 or by the reduction of bis(2,4,6-tri-t-butylphenyl) dis-
elenide (R2Se2) by LiBEt3H;

683 in the complex, the lithium center is bound to the three THF
molecules and the selenium in a pseudotetrahedral manner (Li—Se¼ 2.57 Å). The lithium sele-
nolate reacts with But2PCl, CH2Cl2, Me3SiCl, Me3SnCl, and Ph3PAuCl to give But2PSeR,
RSeCH2Cl (or (RSe)2CH2), Me3SiSeR, Me3SnSeR and Ph3PAuSeR, respectively.

683

Lithiation of HSe(2,4,6-(Me3C)3C6H2) with BuLi in the presence of one equivalent of THF
produces [Li(THF)Se(2,4,6-(Me3C)3C6H2)]3. The molecule has a Li3Se3 core, with pyramidal
coordination at Se and almost planar Li coordination (sum of angles around Li¼ 355–360�).684

Direct reaction of potassium or rubidium metal with the sterically encumbering selenol
HSeC6H6-2,6-Trip2 (Trip¼ 2,4,6-Pri3C6H2

�) stabilizes the dimeric selenates MSeC6H3-2,6-Trip2
(M¼K, Rb), The compounds, characterized with 1H-, 13C-, and 77Se-NMR and IR spectroscopy,
crystallize as toluene solvates with M2Se2 cores. Each potassium or rubidium interacts in a
�-fashion with two ortho-aryl groups and also 
-bonds to the chalcogens. The �-interaction is
retained even in the presence of donor solvents (Et2O).

685

Reaction of the sterically encumbered silylselanol HSeSi(SiMe3)3 with either Bu2Mg or the
bis(trimethylsilyl)amides of Ca, Sr, and Ba in the presence of Lewis bases yields crystalline
alkaline-earth selenolates. The Mg selenolate has been crystallized as a tris((dimethylphosphino)-
methyl)-t-butylsilane complex, whereas the Ca, Sr, and Ba complexes have been isolated as
TMEDA adducts. The magnesium complex is constructed around a six-membered P—Mg—P—
C—S—C–ring that is puckered in a chair conformation. The strontium complex has Sr—
Se¼ 2.94 Å with a linear Se—Sr—Se0 core.686

The reaction of MgBr2 with two equivalents of the sterically demanding Li[Se(2,4,6-But3C6H2)]
in THF generates the mononuclear Mg{Se(2,4,6-But3C6H2)}2(THF)2 (Mg—Se¼ 2.53 Å; Se—
Mg—Se0 ¼ 122.2�) in good yield.687 The treatment of SrI2(THF)5 with two equivalents of
K[Se(2,4,6-But3C6H2)] in THF produces Sr(Se(2,4,6-But3C6H2))2(THF)4�2THF in good yield.
The latter displays a distorted octahedral environment at the metal center (Sr—Se¼ 3.07 Å;
Se—Sr—Se0 ¼ 171.9�).688

The Mg phenylselenolate complex [tris(3-p-tolylpyrazolyl)borate]MgSePh was synthesized by
the reactions of [tris(3-p-tolylpyrazolyl)borate]MgMe with PhSeH and Ph2Se2. The solid state
structure indicates that the magnesium is coordinated to three nitrogen atoms of the pyrazolate
ligand and to the SePh ligand (Mg—Se¼ 2.50 Å).689 The structurally characterized monomeric
hydroselenido complex [tris(3-p-tolylpyrazolyl)borate]MgSeH was synthesized by the reaction of
[tris(3-p-tolylpyrazolyl)borate]MgMe with H2Se (Mg—SeH¼ 2.465(2) Å). The complex reacts
with [tris(3-p-tolylpyrazolyl)borate]MgMe to give the dinuclear bridging selenido complex
{[tris(3-p-tolylpyrazolyl)borate]Mg}2Se; the Mg—Se—Mg0 moiety is linear.648

The structurally authenticated compounds Ba{Se(2,4,6-tri-t-butylphenyl)}2(THF)4 (monomer,
Ba—Se¼ 3.28 Å), [Ba(18-crown-6)(HMPA)2][Se(2,4,6-tri-t-butylphenyl)]2 (solvent separated ion
triple), [Ba{Se(2,4,6-triisopropylphenyl)}2(Py)3(THF)]2 (dimer, �-Ba—Se¼ 3.30, 3.42 Å) and
[Ba{Se(2,4,6-triisopropylphenyl)}2(18-crown-6)] (monomer, Ba—Se¼ 3.23, 3.24 Å) have been pre-
pared by reductive insertion of Ba (dissolved in NH3) into the Se—Se bond of corresponding
diorganodiselenides.690 Various heteroatomic aggregates containing selenium and displaying
interactions with alkali metals have been described and structurally characterized, including
(TMEDA)2Li2Se4 (distorted trigonal prismatic Li2Se4 core),691 Li2Se5(PMDETA)2 (Li ions
bound to terminal Se atoms of a zigzag chain),655 (Et4N)3Na[Ru(CO)2(Se4)2]2 (two
[Ru(CO)(Se4)2]2

� ions are bound to an octahedrally coordinated Naþ atom, with Na—
Se¼ 3.00 Å (av)),692 and [(NMe4)3KSn2Se6]1 (K ions link Sn2Se6

4� units, K—Se¼ 3.34 Å (av)).136

The reaction between NiCl2�6H2O and (SeCH2CH2Se)
2� in EtOH generates the

[Ni(SeCH2CH2Se)2]
2� ion, which has been isolated as its potassium and tetramethylammonium
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salts. The potassium ions in K2[Ni(SeCH2CH2Se)2]�2EtOH display close contacts between the Se
atoms of the ligands (K—Se distance¼ 3.39–3.60 Å) in the anions, and the ethanolic oxygen
atoms (K–O distance¼ ca. 2.8 Å).693 The 1:1 reaction of Ph2P(Se)N(SiMe3)2 with potassium
t-butoxide in THF at room temperature produces (K[Ph2P(Se)NSiMe3]�THF)2. The dimeric
complex contains two four-membered N—P—Se—K rings fused to a central K2Se2 ring (K—
Se¼ 3.37–3.42 Å).694 The bimetallic complex [(Py)2Yb(SeC6H5)2(�-SeC6H5)2Li(Py)2] contains a
Li—Se—YbIII—Se ring (Li—Se¼ 2.57, 2.69 Å); the phenylselenolato ligands are the only anionic
ligands on the ytterbium center.695

Sodium polyselenide reacts with Ph2PCl in THF/EtOH to give a mixture of products, including
the oligomeric Na2[Ph2PSe2]2�THF�5H2O, which consists of a central polymeric core built up of
Na(H2O)6 and Na(H2O)3(THF)(Se) units (Na—Se¼ 2.98 Å) with additional hydrogen bonds
to [Ph2PSe2]

�.696 Selenium and [(ButNH)P(�-N-But)2(NH-But)] react to form cis-
[(ButNH)(Se)P(�-N-But)2(Se)(NH-But)], which will react with KN(SiMe3)2 to produce
{[(THF)K[ButN(Se)P(�-N-But)2P(Se)NBut]K(THF)2]2}1. It forms an infinite network of
twenty-membered K6Se6P4N4 rings involving two types of K–Se interactions (K—Se¼ 3.26–
3.42 Å) (see Figure 95).697

The bulky (tris(trimethylsilyl)silyl)tellurido ligand, –TeSi(SiMe3)3, has been incorporated into a
variety of s-block coordination compounds. Metalation of HTe{Si(SiMe3)3} with BuLi yields pale
yellow LiTe[Si(SiMe3)3]; crystals obtained from cyclopentane solution indicate that the compound
is a hexamer.698 It forms a centrosymmetric but distorted hexagonal prism that is built up
alternately of Li and Te{Si(SiMe3)3}; the (LiTe)6 rings are slightly puckered and adopt a chair
conformation (see Figure 96).698

Tellurium inserts the Li—Si bond of (THF)3LiSi(SiMe3)3 in THF to produce colorless
(THF)2LiTeSi(SiMe3)3, which crystallizes as a dimer with a planar Li—Te—Li0—Te0 ring and
two tris(trimethylsilyl)silyl substituents in a trans position. The same compound can be prepared
from (THF)Li[N(SiMe3)2] and HTeSi(SiMe3)3; it has been crystallographically characterized as
the dimeric mono-THF solvate, [(THF)LiTeSi(SiMe3)3]2.

677 1,2-Dimethoxyethane displaces the
THF from (THF)2LiTeSi(SiMe3)3 to form the dimeric (DME)LiTeSi(SiMe3)3, which can also be
formed directly from the reaction of LiSi(SiMe3)3�1.5(DME) and Te in DME.699 Reduction of the
ditelluride (SiMe3)TeTeSi(SiMe3)3 with Na/Hg in THF yields colorless crystals of the sodium
derivative (THF)0.5NaTeSi(SiMe3)3. Tellurolysis of MN(SiMe3)2 (M¼Li, Na) or KOCMe3 with
the tellurol HTeSi(SiMe3)3 in hexane gives the toluene-soluble, base free tellurolate derivatives
MTeSi(SiMe3)3 (M¼Li, Na, K). A TMEDA derivative of the potassium complex (TMEDA)K-
TeSi(SiMe3)3 can also be isolated.700

Reduction of (2,4,6-Me3C6H2)2Te2 and (2,4,6-Pri3C6H2)2Te2 with two equivalents of LiEt3BH
in THF produces the lithium tellurolates (2,4,6-Me3C6H2)2TeLi(THF)1.5 and (2,4,6-Pri3C6H2)2-
TeLi(THF)2.5, respectively. Direct Te insertion into the C—Li bond of (2,4,6-But3C6H2)Li(THF)3
in THF produces the structurally authenticated (2,4,6-But3C6H2)TeLi(THF)3, while a similar
reaction between elemental tellurium and (o-C6H4CH2NMe2)Li yields the chelating tellurolate
(o-C6H4CH2NMe2)TeLi(DME). The action of Na/Hg amalgam on THF solutions of

Figure 95 The structural motif of {[(THF)K[ButN(Se)P(�-N-But)2P(Se)NBu
t]K(THF)2]2}1.
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(2,4,6-Me3C6H2)2Te2 or (2,4,6-Pr
i
3C6H2)2Te2 followed by work-up with TMEDA or DME leads

to the sodium tellurolates. Treatment of (2,4,6-Pri3C6H2)2Te2 with two equivalents of K[Bus3BH]
in THF gives the polymeric tellurolate, (2,4,6-Pri3C6H2)2TeK(THF)1.33. The infinite ladder-like
structure is disrupted by reaction with 18-crown-6, which generates a monomeric derivative.701

Reaction of HTeSi(SiMe3)3 with Bu2Mg in hexane gives the base-free, homoleptic tellurolate
Mg[TeSi(SiMe3)3]2 as colorless plates; recrystallization in THF gives the bis(THF) adduct.686,702

The analogous pyridine adduct was prepared by the same reactions in pyridine; both the pyridine
and tellurolate ligands are displaced by 12-crown-4 to form [Mg(12-C-4)2][TeSi(SiMe3)3]2. Reac-
tions between two equivalents of HTeSi(SiMe3)3 and M[N(SiMe3)3]2(THF)2 (M¼Ca, Sr, Ba) in
hexane or toluene (for Ca) gives high yields of the corresponding tellurolate complexes, which can
be isolated as THF adducts; pyridine adducts can also be formed.686,702,703 The calcium com-
pound displays a high field shift of the 125Te{1H}-NMR resonance (�2,204 ppm vs. Me2Te), and
its crystal structure contains calcium in a distorted octahedral environment (Ca—Te¼ 3.19 Å;
Ca—O¼ 2.36 and 2.41 Å); the two tellurido ligands are in a trans position. The (Py)5Ba[TeSi-
(SiMe3)3]2 complex displays a distorted pentagonal bypyramidal environment, with Ba—
Te¼ 3.38 Å, Te—Ba—Te¼ 171.9�.686

3.1.4.5 Group 17 Ligands

Halides of the s-block metals such as NaCl and CaCl2 are among the most widely known of all
compounds, and their uses are legion.704 The molecular structure and spectra of the Group 1 and
2 halides have been reviewed.705–707 The use of the halides as reagents means that numerous
s-block compounds with terminal halide ligands are known708 and in many cases have been
structurally characterized (e.g., adducts with nitrogen and mixed nitrogen-oxygen bases such as
MeCN, Py, en (ethylene-1,2-diamine), dien (diethylenetriamine), TMEN (tetramethylenediamine),
DMF, phen, bipy, terpy, substituted pyridines, water, and ROH (R¼Me, Pr, Bu).709–718 Often
their structures and bond distances are adequately rationalized with fundamental electrostatic
arguments. The focus of this section is on features of molecular halide complexes that are
distinctive or have provided new insights into bonding and reactivity.
The molecular structures of the gas-phase alkaline-earth dihalides have been a source of

continuing interest. Gas-phase electron diffraction (GED) and mass spectrometric (MS) measure-
ments confirm that the vapor phase structure of BeCl2 at 274 �C is mostly that of a linear
monomer, with a thermal average Be—Cl distance of 1.798(4) Å. A small amount (2.5%) of a
halide-bridged dimer form is also present, however, with Be—Clterm¼ 1.83(1) Å, Be—
Clbridg¼ 1.97(2), and Clterm—Be—Clbridg¼ 134(4)�.719 Dimers (ca. 1%) have also been detected
in MgX2 vapor.

720

Figure 96 The structure of{LiTe[Si(SiMe3)3]}6.

Group 1s and 2s Metals 75



The structures of the gaseous dihalides of calcium, strontium, and barium have been
reviewed.705,707 As noted in Section 3.1.2.2, CaF2, SrF2, SrCl2, and BaF2, BaCl2, and BaBr2
have permanent molecular dipole moments in the gas phase. The structure of RaF2, although not
experimentally known, is also calculated to be bent (F—Ra—F¼ 118�; Ra—F¼ 2.30 Å).26 Such
bending defies interpretation using simple VSEPR (Valence Shell Electron Pair Repulsion)
theory,24,721 and there is not yet agreement on the most satisfactory rationale for it. Some degree
of covalency, whether in the guise of polarization arguments, or more explicitly in molecular
orbital terms, is evidently required as part of the explanation.
A series of MxXy(THF)n adducts for M¼Li, Be, Mg, Ca, Sr, and Ba have been structurally

authenticated (see Table 9). Although the distances mostly follow the trends expected from
additivity of metal and ligand radii, maximum coordination numbers are not always sterically
dictated;580 Ca2þ and Sm3þ are almost exactly the same size (1.0 Å),1 for example, yet calcium
coordinates to only four THF ligands in addition to the two iodides, whereas the [SmI2(THF)5]

þ

cation crystallizes from THF with two iodides and five THFs in the plane of the Sm atom.722

Another THF ligand could bind to the calcium without undue steric crowding.
In conjunction with other molecular halide complexes with various O-donor ligands such water

and acetone, correspondences between the metal coordination number and solid-state structures
have been identified.723 For the barium iodides, a progression is observed from the parent
nonmolecular BaI2 (PbCl2 lattice type)724 to framework (e.g., [BaI2(�-H2O)2]n), layer ([BaI2(�-
H2O)(OCMe2)]n), chain ([Ba(�-I)2(THF)3]n) and finally monomeric structures (BaI2(THF)5).
Coming almost full circle, the latter can be partially hydrolyzed to form BaI(OH)(H2O)4, in
which a three-dimensional network between molecules is constructed via H bonds. The iodohydr-
oxide is a possible intermediate in the generation of sol-gels, leading ultimately to [Ba(OH)2-
(H2O)x].

725

The propensity for halides to bridge can lead to the formation of larger aggregates, particularly
with the highly polarizing Liþ cation. The three lithium heterocubanes that have been described,
i.e., [LiCl(HMPTA)]4,

726 [LiBr(Et2O)]4,
727 and [LiI(NEt3)]4,

728 are formed by special and/or
adventitious routes. The iodo complex, for example, is isolated from the reaction of LiN(SiMe3)2
with the metastable GaI or AlI in the presence of NEt3; it cannot be obtained directly from a
mixture of LiI and NEt3. The energetics of the formation of [LiI(NEt3)]4 and its stability with
respect to solid LiI have been examined with DFT calculations. These suggest that the activation
energy of the solvation of solid LiI to give monomeric [LiI(NEt3)] as an intermediate is too high,
and consequently the presence of energetic donors such as the metastable monovalent Ga or Al is
required.
‘‘Opening’’ the cube leads to ladder-like structures such as Li4Cl4(azetidine)2[N-(3-aminopropyl)-

azetidine]2,
729 Li4I4(2,4,6-trimethylpyridine)6,

730 and Li4Br4(2,6-dimethylpyridine)6.
731 The latter,

prepared by recrystallizing LiBr in pyridine, has a structure typical for the class; i.e., a stepped
tetramer (see Figure 97). A more complex species, {LiLLiClLiL(THF)}2, is formed as a side
product of the reaction of [LiL(THF)n] (L¼N,N-dimethyl-N0-trimethylsilylethane-1,2-diamide)

Table 9 Bond lengths (Å) in tetrahydrofuran adducts of metal halides.a

Complex Coord. No
M–Xterm

(Å)
M–Xbrid
(Å)

M—O
(Å) References

[(THF)3Li(�-Cl)Li(THF)3]
þ 4 2.25 1.93–1.96 792

[(THF)3Li]3(�3-Cl)]
2þ 4 2.25 1.90 793

[(THF)3Li(�-Br)Li(THF)3]
þ 4 2.29–2.51 1.96–2.02 794

(THF)3LiI 4 2.74 1.92–1.95 793
[(THF)3Mg(�-Cl)3Mg(THF)3]

þ 6 2.51 2.08 795
(THF)2BeCl2 4 1.98 1.65 796
(THF)4MgCl2 6 2.45 2.09–3.12 797
(THF)4MgBr2 4 (6) 2.63 (2.80 from

adjacent mol.)
3.13 798

(THF)4MgBr2 6 2.66 3.14 799
(THF)4CaI2 6 3.11 2.34 580
(THF)5SrI2 7 3.23 2.54–2.63 688
[(THF)3Ba(�-I)2]n 7 3.46–3.52 2.72–2.76 723
(THF)5BaI2 7 3.38 2.72 723

a Distances that vary by less than 0.03 Å have been averaged.
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with LuCl3(THF)2 in THF. {LiLLiClLiL(THF)}2 has a LiCl bonded between LiL and LiL(THF)
units, thereby generating a ‘‘three-rung ladder’’, which is further connected by Li—Cl bonds to a
second LiLLiClLiL(THF) moiety (see Figure 98).732 Finally, from the reaction of GeBr4 with two
equivalents of Li2[1-naphthylamide] in THF–Et2O, the infinite corrugated ladder (LiBr�THF)1
can be isolated.733 It can be regarded as the product of the association of cubes of (LiBr�THF)4
(see Figure 99). The more straightforward reaction of LiX (X¼Cl, Br, I) with TMEDA gives
adducts with the empirical formulas (LiCl)3(TMEDA)2, [Li(TMEDA)Br]2, and [Li(TME-
DA)I]2;

734 the bromide and iodide are conventional �-�0-dihalo bridged dimers with four-coordin-
ate N2LiX2 environments around lithium, but the chloride forms polymeric sheets based on a
double cubane Li6Cl6 unit that is solvated by chelating and bridging TMEDAs (see Figure 100).
The strongly polarizing power of the Liþ cation can cause otherwise noncoordinating anions to

be incorporated into complexes. For example, the reaction of NH4PF6 with BunLi in toluene
containing PMDETA yields [(PMDETA)LiPF6]2, in which PF6

� anions bridge (PMDETA)Liþ

units via Li–F interactions (1.91 Å and 3.14 Å) (see Figure 101). Ab initioMO calculations indicate
that the charge on the N of PMDETA is more negative (�0.59 e�) than on the F of PF6

� (�0.49 e�),
but that a second PMDETA ligand could not fit around the small Liþ cation, thus leaving it open
to bind to the hexafluorophosphate anion.735

An unusual class of compounds at the border between solid state and organometallic chemistry
have been prepared that contain the (C5R5)TiF2 fragment as a stabilizing agent. The reaction in

Figure 97 The structure of Li4Br4(2,6-dimethylpyridine)6.

Figure 98 The structure of bis(�4-chloro)-tetrakis(�2-N,N-dimethyl-N-trimethylsilyl-1,2-diaminoethane)-
bis(tetrahydrofuran)-hexalithium.
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THF of (C5Me5)TiF3 and either metallic sodium or calcium in the presence of mercury forms the
sparingly hydrocarbon-soluble clusters (C5Me5)12Ti14Na18F48(THF)6 and [(C5Me5)TiF2]6-
CaF2(THF)2, respectively.

736 The former contains a complex central [(TiF3)2(NaF)18] core, in
which the sodium atoms are either five- or six-coordinate to THF and/or F atoms. The average
Na—F distance in the complex (2.32 Å) is remarkably close to that in solid NaF (2.31 Å),
although there is no real structural resemblance between the two systems. The structural corres-
pondence to fluorite is not strong in the calcium complex either, but like CaF2, the central metal
is eight-coordinate, and the average Ca—F distance is close to that in fluorite (see Figure 102).
Compounds similar to these (i.e., {(C5Me5)TiF3}4CaF2 and {(C5Me4Et)TiF3}4CaF2) have been

formed from the reaction between (C5Me5)TiF3 or (C5Me4Et)TiF3 in the presence of CaF2

Figure 99 Portion of the infinite ladder of (LiBr�THF)1.

Figure 100 Portion of the polymeric sheets formed from association of (LiCl)3(TMEDA)2.
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(prepared in situ from Me3SnF and CaCl2).
737 Recrystallization of the latter two compounds in

the presence of HMPA results in the formation of {(C5Me5)TiF3}4(CaF2)(HMPA)
and {(C5Me4Et)TiF3}4(CaF2)(HMPA), respectively. When the latter is dissolved in CDCl3, the
HMPA dissociates completely, a process studied with 1H-, 19F-, and variable-temperature NMR.
A molecule of solvent probably occupies the site on the organometallic complex vacated by the
HMPA, and a temperature-dependent equilibrium exists between the solvent-solvated species and
{(C5Me4Et)TiF3}4CaF2. With increasing temperature, the equilibrium is entropy-shifted to the
non-solvated form.738 A related system containing lithium has been formed from the reaction of
two equivalents of (C5Me5)TiF3 with LiF (generated from Me3SnF and LiCl) in THF. In the solid
state, the lithium atom is coordinated by four F atoms (Li—F¼ 1.90 Å (av)); in solution, it is in
equilibrium with Li[(C5Me5)2Ti2F7] and (C5Me5)2Ti2F6.

739
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3.2.1 SCANDIUM

3.2.1.1 Introduction

Scandium is still a neglected element. It is the most expensive metal in its period (caused by the fact
that its even distribution in the earth means that there are no rich ores) and its chemistry is virtually
exclusively that of the þ3 oxidation state, so that it is not classed as a transition metal and is often
‘‘silent’’ to spectroscopy and not amenable to study by many of the usual spectroscopic tools of the
coordination chemist. Chemists have often either tended to assume that complexes of Sc3þ are just
like those of the tripositive ions of the 3d transition metals or that they resemble lanthanide
complexes. Neither of these assumptions is correct—how incorrect we are now realizing. Scandium
chemistry is starting to exhibit characteristics all of its own, and possibly the burgeoning use of
scandium compounds in organic synthesis may drive a real expansion of scandium chemistry.

Several ‘‘early’’ structures of scandium compounds that were reported, such as [ScCl3(THF)3]
1 and

[Sc(acac)3]
2 (acac¼ acetylacetonate) featured a coordination number of six; this, taken together

with the coordination number of six exhibited by its oxide and halides, was probably responsible for
the view, often unstated, that scandium compounds were generally six-coordinate. It is now
becoming clear that, since Sc3þ is a larger ion than any of the succeeding 3d transition metal ions
(the ionic radius of six-coordinate Sc3þ is 0.745Å3, contrast Ti3þ 0.670 Å), it infrequently
exhibits a coordination number greater than six in its complexes. On the other hand, it is smaller
than lutetium, the last lanthanide (ionic radii of six-coordinate Sc3þ, La3þ, and Lu3þ are 0.745Å,
1.032 Å, and 0.861 Å respectively), and thus tends to exhibit lower coordination numbers than the
lanthanides; although there are sometimes similarities with lutetium,4 this point should not be over
emphasized. (This point is demonstrated in Table 1, which shows comparative coordination
numbers of Sc, La, and Lu in a number of typical binary compounds and complexes.) Whilst it
could fairly be stated5 in 1987 that ‘‘in those crystal structures that are known, Sc3þ is predom-
inantly six-coordinated,’’ the position has now changed; all the coordination numbers between three
and nine are confirmed by X-ray diffraction work.

The last major review of the coordination chemistry of scandium appeared in 1987; whilst other
reviews have appeared concerned with scandium chemistry,6,7 with its structural chemistry,8 and
with the role of scandium inorganic synthesis,9,10 this section is concerned with covering the area
from the previous review, though for the sake of readability, there will be occasional reference to
earlier work.

3.2.1.2 Group 14 Ligands

Some simple alkyl and aryl compounds of metals in normal oxidation states can be considered as
honorary coordination compounds.

Triphenylscandium was the first well-characterized organoscandium compound with a
�-bonded ligand, but its structure has been unknown, although believed to be polymeric. The
THF adduct, [ScPh3(THF)2], stable at �35 �C, is monomeric, however, and has a trigonal
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bipyramidal structure with axial THF molecules.11 Its instability suggests that, on warming, loss
of THF molecules occurs, with concomitant formation of polyhapto-linkages and oligomeriza-
tion. A stable octahedral permethylate species exists in the form of the [ScMe6]

3� ion, isolated as
its tris(TMEDA) salt from the reaction of ScCl3 with MeLi in the presence of excess TMEDA.12

There is good evidence for [Sc(CH2SiMe3)3(THF)2];
13 although it has not been isolated or

reported, there seems no reason why the alkyl [Sc{CH(SiMe3)2}3] should not exist,14,15 by analogy
with [M{CH(SiMe3)2}3] (M¼Y, La, Pr, Nd, Sm, Lu) and with the corresponding silylamides.

Certain porphyrin derivatives with metal–carbon � bonds are discussed in Section 3.2.1.3.4.
It should be noted that there are organometallic compounds involving polyhapto ligands that

contain linkages such as Sc�Te that are not found in coordination compounds. In addition, a
number of recent reviews on the organometallic chemistry of the lanthanides include reference to
scandium compounds.16–20

3.2.1.3 Group 15 Ligands

3.2.1.3.1 Ammonia and amines

Anhydrous ScX3 (X¼Cl, Br, I) reacts with gaseous ammonia forming ammine complexes21 such as
ScX3�5NH3 (X¼Cl, Br) and ScX3.4NH3. (X¼Cl, Br, I). Nothing is known about the structures of
any of these compounds but recently the first ammine complex to be characterized,22

(NH4)2[Sc(NH3)I5] has been obtained as pink crystals from the reaction of NH4I and metallic
scandium in a sealed tube at 500 �C. Scandium has octahedral coordination with Sc�N¼ 3.29(2) Å
and Sc�I¼ 2.856(5)–2.899(5) Å. There are no further reports concerning simple complexes of bipy
and phen (bipy¼ 2,20-bipyridyl; phen¼ 1,10-phenanthroline) with scandium, but a little work has
been carried with terdentate ligands. The complex [Sc(terpy)(NO3)3], (terpy¼ 2,20,:60, 200-terpyridyl)
formed when scandium nitrate reacts with terpy in MeCN, has effective ‘‘8.5’’-coordination with one
very asymmetrically bidentate nitrate; in contrast to the later lanthanides (see Section 3.2.2.3.4) where
reaction of the hydrated lanthanide nitrates in MeCN gives nine-coordinate [Ln(terpy)(NO3)3].

23,24

Another terdentate ligand, 4-amino-bis(2,6-(2-pyridyl))-1,3,5-triazine (abptz), forms a complex
[Sc(abptz)(NO3)3] which contains eight-coordinate scandium with one nitrate monodentate.25

3.2.1.3.2 Thiocyanates

Compared with the lanthanides (Section 3.2.2.3.7) little study has been made of these. However,
like the corresponding lanthanide complexes with this counter-ion, [Bu4N]3[Sc(NCS)6] has octa-
hedrally coordinated scandium.26

Table 1 Coordination numbers (C.N.) of a number of related Sc, La, and Lu complexes.

Sc compound/complex La compound/complex Lu compound/complex
Compound formula C.N. formula C.N. formula C.N.

Oxide Sc2O3 6 La2O3 7 Lu2O3 6
Fluoride ScF3 6 LaF3 9þ 2 LuF3 9
Chloride ScCl3 6 LaCl3 9 LuCl3 6
Bromide ScBr3 6 LaBr3 9 LuBr3 6
Iodide ScI3 6 LaI3 8 LuI3 6
Acetylacetonate Sc(acac)3 6 La(acac)3(H2O)2 8 Lu(acac)3(H2O) 7
EDTA complex Sc(EDTA)(H2O)2

� 8 La(EDTA)(H2O)3
� 9 Lu(EDTA)(H2O)2

� 8
THF adduct of
trichloride

ScCl3(THF)3 6 [LaCl(�-Cl)2(THF)2]n 8 LuCl3(THF)3 6

Terpy complex
of nitrate

Sc(NO3)3(terpy) 8.5 La(NO3)3(terpy)
(H2O)2

11 Lu(NO3)3(terpy) 9

Aqua ion [Sc(H2O)7]
3þ 7 [La(H2O)9]

3þ 9 [Lu(H2O)8]
3þ 8

Bis(trimethylsilyl)
amide

Sc(N(SiMe3)2)3 3 La(N(SiMe3)2)3 3 Lu(N(SiMe3)2)3 3

Ph3PO complex
of nitrate

Sc(�2-NO3)3(Ph3PO)2 8 La(�1-NO3)(�
2-NO3)

(Ph3PO)2

9 [Lu(�2-NO3)2(Ph3PO)4]NO3 8
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3.2.1.3.3 Amides

Like the succeeding 3d transition metals scandium forms a three-coordinate silylamide
Sc[N(SiMe3)2]3 but unlike them its solid state structure is pyramidal, not planar, in which respect
it resembles the lanthanides and uranium. Like the silylamides of 3d metals, however, it does not
form adducts with Lewis bases, presumably on steric grounds. However, the less congested amide
[Sc{N(SiHMe2)2}3] forms a THF adduct [Sc{N(SiHMe2)2}3(THF)], which has distorted tetrahedral
coordination of scandium, with short Sc���Si contacts in the solid state; this is in contrast to the
five-coordinate [Ln{N(SiHMe2)2}3(THF)2].

27 Another amide, a triamidoamine complex with four-
coordination of scandium (see Scheme 1) distils on heating the corresponding ‘‘ate’’ complex.28
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Scheme 1

Scandium (and similar yttrium) benzamidinate complexes [{RC6H4C(NSiMe3)2}2ScCl(THF)]
(R¼H, MeO) have been reported29 and are believed to have octahedral structures (1).

O
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The dichloro-lithium adduct (2) has also been characterized crystallographically,30 but the
lithium-free halides are better synthons for a range of hydrocarbyls and hydride, [{PhC(NSi-
Me3)2}2ScR] (R¼CH2SiMe3, 2,4,6-Me3C6H2, CH2SiMe2Ph,H). Unlike the corresponding
Cp*2ScR systems, these show no signs of �-bond metathesis on heating in hydrocarbon solvents.
On the other hand, [{PhC(NSiMe3)2}2Sc(CH2SiMe3)] undergoes hydrogenolysis on reaction with
H2 (1 atm) in benzene or alkanes:

½fPhCðNSiMe3Þ2g2ScðCH2SiMe3Þ� þH2 ! ½ffPhCðNSiMe3Þ2g2ScHg2� þ SiMe4 ð1Þ

The IR spectrum of the hydride (3) shows a band due to �(Sc�H) for bridging hydrogens at 1,283 cm�1

(shifted to 907 cm�1 on deuteration) whilst the structure of the hydride features Sc�H bonds of 1.87 Å
to 2.00 Å.This inserts PhC�CPh forming the alkenyl [{PhC(NSiMe3)2}2Sc(C(Ph)¼CH(Ph))].

3.2.1.3.4 Compounds of porphyrins and other macrocyclic ligands

A range of porphyrins and phthalocyanines exist; syntheses often involve the high-temperature
routes typical of the transition metals; thus when ScCl3 is refluxed with H2TTP (H2TTP¼meso-
tetratolylporphyrin) in 1-chloronaphthalene, Sc(TTP)Cl is formed.31 This has the expected square
pyramidal structure with Sc 0.68 Å above the N4 basal plane (Sc�Cl¼ 2.32 Å; Sc�N¼ 2.17–2.18 Å).
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Inadvertent hydrolysis of Sc(TTP)(C5Me5) leads to the oxo-bridged dimer [Sc(TTP)]2(�-O);
this has a bent (110�) Sc�O�Sc bridge. Recently a high-yield low-temperature route32,33 to
Sc(OEP)Cl (H2OEP¼ 2,3,7,8,12,13,17,18-octaethylporphyrin) has been utilized in toluene solution
at 100 �C:

Li2ðOEPÞ þ ScCl3ðTHFÞ3 ! ScðOEPÞClþ 2LiClþ 3THF ð2Þ

Though moisture-sensitive in solution, Sc(OEP)Cl forms air-stable red crystals. The chloride can
be replaced by alkoxy, alkylamide, alkyl, and cyclopentadienyl groups. The structures have been
reported of two �-alkyls Sc(OEP)R (R¼Me, CH(SiMe3)2), both of which have the anticipated
square pyramidal structure with Sc out of the basal plane (by 0.66 Å in the methyl structure) and
Sc�N� 2.16 Å. The bond lengths for [Sc(OEP){Me}]�Sc—C 3.246(3) Å�(Sc�N¼ 2.151, 2.152,
2.157, 2.158 Å; average of 2.1545 Å) and for [Sc(OEP){CH(SiMe3)2}]—Sc�C 3.243(8) Å—
(Sc�N¼ 2.142, 2.151, 2.162, 2.196 Å; average of 2.163 Å) show very similar Sc�C bond lengths
in an uncrowded environment. Hydrolysis of all Sc(OEP)X derivatives produces a dimeric
hydroxy derivative [(OEP)Sc(�-OH)2Sc(OEP)].

In the presence of scandium perchlorate, 2,6-diacetylpyridine condenses with m-phenylenedia-
mine to form a macrocyclic complex ScL(ClO4)3�4H2O (L is shown as (4)). The structure has not
been determined, but the perchlorates are not coordinated.34 The reaction probably proceeds via
the (isolable) complex Sc(diacetylpyridine)2(ClO4)3�7H2O.

The template reaction of 2,6-diacetylpyridine with 3,30-diaminodipropylamine in the presence
of ScCl3 or Sc(ClO4)3 gives complexes of a 14-membered N4 macrocycle (5).35

3.2.1.3.5 Compounds with P- and N, P-donor ligands

These are as yet rare, given the limited ability of a hard acid like Sc3þ to bind to a soft base like a
tertiary phosphine. Recent developments include the synthesis of ScCl2(THF)[N(SiMe2CH2P Pri2)2]

2

Cl

Sc

SiMe3

N

SiMe3

N
C

Cl

Li
N

N

(2)

H

Sc RN

R

N C

C

N R

N

R

H

ScR N

R

NC

C

NR

N

R

(3)

Scandium, Yttrium, and the Lanthanides 97



from ScCl3(THF)3 and LiN(SiMe2CH2PPr
i
2)2. This has to be carried out in toluene since the

reaction in THF is a failure, recalling the lack of reactivity of lithium alkyls and aryls with
Cp*2ScCl(THF). The THF complex, which has a mer-octahedral structure ((6); XRD data) loses
its THF on pumping.34

O

Me2Si

Me2Si

N

PPri2

PPri2

Cl

Cl

Sc

(6)

The chlorines can be replaced by alkyl groups using RLi (but not RMgX or R2Zn) to afford alkyls
ScR2[N(SiMe2CH2PPr

i
2)2] ((7): R¼Me, Et, CH2SiMe3) which are very hydrocarbon-soluble

and have to be recrystallized from (Me3Si)2O. They have trigonal bipyramidal five-coordinate
structures (XRD data; R¼Et, CH2SiMe3); despite the fact that they are formally 12-electron
compounds, there is no evidence for agostic interactions between scandium and �-hydrogens.

Another compound featuring Sc�P bonding is the phosphomethanide Sc[C(PMe2)2X]3 ((8);
X¼ SiMe3, PMe2)

ScðCF3SO3Þ3 þ 3Li½CðPMe2Þ2X� ! Sc½CðPMe2Þ2X�3 þ 3CF3SO3Li ð3Þ

where the ligands bind in a fashion intermediate between �-chelating and �-type (�3)-coordination.35

3.2.1.4 Group 16 Ligands

3.2.1.4.1 Salts and the aqua ion

(i) Anhydrous and hydrated salts

A recent synthesis38 of anhydrous Sc(ClO4)3 from hydrated scandium chloride proceeds via an
orange adduct [Sc(ClO4)3�0.25Cl2O6] that loses the Cl2O6 in vacuo at 95 �C (see Scheme (2)).
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Infrared and Raman spectra are similar to those of anhydrous gallium perchlorate and are
interpreted in terms of the presence of bridging bidentate perchlorates.

ScCl3. 3.7 H2O
Cl2O6

–15 °
Sc(ClO4)3.0.25 Cl2O6 Sc(ClO4)3

95°C

– Cl2O6

Scheme 2

Grey anhydrous scandium triflate, [Sc(O3SCF3)3] (triflate¼ trifluoromethane sulfonate), has
been obtained39 by dehydration of the hydrate at 190–200 �C; the hydrated salt was itself obtained
from the reaction of hydrated scandium chloride and dilute triflic acid. [Sc(O3SCF3)3], in which
triflate is believed to act as a bidentate ligand (similar to perchlorate in Sc(ClO4)3), is not
isomorphous with the lanthanide analogues.

The anhydrous scandium carboxylates Sc(OCOR)3 (R¼H, CH3) have long been known to
have polymeric structures with six-coordinate scandium.40 Scandium formate has a 2-D polymeric
structure whilst in the acetate, chains of Sc3þ ions are bridged by acetate groups with essentially
octahedral coordination of scandium. Similar bridging and six-coordination is found in the
chloroacetate. Scandium propynoate (R is C�CH) crystallizes anhydrous from aqueous solu-
tion41 and has an infinite three-dimensional structure, again with six-coordinate scandium
(Sc�O¼ 2.081–2.091(2) Å). On �-irradiation, it changes color from colorless to orange, a change
accompanied by a gradual disappearance of the �(C�C) stretching mode in the IR spectrum,
indicating conversion to a poly(propynoate).

Hydrated scandium perchlorate has long been known but it is only recently that
Sc(ClO4)3�6H2O has been shown42 to be isomorphous with the lanthanide analogues thus contain-
ing [Sc(OH2)6]

3þ ions, although neither details of the structure nor bond lengths have not been
reported. On dehydration Sc(ClO4)3�6H2O forms Sc(OH)(ClO4)2�H2O, which has a sheet structure
with octahedral coordination of scandium. A number of other hydrated scandium salts of
uncertain structure have been known for many years43–45 such as the very hygroscopic
Sc(NO3)3�nH2O (n¼ 2, 3, 4) and Sc(BrO3)3�3H2O; the formulae of these complexes indicate that
anion coordination is likely. However, [Sc(NO3)3(H2O)2] and [Sc(NO3)3(H2O)3] molecules, eight
and nine-coordinate respectively, have been encapsulated inside crown ethers46–49 indicating a
likely structure for the coordination sphere in the hydrated nitrate.

It was only in 1995 that the first structure of a hydrated salt of scandium containing only water
molecules in its coordination sphere was reported.50 Refluxing scandium oxide with triflic acid
leads to the isolation of hydrated scandium triflate Sc(O3SCF3)3�9H2O. It is isomorphous with the
hydrated lanthanide triflates, containing tricapped trigonally prismatic coordinate scandium in
the [Sc(H2O)9]

3þ ions, with Sc�O (vertices)¼ 2.171(9) Å and Sc�O (face capped) 2.47(2) Å.
The fact that this structure is observed for all M(O3SCF3)3�9H2O (M¼ Sc, Y, La–Lu), irre-

spective of ionic radius, reflects the role of hydrogen bonding between the coordinated water
molecules and the triflate groups in stabilizing the structure and has no implications for the
coordination number of scandium in aqueous solution. The high coordination number of nine is
the maximum yet observed for scandium.
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Reaction of refluxing aqueous HC(SO2CF3)3 with scandium oxide yields the triflide salt
[Sc(OH2)7](C(SO2CF3)3)3. The crystal structure, though complicated by disorder, was solved to
an R value of 0.095 and revealed51 two scandium-containing sites, with coordination geometries
described as either distorted capped trigonal prismatic (80%) or distorted pentagonal bipyramid
(20%). For the main site Sc�O distances fall in the range 2.113(13)–3.222(10) Å, averaging
2.17 Å. In contrast, the ytterbium analogue contains eight-coordinate [Yb(OH2)8]

3þ ions.
Recrystallization of the scandium halides (except the fluoride) from slightly acidified aqueous

solution (to prevent the hydrolysis that could otherwise result in the hydroxy-bridged dimers
discussed below) gives the hydrated salts ScX3�7H2O (X¼Cl, Br) and ScI3�8H2O. X-ray diffrac-
tion studies show them all to contain [Sc(OH2)7]

3þ ions; in the chloride and iodide, the coordin-
ation geometry is essentially pentagonal bipyramidal, whilst in the iodide there is a substantial
distortion. Axial Sc�O bonds tend to be shorter than those in the pentagonal plane; thus, in the
chloride, the axial Sc�O distance is 2.098 Å; the equatorial distances average 2.183 Å.52 In view of
the tendency of many of the lanthanide halides to contain coordinated halide ions, the chlorides
in particular, the absence of halide from the coordination sphere of scandium in these compounds
is remarkable.

Overall then, the existence of the three scandium-containing ions [Sc(OH2)x]
3þ (x¼ 6, 7, 9) in

five different solid salts indicates that in itself X-ray diffraction data on solids cannot be relied
upon to indicate the coordination number in aqueous solution. Ultimately, it is the solubility of a
particular salt that determines which compound crystallizes out from aqueous solution.

Three other salts where water shares the coordination sphere of scandium with anions have
been studied. Yellow needles obtained53 from the reaction of freshly precipitated Sc(OH)3 with
picric acid proved to be a 1:1 adduct with picric acid, trans-[Sc(OH2)4(pic)2](pic)(Hpic)�8.2H2O
(Hpic¼HOC6H2(NO2)3-2,4,6); scandium is present as part of a six-coordinate cation, with
Sc���OH2¼ 2.100(9), 2.102(9), 2.113(9) and 2.121(8) Å, and Sc–O 2.019(8), 2.046(8) Å.

In contrast, hydrated scandium tosylate, Sc(SO3C6H4CH3-4)3.6H2O contains54 cis-coordinated
tosylate ligands in a six-coordinate cation having the structure cis-[Sc(OH2)4(SO3C6H4CH3-4)2]

þ

with Sc���OH2 2.097(4), 2.118(4), 2.119(4) and 2.132(4) Å; Sc�O 2.021(4), 2.067(4) Å). In contrast,
the later lanthanides form square antiprismatic [Ln(OH2)6(SO3C6H4CH3-4)2]

þ (Ln¼ Sm, Gd, Ho,
Er, Yb, Y) cations). In the final example, ScCl3(H2O)3 molecules have been encapsulated in a
cryptand ligand, rather as hydrated scandium nitrate is trapped by crown ethers. In [H2L] mer-
ScCl3(H2O)3�3H2O (L¼ cryptand-2,2,2)55 the Sc���OH2 distances are 2.078(10), 2.132(9), and
2.155(9) Å. All these six-coordinate compounds have average Sc���OH2 distances of around
2.11 Å; these are in line with a predicted value for Sc���OH2 in six coordination of 2.10–2.11 Å,
extrapolating from the Ti���OH2 distances of 2.018–2.046 Å found56 in the tosylate salt of
the [Ti(OH2)6]

3þ ion, making allowance for the radius of the scandium ion being 0.075 Å greater.3

In addition to these compounds, a number of dimeric salts containing the di-�-hydroxy bridged
species [(H2O)5Sc(�-OH)2Sc(H2O)5]

4þ ions (9) have been characterized.
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Attempted synthesis57 of scandium benzene sulfonate from ScCl3 and sodium benzene sulfonate
led to the isolation of the dimer [(H2O)5Sc(�-OH)2Sc(H2O)5] (C6H5SO3)4�4H2O. This contains
seven-coordinate scandium with an approximately pentagonal bipyramidal coordination geometry.
The axial Sc���OH2 bonds average 2.146 Å and the equatorial Sc���OH2 bonds average
3.227 Å, whilst the Sc���OH bridge distances of 2.072 Å are shorter than the terminal Sc�O distances
of 2.111–2.125 Å in the [Sc(OH)6]

3� ion (see Section 2.1.4.3) and certainly do not give any evidence for
congestion in the coordination sphere of scandium. Crystallization of hydrated scandium chloride
from n- and iso- propanol (where presumably some hydrolysis occurred) gives the related substance
[(H2O)5Sc(�-OH)2Sc(H2O)5]Cl4�2H2O whilst the analoguous [(H2O)5Sc(�-OH)2Sc(H2O)5]Br4.2H2O
has been made from scandium bromide.58 In these two compounds, the coordination geometry has
been described as close to a monocapped trigonal prism, but most significantly the average
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Sc���OH2 (see Table 2) and the Sc�OH bond lengths are similar in all three of these dimers. An
independent structure of [(H2O)5Sc(�-OH)2Sc(H2O)5]Cl4 has been reported.59

These [(H2O)5Sc(�-OH)2Sc(H2O)5]
4þ ions are significant in that they are believed to be formed in

the first stage of the hydrolysis of the scandium aqua ion, and the coordination geometry involving
scandium bound to seven water molecules and hydroxide ions can clearly derive from a [Sc(OH2)7]

3þ

ion, in the way that [(H2O)4Fe(�-OH)2Fe(H2O)4]
4þ is believed to relate to the [Fe(OH2)6]

3þ ion.
The complex [(picolinato)2(H2O)Sc(�-OH)2Sc(OH2)(picolinato)2] shares with the preceding

compounds double hydroxy bridges and seven-coordinate scandium.60 Here the Sc���OH2 dis-
tance is 2.172(2) Å whilst the Sc�O bridge distances are 2.063(2) Å and 2.080(1) Å, similar to
those in the three hydroxy-bridged aqua species. The average Sc�OH2 bond lengths in these four
compounds that contain seven-coordinate scandium lie in the range 2.175–2.194 Å, significantly
longer than in the six-coordinate complexes.

(ii) The scandium aqua ion

For many years, there was no concrete evidence for the coordination number of scandium in
aqueous solution; it has been generally assumed, without any solid evidence, that the scandium
aqua ion was [Sc(OH2)6]

3þ. Possibly this was done by analogy with the ions of the succeeding
transition metals, all of which form [M(OH2)6]

3þ(M¼Ti–Co), yet one cogent argument against
this is the fact that Sc3þ has an ionic radius substantially greater than that of the succeeding 3d
metals (0.745 Å in six-coordination), intermediate between that of Ti3þ (0.670 Å) and the lantha-
nides (La3þ ¼ 1.032 Å; Lu3þ¼ 0.861 Å). In solution, the lanthanides form [Ln(OH2)9]

3þ aqua ions
for the early lanthanides and [Ln(OH2)8]

3þ aqua ions for the later ones. Purely on steric grounds,
a coordination number intermediate between 6 and 8 might be predicted for scandium.

Japanese workers used vibrational spectroscopy in an important study.61 They compared the
Raman spectra of acidic (pH < 2) solutions and glasses of Sc3þ(aq) and Al3þ(aq), the latter being a
known example of six coordination, finding significant differences in both the number and polariz-
ation of bands. Glasses of [Al(OH2)6]

3þ show three bands (one polarized) in the region expected for
metal–ligand stretching vibrations; three are predicted (�1 (a1g), �2 (eg) and �5 (t2g) ) for an octahedral
ion. Glasses of Sc3þ(aq) show four bands (two polarized) in the corresponding region, at 450 (p), 410,
375 and 310 (p) cm�1. In contrast to the three Raman-active metal–ligand stretching vibrations of the
octahedral [Sc(OH2)6]

3þ ion, a pentagonal bipyramidal [Sc(OH2)7]
3þ ion with D5h local symmetry

would give rise to five bands, two with a1
0 symmetry that would be expected to be polarized. At the pH

of the measurements, significant amounts of a dimeric ion [(H2O)5Sc(�-OH)2Sc(H2O)5]
4þ are

unlikely, and in fact any species of lower symmetry would give rise to more bands. An important
point is that spectra of Sc(ClO4)3 yield similar results to those obtained from the chloride, indicat-
ing that anion coordination is not significant under these conditions.

In a subsequent study from the same workers, X-ray diffraction data obtained from scandium
perchlorate solutions62 indicated a Sc�O distance of 2.180(7) Å with a coordination number of
7.4(4). The sharpness of the peak at 2.180 Å suggested that all Sc�O bond lengths in the solution
were comparable, rather than falling into two groups, as found in the crystal structure of the
[Sc(OH2)9]

3þ ion. X-ray absorption fine structure (XAFS) data from scandium triflate solutions
also indicate a Sc�O distance of 2.18(2) Å, but no coordination number could be unambiguously
obtained from the XAFS measurements, though the data were not consonant with a tricapped
trigonal prismatic nine-coordinate structure. This Sc�O distance of 2.18 Å, nearly 0.1 Å longer
than that found for six-coordination, fits well with the Sc–water distances found in the seven-
coordinate [Sc(OH2)7]

3þ species.
Considering all the data, it seems most likely that the predominant species present in rather

acidic aqueous solution is a pentagonal bipyramidal [Sc(OH2)7]
3þ ion, with an average Sc�O

distance around 2.18 Å.

(iii) Hydroxide complexes

M3[Sc(OH)6] (M¼K, Rb) complexes have been isolated from the reaction of scandium nitrate
with amide and nitrate ions in supercritical ammonia.63 X-ray diffraction studies confirm the
presence of octahedral [Sc(OH)6]

3� ions. The Sc�O bond distance is 2.111(9) Å in Rb3 [Sc(OH)6]
and 2.120(4)–2.125(4) Å in K3[Sc(OH)6].
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3.2.1.4.2 Complexes of other group 16-donor ligands

Scandium forms complexes with a wide range of polar O-donor ligands, such as pyridine N-oxide,
dimethyl sulfoxide, triphenylphosphine- and arsine oxides, and hexamethylphosphoramide being
examples. In general, the complexes reported have tended to fall into two main series with ScL3X3

typical where X is a coordinating anion like chloride and ScL6X3 (the norm when noncoordinating
anions like perchlorate are present).Where nitrate features as a ligand, higher coordination numbers are
possible, because of the small ‘‘bite’’ angle of bidentate nitrate group. X-ray data are still rather limited.

The structures1,54 of mer-Sc(THF)3Cl3 and mer-Sc(H2O)3Cl3 have recently been complemented
by Sc(THF)2(H2O)Cl3, synthesized64 by reaction of the stoichiometric amount of water with
Sc(THF)3Cl3. Compound (10) shows that the mer- geometry is retained; the Sc�Cl distance
trans- to water is shorter (Sc�Cl of 2.399 Å) than the mutually trans-Sc�Cl distances
(2.477(3) Å and 2.478(3) Å).

Sc
Cl O

ClO

OH2

Cl

(10)

It did not prove possible to isolate the ‘‘missing’’ member of the series, [Sc(THF)(H2O)2Cl3] by
the same route.

Scandium triflate reacts with Ph3PO in ethanol forming Sc(OTf)3(Ph3PO)4, (OTf¼ triflate) which
has the structure trans-[Sc(OTf)2(Ph3PO)4]OTf, featuring octahedrally coordinated scandium, with
monodentate triflates. In [Sc(OTf)2(Ph3PO)4]OTf, Sc�O (PPh3) distances lie in the range
2.051(2)–2.090(2) Å, with Sc�O(Tf) 2.111(2) Å and 2.138(2) Å. It has some catalytic activity
for reactions like the nitration of anisole, but less than that of the hydrated scandium triflate.65

Numerous scandium nitrate complexes with phosphine oxides, [Sc(NO3)3(Ph3PO)2],
[Sc(NO3)2(Ph2MePO)4](NO3), [Sc(NO3)3(Ph2MePO)2], [Sc(NO3)3(Me3PO)2(EtOH)], and [Sc(Me3-
PO)6](NO3)3 have been synthesized.66 [Sc(NO3)3(Ph3PO)2] has an eight-coordinate structure with
symmetrically bidentate nitrates; Sc�O(PPh3) being 2.047–2.068(7) Å and Sc�O (nitrate) lying
in the range 3.205(8)–2.311(7) Å. This complex is obtained from all stoichiometries of reaction
mixture, but with Ph2MePO, two different complexes can be made. With a 1:1 or 2:1 molar ratio,
[Sc(NO3)3(Ph2MePO)3] is obtained, which appears to have all nitrates coordinated, although it is
not clear if they are all bidentate. With a 4:1 (or higher) ligand:scandium ratio, the product is
Sc(NO3)3(Ph2MePO)4. In solution, it gives a broad resonance in the 31P-NMR spectrum at room
temperature, which separates on cooling into separate signals characteristic of Sc(NO3)3(Ph2-
MePO)4 and Sc(NO3)3(Ph2MePO)3. In the solid state, it has the structure [Sc(NO3)2(Ph2Me-
PO)4](NO3), again with symmetrically bidentate nitrates; Sc�O(P) being 2.088–2.099(6) Å and
Sc�O (nitrate) lying in the range 2.311(6)–2.425(6) Å, the nitrate groups being trans- to each
other. Reaction of scandium nitrate with a large excess of Me3PO results in [Sc(Me3PO)6](NO3)3,
the IR spectra of which indicate only ionic nitrate groups; there is NMR evidence of it dissociat-
ing to a species such as [Sc(Me3PO)5(NO3)](NO3)2 in solution in the absence of excess ligand.
[Sc(NO3)3(Me3PO)2(EtOH)] is obtained from scandium nitrate and Me3PO reacting in a 1:12
ratio in ethanol.

In contrast to the reaction with Ph3PO, where only [Sc(NO3)3(Ph3PO)2] can be isolated, Ph3AsO
forms 2:1 and 3:1 complexes.67 Reaction between scandium nitrate and Ph3AsO in acetone gives
[Sc(NO3)3(Ph3AsO)2], whilst reaction in ethanol affords Sc(NO3)3(Ph3AsO)3, shown by X-ray
diffraction to be seven-coordinate [Sc(NO3)2(Ph3AsO)3]NO3. The polyhedron can be regarded as
derived from a trigonal bipyramid, if the coordinated bidentate nitrates (which lie in the equatorial
plane) are thought of as occupying a single site. Sc�O nitrate distances fall in the range
3.250–3.267 Å. The equatorial Sc�O distance is 1.999 Å and the axial ones 1.996–2.030 Å. Addition
of further Ph3AsO does not displace any more nitrate groups. On reaction between scandium nitrate
and Me3AsO in cold ethanol, [Sc(Me3AsO)6](NO3)3 is obtained; the cation has octahedrally
coordianted scandium with Sc�O in the range 2.064–2.100 Å. There is evidence for nitrates entering
the coordination sphere in solution in the absence of excess Me3AsO.55 Scandium NMR spectros-
copy has been successfully applied to these nitrate complexes.
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Several halide complexes have been isolated in the solid state,68 namely [ScCl(Me3PO)5]Cl2,
[Sc(Me3PO)6]X3 (X¼Br, I), [ScX2(Ph3PO)4]X, [ScX2(Ph3AsO)4]X (X¼Cl, Br, I), [Sc(Me3As-
O)6]X3 (X¼Cl, Br, I), [ScCl3(Ph2MePO)3], and [ScBr2(Ph3MePO)4]Br, whilst others have been
identified in solution by multinuclear NMR. The structure of trans-[ScBr2(Ph3PO)4]Br shows
a linear Br�Sc�Br arrangement with typical Sc�O distances of approximately 2.07 Å, and Sc�Br
of 2.652(1) Å and 2.661(1) Å. trans-[ScCl2(Ph3AsO)4]Cl similarly has an octahedral geometry at
scandium, with Sc�O in the range 2.059–2.089(7) Å and Sc�Cl distances, at 2.545 Å and
2.562(4) Å, rather long in comparison with Sc�Cl distances in other chloro complexes like
[ScCl3(THF)3]. [Sc(Me3AsO)6]Br3 has Sc�O distances in the range 2.08(2)–2.11(2) Å, closely
comparable with those in the nitrate salt. The picture that emerges from these studies is one in
which chloride has a considerably greater affinity for Sc3þ than do the heavier halogens.

Reaction of anhydrous scandium triflate with HMPA gives Sc(HMPA)4(CF3SO3)3, which
contains trans-[Sc(HMPA)4(CF3SO3)2]

þ ions, similar compounds being formed by most lantha-
nides (Ce�Lu).69 Though Sc�O bond lengths have not been published, it was reported that the
P�O bond length is relatively long compared to those in most of the lanthanide compounds, a
possible reflection of the strength of the Sc�O bond.

Unlike the lanthanides, which form tetrahydro-2-pyrimidone (pu) complexes [Lnpu8](CF3SO3)3
with square antiprismatic eight-coordination, scandium yields [Scpu6](CF3SO3)3, which unexpectedly
has trigonal antiprismatic coordination of scandium, possibly partly induced by side-on interactions
between pairs of pu ligands.70 Complexes with various N-oxides ScL6(CF3SO3)3 (L¼ pyridine
N-oxide, 2-picoline N-oxide, 3-picoline N-oxide, 4-picoline N-oxide) and ScL5(H2O)(CF3SO3)3
have been synthesized, all of these presumably contain octahedrally coordinated scandium.71

Six- and seven-coordination is found in the scandium picrate complex of trans-1,4-dithiane-1,4-
dioxide (TDHD), [Sc6(pic)6(TDHD)3(OH)10(H2O)2](pic)2(H2O)10 which has hexameric clusters of
scandium ions, joined by TDHD bridges.72 Four of the scandiums are six-coordinate and two are
seven-coordinate. Complexes with naphthyridine N-oxide (napyo) have been synthesized.73 Those
reported are Sc(napyo)2(NO3)3, Sc(napyo)4(ClO4)3, Sc(napyo)4(NCS)3, and Sc(napyo)3Cl3;
these are respectively 1:1, 1:3, 1:3, and non-electrolytes in solution. The chloride is thus presumably
six-coordinate, but no diffraction data are reported. 1,10-Phenanthroline N-oxide complexes
Sc(phenNO)4(NCS)3 and Sc(phenNO)3Cl3, with presumably similar structures, have also been
made.74 Octahedral coordination is found in [ScCl3(DME)(MeCN)] and [ScCl3(diglyme)].75

The coordination of the nitrate groups in the complexes of phosphine and arsine oxides already
discussed is generally symmetrically bidentate. However, in Rb2[Sc(NO3)5] there are three biden-
tate and two monodentate nitrates,76 resulting in eight-coordination for scandium, in contrast to
(NOþ)2[Sc(NO3)5]

2�, where one monodentate and four bidentate nitrates give nine-coordinate
scandium.77

3.2.1.4.3 Alkoxides

Scandium alkoxides represent a class of compound as yet with poorly characterized structures.
Attempted synthesis of the isopropoxide Sc(OPri)3 results in the production78 of a pentanuclear
compound [Sc5O(OPri)13], similar to those formed by yttrium, ytterbium, and indium. It has the
structure [Sc5(�5-O)(�3-OPri)4(�2-OPri)4(OPri)5]. Anodic oxidation of scandium in aliphatic alco-
hols has been used as a pathway to scandium alkoxides [Sc(OR)3] (R¼Me, Et) and [Sc5O-
(OPri)13].

79 The elusive structure of the methoxide [Sc(OMe)3] is not yet known but it does appear
not to contain an oxo ligand, and to be a polymer. Alcoholysis of [Sc5O(OPri)13] leads to
[Sc(OR)3] (R¼Me, Et, Bun), [Sc5O(OBus)13], and [Sc5O(OPri)8(OBut)5]. Some scandium alkoxo-
aluminates [Sc(Al(OR)4)3] (R¼Et, Bun) have also been reported.

3.2.1.4.4 Diketonates and other chelating ligands

Since the determination2 of the structure of tris(acetylacetonato)scandium (Sc�O of
2.061–2.082 Å, average Sc�O 2.070(9) Å), several other diketonates have been examined, though no
detailed structures have been reported. The compound mer-[Sc(CF3COCHCOCH3)3] is isostruc-
tural with the aluminium, gallium, rhodium, and iridium analogues,80 as well as those of the 3d
metals V–Co whilst the dipivaloylmethanide [Sc(Me3COCHCOMe3)3] is isostructural with the
iron and indium analogues.81 Scandium 	-diketonates such as [Sc(tropolonate)3] form adducts in
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solution with trioctylphosphine oxide (TOPO); �-diketonates like [Sc(acac)3] do not.82 In the gas
phase, [Sc(acac)3] has C3 symmetry, in contrast to the D3 symmetry in the crystal.83

Scandium �-diketonates [Sc(tmod)3] and [Sc(mhd)3] (tmod¼ 2,2,7-trimethyloctane-3,5-dionate;
mhd¼ 6-methylheptane-2,4-dionate) have been studied as liquid-injection MOCVD precursors for
Sc2O3 with a view to their use in the synthesis of the pyroelectric material Pb(Sc0.5Ta0.5)O3 (PST).

84

Acetylpyrazolones also act as chelating ligands. In a comparative study of the coordinating ability of
the ligand HPMTFP (1-phenyl-3-methyl-4-trifluoroacetyl-pyrazolone-5),85 it was found that scan-
dium formed a seven-coordinate adduct [Sc(PMTFP)3(OPPh3)] whilst neodymium forms the eight-
coordinate [Nd(PMTFP)3(OPPh3)2]. (The Sc�OP distance quoted in the paper (1.198 Å) appears to
be in error; other Sc�O distances are in the range 2.12–3.27 Å.)

3.2.1.4.5 Crown ether complexes and related systems

Although some crown ether complexes of scandium were made at the time that the lanthanide
complexes were first made, it is only recently that they have been investigated systematically and
definitive structural information has become available, mainly due toWilley and co-workers.55,86,89–92

Resemblance to the lanthanides extends to the existence of two series; ‘‘inner sphere’’ complexes
exist in which scandium is bound directly to the oxygens in the crown ether ring, whilst in a
second class, a crown ether is present in the second coordination sphere of the scandium,
hydrogen-bonded to a scandium aqua-species. Scandium nitrate imitates the later lanthanide
nitrates in only forming ‘‘outer sphere’’ complexes with the larger rings such as 18-crown-6,
although it seems possibly that scandium nitrate might complex directly with a small crown like
12-crown-4, but this does not seen to have been explored.

Although the structure of hydrated scandium nitrate itself has not been reported, both 8- and
9-coordinate [Sc(NO3)3(H2O)2] and [Sc(NO3)3(H2O)3] molecules have been encapsulated by crown
ethers, and several structures have been reported for such ‘‘outer sphere’’ complexes.43–49 In the
[[Sc(NO3)3(H2O)3]�18-crown-6] complex, Sc�O(water) distances are 2.120(6), 3.221(6), and
2.303(15) Å, whilst the Sc�O(nitrate) distances of 3.227(6), 3.240(17), 3.243(5), 2.342(7),
2.348(16), and 2.366(7) Å show similar trends. In contrast, the Sc���OH2 distances in
[Sc(NO3)3(H2O)2]�15-crown-5 are 2.120 and 2.143 Å, whilst the Sc�O (ether) distances span a
range of 2.195–3.245 Å. Similarly, in [Sc(NO3)3(H2O)2].benzo-15-crown-5, the Sc���OH2 distances
are 2.123(3) and 2.143(3) Å, and the Sc�O (ether) distances range from 2.158(3) to 3.248(3)Å. It
can be seen that the Sc�O bond lengths in the nine-coordinate [Sc(NO3)3(H2O)3] complex span a
wider range than in the [Sc(NO3)3(H2O)2] complexes, suggesting that there is some steric conges-
tion here, and comparison of the Sc���O (H2O) distances indicates that the third water molecule in
[[Sc(NO3)3(H2O)3]�18-crown-6] is loosely held.

In contrast, a cryptand ligand has been used55 to encapsulate and isolate a mixed aqua/chloro
species in [H2L] mer-ScCl3(H2O)3.3 H2O (L¼ cryptand-2,2,2). The scandium-containing species
has Sc�O 2.078(10), 2.132(9) and 2.155(9) Å with Sc�Cl 2.413(6), 2.419(4), and 2.419(5) Å,
and is closely comparable to the familiar mer-ScCl3(THF)3.

Direct scandium–crown ether complexation could give rise to two types of complex, firstly
‘‘extra-cavity’’ complexes, in which the coordinated scandium lies outside the ligand cavity, in a
kind of half-sandwich structure, and secondly ‘‘intra-cavity’’ complexes, where scandium fits into
the cavity within the crown ether ring. To date, the latter are more common, and generally feature
a ScCl2 moiety threaded through the ligand cavity. A 45Sc-NMR study of crown ethers led to the
characterization of [ScCl2(crown)]

þ (crown¼ 15-crown-5, dibenzo-24-crown-8, dibenzo-30-crown-
10, 1-aza-15-crown-5, and 1-aza-18-crown-6) whilst [ScCl2(12-crown-4)]

þ and [Sc(12-crown-4)2]
þ

have both been established.86 Reaction of ScCl3(MeCN)3 with 15-crown-5 affords a 1:1 com-
plex.87 No structural information is available, so it might have a half-sandwich molecular
structure [ScCl3(15-crown-5)] or alternatively be [ScCl2(15-crown-5)]

þCl�. However, in the pre-
sence of CuCl2, the ‘‘threaded’’ complex {[ScCl2(15-crown-5)]

þ}2[CuCl4
2�] is obtained. The cation

(11) has pentagonal bipyramidal seven-coordination of scandium; five oxygens form an approxi-
mately planar equatorial belt with a near linear (176.4–179.8�) Cl�Sc�Cl unit threaded through
the crown ether ring roughly at right angles to the O5 plane, with Sc�O distances falling into a
narrow range of 2.09–2.15 Å. Here CuCl2 has acted as a halide ion abstractor, making it possible
for insertion of the ScCl2 moiety into the crown ether cavity.

Quite independently, a systematic study has explored the reaction of SbCl5 as a chloride ion
extractor with acetonitrile solutions of ScCl3(THF)3. This generates a solvated [ScCl2]

þ unit,
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which reacts with the crown ether, replacing the weakly coordinated nitrile (and THF) ligands
(see Scheme (3)).

ScCl3 + SbCl5
MeCN

[ScCl2(MeCN)4]
+
  SbCl6

– [ScCl2L]
+
  SbCl6

–L

Scheme 3

Reaction of ScCl3(THF)3 with SbCl5 in the absence of crown ether affords [ScCl2(THF)4]
þ[SbCl5-

(thf )] �; in contrast, Y and La form [MCl2(THF)5]
þ[SbCl5(THF)] � (M¼Y, La).88

The first crown ether complex made by this route to be reported89 was [ScCl2(18-crown-6)]
þ-

[SbCl6]
�. The crystal structure of this compound shows that one oxygen atom in the crown ether

remains uncoordinated to the metal, confirming the preference of scandium for pentagonal bipyr-
amidal coordination; Sc�O distances fall in the range 2.190–3.229 Å. Subsequently, the related
[ScCl2(crown)]

þ[SbCl6]
� (crown¼ 15-crown-5,90 benzo-15-crown-5,90 and dibenzo-18-crown-691)

complexes have been isolated; all are believed to have a pentagonal bipyramidal coordination
geometry, which has been confirmed crystallographically for the benzo-15-crown-5 complex.

In contrast, the 1.8 Å diameter of the cavity in the tetradentate 12-crown-4 ring is too small for
a [ScCl2]

þ ion to fit, so an ‘‘extra-cavity’’ (half-sandwich) structure (12) has been suggested for
[ScCl2(12-crown-4)(MeCN)]þSbCl6

�, though no diffraction data are available. Unlike the ‘‘intra-
cavity’’ crown ether complexes already mentioned, a MeCN is believed to coordinate, again
reflecting scandium’s preference for seven-coordination.90

O OO O

Sc

Cl NCCH3Cl

(12)

Larger oxacrown rings have more donor atoms and are also more flexible. Reaction of
ScCl3(THF)3 and 1mole of SbCl5 with 1mole of a larger crown ether affords the complexes
[ScCl2(dibenzo-24-crown-8)(H2O)]þ SbCl6

�.2MeCN and [ScCl2(dibenzo-30-crown-10)
(H2O)2]

þSbCl6
��MeCN�H2O. Both cations again feature seven-coordinate scandium in a pentagonal

bipyramidal environment.91 The water molecules (probably arising from either charcoal or solvent
used in recrystallization) play an important role in the structure, apart from coordinating to the metal,
they also hydrogen-bond to oxygens in the crown ether that are not coordinated to scandium.
Whereas a smaller crown ether like 18-crown-6, not to mention 15-crown-5 or benzo-15-crown-5,
can occupy five equatorial sites round scandium with little ring distortion and concomitant strain, this

Sc

Cl

OO

O O

O

Cl

(11)
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is not possible for the larger ethers with eight or ten oxygens in the ring. It should also be noted that
whilst the dibenzo-30-crown-10 ligand has a large enough cavity to accommodate two scandium ions,
it does not do so. The scandium–water distances in these compounds are intermediate in length
between those found in the six and seven-coordinate aqua complexes, probably because the macro-
cyclic ligands have the flexibility to ensure a small ‘‘bite’’ for each donor atom.

Use of excess SbCl5 permits the extraction of further chlorides from the crown ether complexes.91

Thus reaction of [ScCl3(THF)3] in MeCN with 3moles of SbCl5 and dibenzo-18-crown-6 leads to the
complex [ScCl(dibenzo-18-crown-6)(MeCN)]2þ(SbCl6

�)2; this reacts with a large excess of SbCl5
forming a species identified by NMR as [Sc(dibenzo-18-crown-6)(MeCN)2]

3þ.
Another route to complete halide extraction involves the use of SbCl5 and SbCl3 together (see

Scheme (4)). The cation contains a Sc3þ ion sandwiched between two 12-crown-4 molecules in
approximately square antiprismatic eight-coordination with Sc�O distances in the range
2.160(8)–3.274(9) Å, averaging 3.212 Å.92

ScCl3(thf)3

SbCl3 / SbCl5 / MeCN 12-crown-4

[Sc(12-crown-4)2] 
3+

 [Sb2Cl8(MeCN)2] (SbCl6).(MeCN)2

Scheme 4

The structure of a di-�-oxo bridged calix[3]arene complex has been reported93 whilst other
complexes have been isolated with p-t-butylcalix[n]arenes (n¼ 4, 6, 8). p-t-Butylcalix[4]arene forms
a 2:1 complex whilst p-t-butylcalix[6]arene and p-t-butylcalix[8]arene form 1:1 complexes, but
these compounds at present lack structural characterization.94

3.2.1.5 Mixed Group 15 and 16 Donors

In contrast with the lanthanides and the 3d metals, until recently no structure had been reported
of a complex of scandium with either EDTA or DTPA (DTPA¼ diethylenetriaminepentaacetic
acid). NH4[Sc(EDTA)(H2O)2]�3H2O has eight-coordinate scandium.95 In this compound, EDTA
is, as might be expected, hexadentate, whilst there are two coordinated water molecules, in
contrast to the norm of one for 3d metals such as Fe3þ (but fewer than for the early lanthanides,
again in line with expectations based on ionic radii). Bond lengths are 2.1434, 2.1440, 2.1464,
2.1665, 3.2514, and 3.2848 Å (Sc�O) and 2.4568 and 2.4582 Å (Sc–N). The scandium–oxygen
bond lengths involving the coordinated water molecules (3.25–3.28 Å) are similar to those in aqua
species mentioned in Section 3.2.1.4.1. Eight-coordinate scandium is also found in the structure
of MnSc(DTPA)�4H2O, which has octadentate DTPA occupying the coordination sphere of
scandium with no coordinated water molecules,96 in contradistinction to the nine-coordinate
magnetic resonance imaging (MRI) contrast agent [Gd(DTPA)(H2O)]2� ; scandium is bound to
five oxygens (Sc�O 2.116(3)–2.197(3) Å) and three nitrogens (Sc�N 2.377(3)–2.489(3) Å), the
distances being similar to those in the EDTA complex.

These two compounds nicely illustrate the tendency of Sc3þ to adopt coordination numbers inter-
mediate between those of the M3þ ions in the first transition series and those found for the Ln3þ ions.

3.2.1.6 Complexes of Group 17 Ligands

3.2.1.6.1 Binary halides and simple complexes

Although the binary halides in the solid state all have giant structures6 (all but the fluoride (WO3

structure) having the FeCl3 (BiI3) structure), they exhibit molecular structures in the gas phase
and many complexes are known.
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A neutron-diffraction refinement of the ScCl3 structure (using ScCl3 prepared by reductive
chlorination of Sc2O3 at 900

�C) gives an average Sc�Cl distance of 2.52 Å (Sc�Sc 3.68Å).97

In the gas phase, most recent electron-diffraction data at 1,750K indicate isolated ScF3 molecules
to be planar or nearly so98 with Sc�F¼ 1.847 Å; studies on ScI3 indicate99 the presence of both
monomers and dimers in the vapor at 1,050K; the monomers have Sc�I 2.62 Å with a I�Sc�I angle
of 117(3)�. Most recently, density functional theory calculations100 on ScCl3 and Sc2Cl6 dimers
favor a planar D3h monomeric structure for the former (Sc�Cl 3.285 Å) and a D2h dichloro-bridged
structure for the dimer with Sc�Cl (terminal) of 3.260 Å and Sc�Cl of 2.475 Å. Electron-diffraction
studies on ScCl3 vapor indicate a slight distortion to a C3v pyramidal structure having Sc�Cl
of 3.291 Å and Cl�Sc–Cl angle of 119.8�; in comparison with six-coordinate ScCl3 in the solid
state, the shorter Sc�Cl bond lengths in the three- and four-coordinate vapor phase species are to
be expected.

KScF4 has a layered structure101 in which scandium acquires six-coordination by edge-sharing
alternate cis- and trans- corners with Sc�F terminal bond lengths in the range 1.941–1.983 Å and
bridging distances of 2.009–2.038 Å. Na3ScF6 has the cryolite structure102 with an average Sc�F
distance of 2.007 Å. High-pressure studies of Na3ScF6 (cryolite structure) indicate little change in
the octahedral coordination of scandium up to 27.9 kbar.103 Sr2ScF7 has seven-coordinate scan-
dium, however.104 Rb2KScF6, synthesized by heating stoichiometric amounts of RbF, KF, and
ScF3 at 700

�C, exists in three different crystalline forms.105 The lowest temperature (monoclinic)
form has a structure related to cryolite; on warming to 223K, it transforms to a tetragonal
structure and on further warming to 252K changes to a cubic elpasolite structure. K2NaScF6 also
has the cubic elpasolite structure.106 Ba2ScCl7, synthesized from a 1:1 molar mixture of BaCl2 and
ScCl3 at 580

�C, has the structure Ba2[ScCl6]Cl in which the Sc�Cl bond lengths in the octahedral
anion fall in the range 2.42–2.52 Å (average 2.48Å).107 Na3ScCl6, made by heating NaCl and
ScCl3 together in a stoichiometric ratio, has the cryolite structure and is isotopic with Na3LnCl6
(Ln¼Dy-Lu, Y)108 whilst Cs2LiScCl6 has the elpasolite structure with Sc�Cl of 2.476–2.481 Å.106

Heating a 1:1 mixture of NaCl and ScCl3 together at 630 �C affords NaScCl4, isostructural with
NaLuCl4; Naþ and Sc3þ ions occupy 1/4 of the octahedral sites between the layers of chloride
ions, the structure being made up of cis-edge-sharing ScCl6 octahedra.

109 Reaction of lanthanide
oxides with NH4Cl is a classic route to anhydrous lanthanide chlorides; DTA study of the reaction
of Sc2O3 with NH4Cl indicates that (NH4)3ScCl6, (NH4)2ScCl5(H2O), and (NH4)3Sc2Cl9 are
formed as intermediates.110

Na3ScBr6 has the Na3CrCl6 structure.111 Study of the CsI–ScI6 phase diagram identified the
compounds Cs3ScI6 and Cs3Sc2I9, whilst ScI4

� ions are believed to exist in the molten phase.112

Raman spectra of the vapor over CsI–ScI3 melts exhibited bands at 127 and 153 cm�1, assigned to
stretching vibrations in CsScI4 and ScI3 molecules respectively, whilst Sc�I stretching frequencies
of 119 cm�1 and 129 cm�1 have been assigned to ScI6

3� and ScI4
� ions respectively.

3.2.1.6.2 Other halide complexes

The reduced chlorides, ScCl, Sc5Cl8, Sc7Cl10, Sc7Cl12, synthesized by chemical transport reactions
from Sc/ScCl3 mixtures, have been well established for years and have been reviewed.113 They
mostly contain chains of edge-sharing octahedra, with Sc6Cl12

3� octahedra in Sc7Cl12. Sc2Br3 is
also known. Some attention has now been given to iodides. The metallic diiodide is the only
intermediate in the Sc/ScI3 system,114 it is readily prepared by the reaction of Sc with ScI3 in the
range 550–870 �C. The actual composition of the compound is Sc0.93I2; it has a cation-deficient
CdI2 structure, with Sc�I of 2.934 Å. In the field of iodide complexes, reaction of Sc, ScI3, and
LiI or NaI at 750–850 �C has been found to give the intensely air-sensitive LiScI3 and Na0.5ScI3.

115

Both contain chains of confacial octahedra. LiScI3 has essentially undistorted ScI6 trigonal
antiprisms (with Sc�I 2.91 Å) centered upon scandium atoms (Sc�Sc 3.384Å) as in the previously
established RbScX3 (X¼Cl, Br) and CsScX3 (X¼Cl, Br, I). Na0.5ScI3, however, has some pairing
of the scandiums; alternate Sc–Sc distances are 3.278 and 3.572 Å; the larger average Sc�Sc
separation reflects reduction in bonding electron population compared with LiScI3. LiScI3 is
weakly paramagnetic and Na0.5ScI3 has a small temperature-independent paramagnetism.116

Metallothermic reduction of ScCl3 by caesium in the presence of carbon gives Cs4[Sc6C]Cl13;
117

it contains an isolated Sc6C cluster surrounded by 18 bridging chlorides. Heating ScI3 and MI2
(M¼Co, Ni) with scandium at 750–950 �C gives clusters Sc7MI12 having a Sc(Sc6MI12) structure.
Other clusters Sc(Sc6XCl12) (X¼B,N) and Sc(Sc6YI12) (Y¼B,C) have also been reported.118
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3.2.2 YTTRIUM AND THE LANTHANIDES

3.2.2.1 Introduction

The lanthanides exhibit a number of features in their chemistry that differentiate them from the
d-block metals:

(i) A wide range of coordination numbers (generally 6–12, but numbers of 2–4 are known).
(ii) Coordination geometries are determined by ligand steric factors rather than crystal field

effects.
(iii) They generally form labile ‘‘ionic’’complexes that undergo facile exchange of ligand (though

when multidentate complexing agents like DTPA are used, high stability constants obtain).
(iv) The 4f orbitals in the Ln3þ ion do not participate directly in bonding. Their spectro-

scopic and magnetic properties are thus largely uninfluenced by the ligand.
(v) Small crystal-field splittings and very sharp electronic spectra in comparison with the

d-block metals.
(vi) They prefer anionic ligands with donor atoms of rather high electronegativity (e.g., O,F).
(vii) They readily form hydrated complexes (on account of the high hydration energy of the

small Ln3þ ion) and this can cause uncertainty in assigning coordination numbers.
(viii) Insoluble hydroxides precipitate at neutral pH unless complexing agents are present.
(ix) The chemistry is largely that of one (3þ) oxidation state.
(x) They do not form Ln¼O or Ln�N multiple bonds of the type known for many

transition metals and certain actinides.

A summary of key properties of the lanthanides, transition metals, and Group 1 and 2 metals
appears in Table 2.

Since the appearance of the previous review in this series,5 there have appeared three textbooks with
a substantial content of lanthanide chemistry119–121 as well as a review (to late 1992) summarizing the
coordination chemistry of scandium, yttrium, and the lanthanides6 as well as a text covering many
important areas of lanthanide chemistry.122 Other books have appeared with valuable preparative
details of both startingmaterials and key compounds123 and reviews of important areas extending into

Table 2 A summary of key properties of the lanthanides, transition metals, and Group I metals.

4f 3d Group I

Electron configurations
of ions

Variable Variable Noble gas

Stable oxidation states Usually þ3 Variable 1
Coordination numbers
in complexes

Commonly 8–10 Usually 6 Often 4–6

Coordination polyhedra
in complexes

Minimise repulsion Directional Minimise repulsion

Trends in coordination
numbers

Often constant in block Often constant in block Increase down group

Donor atoms in
complexes

‘‘Hard’’ preferred ‘‘Hard’’ and ‘‘soft’’ ‘‘Hard’’ preferred

Hydration energy High Usually moderate Low
Ligand exchange
reactions

Usually fast Fast and slow Fast

Magnetic properties of
ions

Independent of
environment

Depends on environment
and ligand field

None

Electronic spectra of
ions

Sharp lines Broad lines None

Crystal field effects in
complexes

Weak Strong None

Organometallics in Low
oxidation states

Few Common None

Multiply bonded atoms
in complexes

None Common None
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coordination chemistry,124,125 applications of lanthanides in synthetic organic chemistry,126,127 the
biochemistry of the elements128 and various historical perspectives.129

The burgeoning growth in lanthanide chemistry within the last 20 years has many reasons, but
three areas responsible for this may be mentioned. Interest in mixed-oxide ‘‘warm superconductors’’
from the late 1980s has stimulated research in volatile materials such as alkoxides and diketonates;
medicinal applications including magnetic resonance imaging agents has driven work with
complexes of poly(aminocarboxylate) complexes; the increasing use of reagents such as SmI2 as a
one-electron reductant; and lanthanide triflates as Lewis acids in synthetic organic chemistry.

3.2.2.2 Group 14 Ligands

3.2.2.2.1 Alkyls

Reaction of lanthanide trichlorides with LiCH(SiMe3)2 tends to result in the formation of
chlorine-containing complexes (see Scheme (5)). A different synthetic route, eliminating the
presence of halide, has been adopted to synthesize [Ln{CH(SiMe3)2)3], involving replacement of
aryloxide groups in [Ln(OC6H3Bu

t
2-2,6)3], thus obviating the possibility of chloride retention

½LnfOC6H3Bu
t
2�2; 6g3� þ LiCHðSiMe3Þ2 ! ½LnfCHðSiMe3Þ2g3� þ 3LiOC6H3Bu

t
2-2; 6 ð4Þ

In the initial report of these compounds, [La{CH(SiMe3)2}3] and [Sm{CH(SiMe3)2}3] were both
synthesized by this route.130 They have pyramidal structures, similar to those found in the
silylamides [Ln{N(SiMe3)2}3], with La�C of 2.515(9) Å and Sm�C of 2.33(2) Å; such pyramidal
structures may be adopted in the solid state to minimize nonbonding interactions involving the
ligands. Bond lengths can be compared with those in the analogous131 U{CH(SiMe3)2}3] where
U�C¼ 2.48(2) Å; the U�C distance is 0.03 shorter than La�C, on ionic radius grounds a
discrepancy of 0.01 Å is expected.

The structure of the pyramidal three-coordinate [Y{CH(SiMe3)2}3] has also been reported;132

whilst other members of the series to have been synthesized are [Ln{CH(SiMe3)2}3] (Ln¼Pr, Nd,
Sm, Er and Lu)133–135 Single-crystal-absorption and linear dichroism spectra have been reported
and analyzed for Ln¼Pr, Nd, Sm, and Er.134,135

Chemically [Ln{CH(SiMe3)2}3] compounds behave as Lewis acids. They are of course attacked
by moisture, but also react with nucleophiles such as amines and phenols to form the correspond-
ing lanthanide silylamides and aryloxides130

½SmfCHðSiMe3Þ2g3� þHOC6H2Bu
t
2-2; 6-Me4 ! ½SmfOC6H2Bu

t
2-2; 6-Me4g3� ð5Þ

½SmfCHðSiMe3Þ2g3� þHNðSiMe3Þ2 ! ½SmfNðSiMe3Þ2g3� ð6Þ

They are also attacked by methyllithium forming bridged species136

MCl3

R = CH(SiMe3)2

LiR
Et2O/ THF (M = Er, Yb)

[Li(THF)4] [MR3Cl]

LiR LiR

Et2O/toluene THF
MR3(THF)2  (M = Sc, Y)YR3

LiR
THF/pmdeta

[(pmdeta)Li(µ-Cl) LaR3]

Scheme 5
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½LnfCHðSiMe3Þ2g3� þMeLiþ pmdeta ! ½ðpmdetaÞLið��MeÞLnfCHðSiMe3Þ2g3�ðLn ¼ La; SmÞ ð7Þ

The samarium compound has a roughly linear bridge and a long Li�CH3 bond (2.42 Å) but a
short Sm�CH3 bond (2.33(3) Å), thus the bridge can be termed asymmetric. The Sm�C
(CH(SiMe3)2)3) bonds (2.49(3), 2.52(3), and 2.53(3) Å) are similar in length to those in [La{CH-
(SiMe3)2}3]. Even more striking examples of electrophilic behavior have been reported for
[Lu{CH (SiMe3)2}3]. It, but not [La{CH(SiMe3)2}3], reacts with KCl in ether, forming [(Et2O)K-
(�-Cl)Lu{CH(SiMe3)2}3]. It has been remarked137 that it is noteworthy that solvation of the
potassium and coordination of the chloride to potassium and lutetium compensate for the loss of
lattice energy (The KBr analogue can be prepared similarly). Ether is removed on gentle heating in
vacuo, the product being [K(�-Cl)Lu{CH(SiMe3)2}3], which dissolves in toluene forming
[(�6-C7H8)2K(�-Cl)Lu{CH(SiMe3)2}3]. This compound contains a rather bent K�Cl�Lu bridge
(145.9�) whilst the Lu�Cl distance is 2.515 Å. The Lu�C distances are 2.324(10), 2.349(10), and
2.357(8) Å; allowing for the difference in radii, these resemble those in [La{CH (SiMe3)2}3]. Reac-
tion of YCl3 with LiCH(SiMe3)2 in diethyl ether leads to [(Et2O)3Li(�-Cl)Y{CH(SiMe3)2}3],

138

where Y�C is 2.423(12) Å, similar to those in the bridged lanthanum and lutetium compounds.
The CH2SiMe3 ligand is less sterically demanding so that [Ln(CH2SiMe3)3] are coordinatively

unsaturated. Thus reaction of ytterbium chips with Me3SiCH2I in THF gives [Yb(CH2Si-
Me3)3(THF)2]. This has the expected trigonal bipyramidal structure with axial THF molecules
(Yb�O averages 2.330 Å). The average Yb�C distance is 2.374 Å.139 Similarly, Yb reacts with
Me3CCH2I in THF to form trigonal bipyramidal [Yb(CH2CMe3)3(THF)2].

140 Unlike the case with
-CH2SiMe3, four of the bulkier -CH(SiMe3)2 ligands cannot be so readily accommodated round a
lanthanide ion; just as the isolobal -N(SiMe3)2 ligand cannot replace the fourth chlorine in ThCl4,
leading to the isolation of [ThCl{N(SiMe3)2}3], the chloride in [YbCl{CH(SiMe3)2}3]

� cannot be
replaced. The [YbCl{CH(SiMe3)2}3]

� ion has a distorted tetrahedral structure with Yb�C distances
of 2.372(16), 2.373(24) and 2.391(20) Å and Yb�Cl of 2.486 Å; the environment is similar to that of
lanthanum in [(pmdeta)Li(�-Cl)La{CH(SiMe3)2}3]. The La�C distances (2.55(2), 2.58(2), and
2.60(2) Å; mean value 2.57(3) Å) and C�La�C angles (average 108.8�) in the latter are, however,
very similar to those in the three-coordinate pyramidal [La{CH (SiMe3)2}3] (La�C 2.515 Å; 109.9�)
suggesting that the chloride bridge causes minimal distortion. Li[Er{CH(SiMe3)2}4] can, however,
be obtained by heating a solution of [Li(THF)4][ErCl{CH(SiMe3)2}3] in hexane, possibly by a
disproportionation reaction.141 A complex, [{(Me3SiCH2)x(Me3CO)1�xY(�-OCMe3)4-
[Li(THF)4](�4-Cl)}[Y(CH2SiMe3)4], containing the tetrahedral [Y(CH2SiMe3)4]

� ion has been iso-
lated from the reaction of YCl3 with LiOCMe3 and LiCH2SiMe3.

142 Y�C distances are in the range
2.403(8) Å to 2.420(9) Å, averaging 2.41(2) Å (which, allowing for the ionic radius differences, are
very similar to the Yb�C distances in [Yb{CH(SiMe3)2}3Cl]

�.
Simple methyls Ln(CH3)3 would be coordinatively unsaturated. However, fully characterized anionic

species have been obtained as [Ln(CH3)6]
3� anions by the reaction of excess (6.5mols) MeLi with

LnCl3 in ether in the presence of 3moles of a chelating ligand, either tetramethylethylenediamine or
tris(1,2-dimethoxyethane) (L-L), the compounds having the formulae [Li(L-L)]3[M(CH3)6]

143,144

MCl3þ6MeLiþ 3L-L ! ½LiðL-LÞ�3½MðCH3Þ6� þ 3LiCl ð8Þ

The structures of three of the compounds have been determined; they show essentially octahedral
coordination of the lanthanide with bond angles around 90�. Average lanthanum–carbon dis-
tances are 2.563(18) Å (Ho); 2.57(2) Å (Er), and 2.53(2) Å (Lu). More complicated lanthanide
methyl species have been synthesized by another route, involving reaction of main-group methyls,
Lewis acids, with lanthanide alkoxides145 and amides,146 a process of the type implicated in the
lanthanide-catalyzed polymerization of conjugated dienes

LnðOButÞ3þ3AlMe3 ! ½Lnð�-OButÞð�-MeÞAlMe23�ðLn ¼ Pr;Nd;YÞ ð9Þ

NdCl3þ3LiNMe2 ! ½NdðNMe2Þ3ðLiClÞ3� þ 3MMe3 ! ½NdðNMe2Þ3ðMMe3Þ3�ðM ¼ Al;GaÞ ð10Þ

The amide products do not have the anticipated symmetrical structure, instead one MMe3 group
does not form a �-methyl bridge. Reaction with excess MMe3 gives heterometallic peralkyls
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[Ln{(�-Me)2Me2}3]; a partially-exchanged product has been fully characterized.146 The hetero-
metallic peralkyls (M¼Al) form inclusion compounds where Al2Me6 molecules are trapped in
channels between the [Ln{(�-Me)2AlMe2}3] molecules.147

Triaryls of the heavier lanthanides have been synthesized by a reaction that does not involve
salt elimination. Extended reaction at room temperature between powdered Ln (Ln¼Ho, Er, Tm,
Lu) and Ph2Hg in the presence of catalytic amounts of LnI3 affords the �-aryls fac-LnPh3(THF)3.
With Eu and Yb the divalent compounds LnPh2(THF)2 are obtained.148,149 The structures of the
erbium and thulium compounds show them to have molecular structures with octahedral coordin-
ation of the lanthanides with bond lengths of Er�C¼ 2.412, 2.440, and 2.442 Å and
Tm�C¼ 2.416, 2.421, and 2.425 Å. There is some indication of steric crowding indicated by
C�Ln�C angles of 99.2–103.5� (Er) and 99.8–104.2� (Tm), whilst the Ln�C bond lengths also
seem slightly long in comparison with PhGdCl2.4THF, as discussed below.

Yellow YbPh3(THF)3 is a minor product of the reaction between (C10H8)Yb(THF)2 and Ph2Hg
along with the mixed valence Yb2Ph5(THF)4 system. Yb2Ph5(THF)4, which has the structure
Ph2(THF)Yb(�-Ph)3Yb(THF)3, has been viewed as an association of YbIIPh2(THF) and
YbIIIPh3(THF)3 though there is some �2 character in some of the bridging interactions. The
terminal YbIII�C distances average 2.42 Å, in line with the values for [LnPh3(THF)3] (Ln¼Er,
Tm); though the bridging Yb�C distances are, as expected rather longer (averaging 2.60 Å), the
YbIII�C distances are in two cases slightly shorter than the YbII�C distances.

Lanthanide triphenyls are now firmly established for the heavier lanthanides (Ho–Lu), but it
remains to be seen if [LnPh3(THF)4] is feasible for the lighter metals (and whether [ScPh3(THF)3]
can be isolated).

Monophenyls have been isolated by using a deficit of reagent. Thus reaction between LnCl3
and PhLi (0.5 mol) in THF gives PhLnCl2�nTHF (Sm, Gd n¼ 4; Pr n¼ 3); the seven-coordinate
gadolinium compound has a Gd�C distance of 2.416(24) Å. This is relatively short compared to
the triphenyls, evidence for possible crowding in them.150

Six-coordination is also found in [(dmp)YbCl2(N-Meim)2py].toluene
151 (dmp¼ 2,6-dimesityl-

phenyl; N-Meim¼N-methylimidazole) whilst distorted trigonal bipyramidal five-coordination
exists in [Ln(Dnp)Cl2(THF)2] (Dnp¼ 2,6-di(1-naphthyl)phenyl); Ln¼Y, Yb, Tm).152 Donor-
functionalized terphenyl derivatives have also been made.153 [[(Danip)Yb(�2-Cl)2(�3-Cl)Li(thf)]2]
and [[(Danip)Ln(�2-Cl)2(�2-Cl)Li(thf)]2] (Ln¼Y, Sm) have structures based on LiCl-bridged
(DanipLnCl2) units stabilized through additional coordination of two methoxy groups to lantha-
num. (Danip¼ 2,6-di(o-anisol)phenyl.)

The first structural characterization of cationic lanthanide alkyl complexes has been
achieved.154 [Ln(CH2SiMe3)3(THF)2] (Ln¼Y, Lu) react with B(C6X5)3 (X¼H, F) in the presence
of crown ethers forming [Ln(CH2SiMe3)2(CE)(THF)n]

þ[B(C6X5)3(CH2SiMe3)]
� (CE¼ [12]-

crown-4, n¼ 1; CE¼ [15]-crown-5, [18]-crown-6, n¼ 0). In all these complexes, the crown ethers
utilise all their donor atoms.

In THF but in the absence of crown ether, [Lu(CH2SiMe3)3(THF)2] reacts with B(C6F5)3
forming [Lu(CH2SiMe3)2(THF)3]

þ[B(C6X5)3(CH2SiMe3)]
�. In [Ln(CH2SiMe3)2([12]-crown-4)-

(THF)]þ[B(C6X5)3(CH2SiMe3)]
�, Lu�C distances are 2.340 and 2.354 Å, whilst Lu�O distances

are in the range 2.406–2.503 Å. The Lu�O (THF) distance is 2.307 Å. In [Ln(CH2SiMe3)2([15]-
crown-5)]þ[B(C6X5)3(CH2SiMe3)]

�, Lu�C distances are 2.345 Å and 2.364 Å, whilst Lu�O
distances are in the range 2.359–2.421 Å, whilst in [Ln(CH2SiMe3)2([18]-crown-6)]

þ[B(C6X5)3-
(CH2SiMe3)]

�, Lu�C distances are 2.366 Å and 2.371 Å, whilst Lu�O distances are in the
range 2.399–2.524 Å.

A number of lanthanide carbene derivatives, [ErL3Cl3], [Y(L){(N(SiMe3)2}3(THF)], and trans-
[Y(L)2{(N(SiMe3)2}3] (L¼ 1,3-dimethylimidazolin-2-ylidene) have been synthesized.155

3.2.2.3 Group 15 Ligands

3.2.2.3.1 Ammonia and other monodentate neutral ligands

Because of the basicity of the ligand, and consequent inability to form isolable complexes
in supercritical solution, ammonia complexes have scarcely been studied. However, the
first homoleptic lanthanide ammine complexes, [Yb(NH3)8][Cu(S4)2].NH3, [Yb(NH3)8]-
[Ag(S4)2].2NH3, and [La(NH3)9][Cu(S4)2] have been synthesized by reactions in aqueous
ammonia.156
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Direct reaction of the lanthanide halides with pyridine gives pyridine complexes of the lantha-
nides,157 with the synthesis of [YCl3Py4] and [LnCl3Py4].0.5Py (Ln¼La, Er). These all have
pentagonal bipyramidal structures, with two chlorines occupying the axial positions. In the yttrium
compound, the axial Y�Cl distances are virtually identical at 2.5994(7) Å and 2.6006 (7) Å, with the
equatorial distance being 2.6388 (7) Å; the Y�N distances are in the range 2.487–2.578(2) Å. In the
lanthanum and erbium compounds, the pattern in M�Cl distances is similar, with axial distances of
2.652 Å and 2.661(1) Å and an equatorial distance of 2.679 Å in the lanthanum compound; and with
axial distances of 2.5578(8) Å and 2.5840 Å and an equatorial distance of 2.6211(8) Å in the erbium
compound. It will be interesting to see whether this stoichiometry is maintained to the end of the
series, as this would be a rare example of the same structure persisting with decreasing ionic radius
(compare [LnL2(NO3)3] (L¼ phen, bipy)). [MI3py4] (M¼Ce, Nd) have been used as starting
materials in the syntheses of terpy complexes.158

Piperazine has been reported to form 8:1 complexes with lanthanide perchlorates but as yet
there is no structural information.159 A number of complexes of N-methylimidazole (N-Meim)
have been made, [SmI3(THF)3] reacts with N-Meim forming160 square-antiprismatic
[Sm(Meim)8]I3, whilst [YX2(N-Meim)5]

þX�, (X¼Cl, Br); [YCl2(N-Meim)5]
þ[YCl4(N-Meim)2]

�;
and [Ce(NO3)3(N-Meim)4] have also been characterized.161

3.2.2.3.2 Nitrile complexes

Among nitriles, CH3CN in particular has been widely employed as a solvent in nonaqueous
lanthanide chemistry, but little is known about its complexes until recently.

A NMR study of lanthanum nitrate solutions in MeCN led to the identification of a number
of complexes including [La(NO3)3(MeCN)4] and [La(NO3)3(MeCN)3(H2O)], but they were
not isolated.162,163 A few complexes such as [Eu(MeCN)x(BF4)3] (x�3) have previously been
prepared, in this case by oxidation of metallic Eu by NOBF4, but have lacked structural
characterization.164

However, in the 1990s syntheses were reported165–167 for MeCN complexes [Ln(MeCN)n]X3.
Routes have included the reaction of LnCl3 with AlCl3 in MeCN, reaction of the labile complexes
La(OSO)x(AsF6)3 with MeCN, and ultrasonication of mixtures of the lanthanide metal with
AlCl3 and MeCN in C2Cl6; among others, a series [Ln(MeCN)9](AlCl4)3�MeCN (Ln¼La, Pr,
Nd, Sm–Tb, Ho, Yb) has been made. The structures of [La(MeCN)9](AsF6)3�MeCN; [Sm(MeC-
N)9](AsF6)3.3MeCN; [Ln(MeCN)9](AlCl4)3.MeCN (Ln¼Pr, Sm) and [Yb(MeCN)8](AlCl4)3 have
all been reported. The [Ln(MeCN)9]

3þ ion has the familiar trigonal prismatic coordination
of the lanthanide; La�N bond lengths in [La(MeCN)9](AsF6)3�MeCN fall in the range
2.575(9)–2.650(5) Å whilst in [Sm(MeCN)9](AsF6)3.3MeCN the Sm�N bonds span 2.510(5)–
2.546(5) Å. [Yb(MeCN)8](AlCl4)3 has dodecahedral eight-coordination of ytterbium with Yb�N
bonds between 2.367(5) Å and 2.422 (4) Å.

A number of adducts of the silylamides [Ln(N(SiMe3)2)3] form nitrile adducts; they are
discussed in Section 3.2.2.3.5.

3.2.2.3.3 2,20-Bipyridyl, 1,10-phenanthroline and other bidentate neutral ligands

Many complexes of 2,20-Bipyridyl (bipy) and 1,10-phenanthroline (phen) have been examined in
detail in a series of papers by White and his co-workers.

Both 1:1 and 2:1 complexes of lanthanide chlorides with bipy have lately received detailed and
extensive crystallographic study.168,169 Compounds synthesized by reaction in ethanol and char-
acterized include [(bipy)Ln(OH2)6]Cl3 (Ln¼Ho-Lu,Y), [(bipy)Ln(OH2)6]Cl3�bipy�2H2O
(Ln¼Er-Lu, Y), [(bipy)Ln(OH2)4Cl2]Cl�H2O, [(bipy)(EtOH)2Cl2La(�-Cl)2LaCl2(EtOH)2(bipy)],
[(bipy)2La(OH2)4Cl]Cl2.2H2O, [(bipy)2Pr(OH2)Cl3]�0.5 EtOH, [(bipy)2Ln(OH2)2Cl2]Cl (Ln¼Pr,Er),
Pr, Er), [(bipy)2Ln(OH2)Cl3]�EtOH (Ln¼Nd, Eu), [(bipy)2Cl2La(�-Cl)2LaCl2(bipy)2]�EtOH, and
[(bipy)2YbCl3]. For the 1:1 complexes of early lanthanides like La and Pr, the tendency seems
to be for the formation of neutral complexes containing all available chloride ions and frequently
binuclear in composition, usually containing at least two solvent molecules per lanthanide. By
later in the series, mononuclear species tend to become more normal, and chloride ions are often
excluded from the coordination sphere by solvent molecules. In the case of the 2:1 complexes,
nine-coordination is possible at the start of the series in [(bipy)2Ln(OH2)4Cl]Cl2.2H2O, whilst by
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the end of the series ytterbium is seven-coordinate in [(bipy)2YbCl3].M�Nbond lengths contract from
2.724–2.787 Å in the lanthanum compound to 2.439–2.479 Å in the ytterbium compound.
The situation has been described as ‘‘a multidimensional jigsaw puzzle which still requires a
great deal of work for its complete description.’’

Bipyridyl complexes with lanthanide bromides do not seem to have received attention, but the
first lanthanide iodide complexes were reported in 1999. In a comparative study with UI3,
complexation of bipy with (Ln¼Ce, Nd) was investigated.170 UI3 and CeI3 both form 1:1 and
1:2 complexes in solution, with a 1:3 complex at high bipy concentrations, whereas NdI3 only
forms a 1:2 complex. The structure of [CeI3(bipy)2(py)].5py.bipy was reported; it has
eight-coordinate Ce, with Ce�N (bipy)¼ 2.67(3) Å, Ce�I¼ (average 3.23(3) Å) and Ce�N
2.678(9) Å. Reaction of [NdI3(py)4] and bipy in attempts to make the Nd analogue resulted in
dimeric [(bipy)3Nd(�-OH)2Nd(bipy)3]I4�3Py, presumably due to inadvertent hydrolysis.171

The reaction between bipy and La(NO3)3.6H2O has been studied in MeCN solution by multi-
nuclear NMR; species identified in solution include La(MeCN)4(NO3)3, La(MeCN)2(bipy)(NO3)3
and of course the final product La(bipy)2(NO3)3.

163

Complexes Ln(bipy)2(NO3)3 have been studied in more detail than the other bipy complexes; all
appear to have 10-coordinate structures with all nitrates present as bidentate ligands. The coordin-
ation geometry has been variously described as a bicapped dodecahedron and as a sphenocorona.
Unlike the La complex, the Lu complex does not possess disorder about the twofold axis. Lu�N
distances are 2.46–2.67(1) Å and Lu�O distances in the range 2.426(9)–2.556(9) Å.172

[Y(bipy)2(NO3)3] is, like [Y(phen)2(NO3)3], isostructural with its lanthanide analogues.173 Similarly,
the structure of [Nd(bipy)2(NO3)3] has been shown to be isostructural with [Ln(bipy)2(NO3)3]
(Ln¼Y, La, Lu).174 A number of compounds Ln(bipy)3(NO3)3 (Ln¼Ce, Pr, Nd, Yb) have been
reported;175 the neodymium complex was shown to be [Nd(bipy)2(NO3)3]. bipy, with the third bipy
molecule not associating with the neodymium-containing complex.174

In the presence of 15-crown-5, reaction of lanthanum nitrate with bipy in MeOH–MeCN led to
[La(bipy)(NO3)3(H2O)2(MeOH)]�15-crown-5, which has 11-coordinate lanthanum.176 The increase
in coordination number in comparison with [La(bipy)2(NO3)3] results in an slight (and possibly
not statistically significant) increase in La�N distance from 2.66 Å to 2.70 Å, and in La�O from
2.56–2.63 Å to 2.69 Å. The presence of the coordinated MeOH molecule supplies a fifth hydrogen
atom so that hydrogen bonds can be formed to all the crown ether oxygens. In another synthesis
in the presence of a crown ether, a 10-coordinate complex, [La(bipy) (NO3)3(H2O)2]�benzo-15-
crown-5, is obtained.177

Among carboxylate complexes, [Eu(o-ABA)3(bipy)]�bipy (o-ABA¼ o-aminobenzoate) is
dimeric with four bridging carboxylates, one chelating carboxylate, and a bipyridyl ligand
affording eight-coordinate europium.178 [{Pr(O2CCMe3)3(bipy)}3] has two bidentate bridging
and two tridentate cyclic bridging carboxylates; praesodymium is nine-coordinate.179 The
dimethoxybenzoate complex [La(2,3-DMOBA)3(2,2

0-bpy)] is a dimer with the lanthanum atoms
bridged by four carboxylates. The central La atom is nine-coordinate, having distorted mono-
capped square-antiprism geometry.180 [La2(O2CC�CH)6(bipy)2(H2O)2]�4H2O.2 bipy does not
undergoes solid-state polymerization when exposed to 60Co �-rays.181

A considerable number of bipy (and phen) adducts of lanthanide dithiocarbamates
[Ln(S2CNR2)3(L)] have been synthesized, usually by one-pot syntheses; the interest here is in
their potential as precursors to lanthanide sulfides. [Ln(S2CNMe2)3(bipy)] (Ln¼La, Pr, Nd,
Sm-Yb, Y) and [Ln(S2CNEt2)3(bipy)] (Ln¼La, Pr, Nd, Sm-Lu, Y) have been synthesized.182

The structure of [Er(S2CNEt2)3(bipy)] has been determined183 as has that of [Eu(bipy)
(S2CNEt2)3].

184 The synthesis of [Sm(S2CNEt2)3(L)] (L¼ phen, bipy) and the structure of
[Sm(S2CNEt2)3(bipy)] have been reported.185 The related [Eu(L)(S2PBu

i
2)3] (L¼ phen, bipy)

have monomeric structures with distorted dodecahedral coordination of europium.186

Among phenanthroline complexes, one feature present in many solid-state structures is �—�
stacking between the planar phenanthroline rings. The first complex with a noncoordinating
anion to be characterized fully was [Ce(phen)4(MeCN)2](ClO4)3�3MeCN, which has 10-coordi-
nate cerium in a bicapped square antiprismatic geometry.187

As with bipy, a considerable number of chloride complexes have been examined in detail.169

Compounds characterized by crystallography include [(phen)2La(OH2)5]Cl3�phen�4H2O, [(phen)2-
La(OH2)5]Cl3�MeOH�H2O, [(bipy)2Ln(OH2)4Cl]Cl2�2H2O, [(phen)2Lu(OH2)4]Cl3�2H2O,
[(phen)2Ln(OH2)3Cl]Cl2�H2O (Ln¼Dy, Er, Y), and [(phen)2Ln(OH2)Cl3]�MeOH (Ln¼La, Pr,
Nd, Eu). Nine-coordination is possible for compounds like [(phen)2Ln(OH2)5]Cl3�phen�4H2O
whilst by the end of the lanthanide series eight-coordination is more normal in [(phen)2-
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Lu(OH2)4]Cl3�2H2O and [(phen)2Er(OH2)3Cl]Cl2�H2O. An apparent 3:1 complex, La(phen)3
Cl3�9H2O has been shown to be [La(phen)2(OH2)5]Cl3�4H2O.phen.188

The first structure of a [Ln(phen)2(NO3)3] complex was reported in 1992 for the lanthanum
compound.162 It closely resembled the established bipy analogue in that the three nitrate groups
were bidentate and the lanthanum was 10-coordinate. The structural information was comple-
mented by a multinuclear solution (1H-, 13C-, 17O-, and 139La) NMR study. The structure of the
other ‘‘extreme’’ member of the series, the lutetium complex, was reported in 1996.172Unlike the La
complex, but like [Lu(bipy)2(NO3)3], the study was not complicated by disorder. The complexes
appear to form an isomorpohous and isostructural series. On moving from the lanthanum to the
lutetium compound, the Ln�N distances decrease from 2.646(3)–2.701(3) Å (La) to
2.462(8)–2.479(8) Å (Lu), and the range of Ln�O distances decreases from 2.580(3)–2.611(3) Å
for the lanthanum compound to 2.364(8)–2.525(6) Å for the lutetium complex. Several structures
have subsequently been reported of other [Ln(phen)2(NO3)3] systems.173,189–191 [Ln(phen)2(NO3)3]
(Ln¼Pr,189 Nd,189,192 Sm,189 Eu,189,190 Dy,189 Y173,191) are isostructural; the individual complex
molecules associate by �—� stacking into one dimensional chains which themselves arrange into
pseudo-one-dimensional close packed patterns.189 Luminescence spectra of Eu3þ-containing
[Ln(phen)2(NO3)3] (Ln¼Y, La, Nd, Lu) have been investigated.190 [Y(phen)2(NO3)3] is, like
[Y(bipy)2(NO3)3] isostructural with its lanthanide analogues,72 as well as with its lanthanide ana-
logues, with Y–O distance in the range 2.477–2.516 Å and Y�N bonds of 2.492 Å and 2.549 Å. �—�
stacking between the rings of neighboring phen ligands with an interplanar separation of 3.51 Å
leads them to associate into one-dimensional chains.191 A complex analyzing as La(phen)4-
(NO3)3�3H2O is [La(phen)2(H2O)2(NO3)2]�NO3�2phen�H2O with intermolecular �—� stacking.192

In another phenanthroline complex, the structure of [phenH][La(NO3)4(H2O)(phen)].H2O
features what are becoming the familiar �—� interactions, this time between the [phenH]þ

ions.193 Other phen complexes reported are new dinuclear species [(phen)2(H2O)2Ln(�-OH)2Ln-
(H2O)2(phen)2](NO3)4�2phen (Ln¼Er, Lu).194

Reaction of lutetium acetate and phen in ethanol afforded Lu(O2CCH3)3�(phen)�H2O which is
dinuclear [(phen)(CH3COO)Lu(�-O2CCH3)4Lu(CH3COO)(phen)]. The terminal acetate groups
are symmetrically bidentate; two of the bridging acetates are symmetrical, the other pair bridging
in such a way that one of the two oxygens is bound to both lutetiums and the other is bound only
to one. Lu�N is 2.486(4)–2.551(5) Å and terminal Lu�O bonds 2.323–2.503(5)(5) Å.195 Similarly,
Ln(OAc)3.phen (Ln¼La, Ce) is196 dimeric [(AcO)(phen)Ln(�-OAc)4Ln(phen)(OAc)] with two
types of bridging acetate. The cerium compound gives a triplet EPR spectrum at 4.2K, showing
a bridging interaction between the two ceriums (D¼ 0.21 cm�1); magnetic measurements to low
temperatures on both compounds confirm weak interactions.

A phenanthroline complex of europium caproate, [Eu(O2CC5H11)3(phen)], has a dimeric struc-
ture in which each europium is bound to a chelating phenanthroline and one bidentate carboxylate
as well as additionally to two bidentate bridging carboxylates and two tridentate bridging carboxy-
lates, giving nine-coordinate europium. Some subtle splitting of bands in the fluorescence spectrum
has been ascribed to vibronic interactions.197 As already discussed in the section on bipy, a number
of complexes of the type [Ln(phen)(S2CNR2)3] have been synthesized and studied, with structures
determined for the eight-coordinate [Ln(phen)(S2CNEt2)3] (Ln¼Eu,198 Yb184). Improved syntheses
are reported for [Ln(S2CNR2)3(phen)] (Ln¼Eu, Er; NR2¼NEt2, NMeCy; N(CH2)5).

199 The
synthesis of [Sm(S2CNEt2)3(phen)] has been reported.185

Solvothermal synthesis of [La(en)4Cl]In2Te4 has been reported; the cation has monocapped
square antiprismatic coordination.200 Reaction of Y2S3 with NH4I in en at 568K yields crystals of
eight-coordinate [Y(en)4](SH)2.72I0.28; a similar reaction in anhydrous ammonia yields an unchar-
acterized complex, probably an ammine.201

Stability constants of 1:1 and 2:1 complexes with diethylenetriamine (dien) have been deter-
mined by potentiometry.202

3.2.2.3.4 Complexes of terpyridyl and other tridentate ligands

There has been a great awakening of interest in complexes of 2,20:60,200-terpyridyl (terpy), parallel-
ing developments in its coordination chemistry with the d-block metals. Tridentate N-donor
ligands are efficient in separating actinides from lanthanides selectively by solvent extraction.
2,4,6-tris-2-pyridyl-1,3,5-triazine (tptz) and terpyridyl (terpy) and their derivatives have been
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popular ligands for study. Phenyl-substituted terpyridyls have been studied as extractants with
lower solubility in aqueous phases.

Reaction of aqueous lanthanide chlorides with alcoholic solutions of terpy affords complexes
Ln(terpy)Cl3.xH2O (Ln¼La–Nd, x¼ 8; Ln¼ Sm, x¼ 7.6; Ln¼Eu, x¼ 7.45; Ln¼Gd, x¼ 7.1;
Ln¼Tb–Er, Yb-Lu, x¼ 7; Ln¼Tm, Y, x¼ 6). They contain [Ln(terpy)Cl(H2O)n]

2þ ions
(Ln¼La–Nd, n¼ 5; Ln¼ Sm–Lu, n¼ 4).

On proceeding from La to Nd in the series of [Ln(terpy)Cl(H2O)5]
2þ ions, there are the expected

contractions in Ln�Cl, from 2.903(2) Å to 2.855(1) Å; in average Ln�N distance, from 2.688 Å
to 2.616 Å; and in average Ln�O distance, from 2.561 Å to 2.505 Å. Similarly, in the
[Ln(terpy)Cl(H2O)4]

2þ ions, on passing from Sm to Lu, there are decreases in Ln�Cl, from 2.794(2) Å
to 2.665(2) Å; in the average Ln�N distance, from 2.513 Å to 2.457 Å; and in average Ln�O distance,
from 2.475 Å to 2.317 Å. In addition, a compound Sm(terpy)Cl3�H2O was found to be dimeric
[(terpy)(H2O)Cl2Sm(�-Cl)2Sm(H2O)Cl2(terpy)], containing eight-coordinate samarium.203

Bromide complexes of terpy have been studied204 with two families, nine-coordinate [Ln(terpy)
(H2O)6]Br3.H2O (Ln¼La–Er) and eight-coordinate [Ln(terpy)(H2O)5]Br3.3H2O (Ln¼Tm–Lu).
These to some extent resemble the chlorides, though there is no halide in the coordination sphere
in any of these compounds. For the [Ln(terpy)(H2O)6]

3þ ions, the Ln�N distances contract from
2.656–2.684 Å (La) to 2.39–2.44 Å (Lu), with similar contractions being evident in the Ln�O
distances. Towards the end of the lanthanide series, there is a tendency for a hydroxy-bridged
dimeric species to be formed in preference, but usually acidification converts it into the mono-
nuclear complex. The dimers contain bridging hydroxy groups, not halides as found in
[(terpy)(H2O)Cl2Sm(�-Cl)2Sm(H2O)Cl2(terpy)], reflecting the decreasing coordinating power of
bromide. Indeed, overall the absence of any bromide coordination should be noted, but these
complexes were obtained by crystallization from solutions of hydrated LnBr3 and terpy in
ethanol, and in view of the recent isolation of 2:1 terpy complexes of lanthanide iodides with
all iodides coordinated, syntheses using other stoichiometries, anhydrous bromides, and less
coordinating solvents would be expected to afford complexes such as [Ln(terpy)2Br2]Br.

204

Terpy reacts with solutions of LnI3 in anhydrous pyridine forming205 eight-coordinate [Ln(terpy)2I2]I
(Ln¼Ce,Nd) and anine-coordinate uraniumanalogue [U(terpy)2I2(py)]I has beenmade. [Ce(terpy)2I2]I
crystallizes from slightly damp solvents forming nine-coordinate [Ce(terpy)2I2(H2O)]I. Ln�N bond
lengths average at 2.63(2) Å for the Ce complex and 2.60 (2) Å for the Nd complex; Ln�I distances
average 3.182(3) Å and 3.153(4) Å respectively. Proton-NMR competition experiments indicate that
terpy has a stronger affinity for UIII than for CeIII or NdIII. A comparison of structural data for
[Ce(terpy)2I2(H2O)]I and [U(terpy)2I2(py)]I indicates that the average U–N distance is shorter
by about 0.05 Å, though on size grounds they would be expected to be very similar. It has been
suggested that this shortening reflects a � back-bonding interaction between the 5f orbitals of
uranium and the terpyridyl ligand which is absent in the lanthanide complex.

205

The classic nine-coordinate [Ln(terpy)3](ClO4)3 complexes have been reinvestigated.206 Reaction
of terpy with lanthanide perchlorates in MeCN affords [La(terpy)3](ClO4)3�2MeCN�0.67H2O,
[Ln(terpy)3](ClO4)3�MeCN�H2O (Ln¼Ce, Pr, Sm, Eu), and [Ln(terpy)3](ClO4)3 (Eu, Lu, Y); all
of these have nine-coordinate [Ln(terpy)3]

3þ cations. The Ln�N bond lengths show the expected
contraction; Ce�N distances fall into the range 2.622–2.679 Å whilst Lu�N distances are 2.437–
2.553 Å.206 Complexes of 4-alkylated terpyridyls, [Ln(4-Rterpy)3] (ClO4)3 (Ln¼La, Eu Tb;
R¼Et, But) have been synthesized; introducing these alkyl groups considerably increases the
luminescence efficiency, possibly due to the bulk of the alkyl group preventing approach of
deactivating molecules, as well as their electronic effects.207

Complexes of bridged terpy ligands have been examined:208 thus europium has tricapped
trigonal prismatic nine-coordination in [EuL3](ClO4)3 (L¼ 3,30:5,30-dimethylenetripyridyl); the
ligand contains ethylene bridges between the pyridine rings in the ligand molecules, giving a
more stable triple helical [EuL3]

3þ complex species, again with D3 symmetry as found round
europium in [Eu(terpy)3](ClO4)3.

Previous reports of nitrate complexes were limited to synthetic studies209 reporting 1:1 com-
plexes with various degrees of hydration. A large number of complexes have been reported in the
literature in recent years; interest has been reawakened by the possibility of using related ligands
in the separation of lanthanide fission products from actinides in the reprocessing of nuclear fuel
rods. It is now clear that the situation is complex and that various stoichiometries are obtainable,
depending not least upon the solvent used. For the majority of complexes, a 1:1 terpy: lanthanide
ratio obtains. The first of the recent studies was carried out by Bensimon and Frechette.210

Addition of terpy to a solution of La(NO3)3�6H2O in MeCN was followed by 1H-, 17O- and
139La-NMR investigations. A number of species were identified to be present in solution, namely
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[La(terpy)(NO3)3(MeCN)], [La(terpy)(NO3)3(H2O)], [Ln(terpy)(NO3)4(MeCN)]�,
[Ln(terpy)(NO3)4(H2O)]�, and [Ln(terpy)2(NO3)2]

þ. The complex Ln(terpy)1.5(NO3)3 was isolated
from a MeCN solution with a 8:1 terpy:La ratio and was shown by X-ray diffraction to possess
the structure [Ln(terpy)2(NO3)2]

þ[Ln(terpy)(NO3)4]
�. In the 10-coordinate cation, La�O are

2.627(11)–2.646(11) Å whilst La�N distances lie in the range 2.649(12)–2.685(10) Å with one
outlier at 2.736(13) Å. In the 11-coordinate anion, La�N are 2.705(13), 2.709(13),
and 2.769(12) Å; La�O fall into a bracket between 2.608(13)–2.684 (13) Å. Subsequently it has
been found211 that reactions of hydrated lanthanide nitrates with up to four moles of terpy in
CH3CN afford complexes with a similar 1.5:1 stoichiometry, [Ln(terpy)2-
(NO3)2]

þ[Ln(terpy)(NO3)4]
� (Ln¼Nd, Sm, Tb, Dy, Ho). In these, however, the lanthanide

is 10-coordinate in both the cation and the anion, one nitrate group in the anion being
monodentate, in contrast to the anion in the 1.5:1 complex of the larger lanthanum ion, where
all nitrates are bidentate; this is evidently a consequence of congestion arising around the smaller
lanthanide ions. In the [Nd(terpy)2(NO3)2]

þ cation, Nd–N distances are 2.592(7)–2.651(6) Å and
Nd�O 2.526(5)–2.598(6) Å, whilst in [Nd(terpy)(NO3)4]

�, Nd�N distances are 2.591(7)–2.600(6) Å,
the monodentate Nd�O bond is 2.434 (7) Å, and the Nd�O distances in the bidentate groups are
rather widely spread at 2.548(6)–2.644(7) Å. In the [Ho(terpy)2(NO3)2]

þ cation, Ho�N distances
are 2.538(7)–2.605(7) Å and Ho�O 2.405(6)–2.598(6) Å, whilst in [Ho(terpy)(NO3)4]

�, Ho�N dis-
tances are 2.531(7)–2.544(7) Å, the monodentate Ho�O bond is 2.323(6)Å and the Ho�O distances
in the bidentate groups are even more widely spread at 2.435(7)–2.580(7) Å. The
increasing asymmetry in the bond to the nitrate groups suggests that congestion is again increas-
ing. A [Sm(terpy)(NO3)4]

� anion has also been isolated from acidified solution as the (terpyH2)
2þ

salt.212 This is an 11-coordinate anion with four bidentate nitrates (in contrast to the three
bidentate and one monodentate group in the the [Sm(terpy)2(NO3)2]

þ salt) with eight Sm�O
distances ranging from 2.494(5) Å to 2.742(5) Å (averging 2.56 Å), contrasting with
the six bidentate Sm�O distances of 2.497(13)–2.613(13) Å and one monodentate distance
of 2.370(14) Å in the [Sm(terpy)2(NO3)2]

þ salt. The Sm�N distances average 2.637 Å in the
11-coordinate anion ((terpyH2)

2þ salt) and 2.569 Å in the 10-coordinate anion ([Sm(terpy)2(NO3)2]
þ

salt). Clearly factors such as the energetics of ionic packing can have a pronounced effect on
coordination geometry, in the absence of the strong crystal-field effects that would apply in a
transition-metal analogue. The [Ce(terpy)(NO3)4]

� ion is found in (Hpy)[Ce(NO3)4(terpy)]py,
formed by addition of pyridine to a day-old mixture of cerium nitrate and terpy in MeCN.213

The coordination polyhedron of the Ce atom is irregular; the cerium is 11-coordinate, with four
bidentate nitrates, the Ce�N distances being 2.682(2), 2.685(2), and 2.705(2) Å. Seven of the
Ce�O distances span 2.537(2)–2.712(2) Å, the eighth being 2.942(3) Å.213

A study by Semenova and White covered the whole lanthanide series. In this they examined the
reaction of the hydrated nitrates with one mole of terpy in MeCN, followed by recrystallization of
the initial complex from water. They found214 that the earlier members of the lanthanide series
form 10-coordinate [Ln(terpy)(NO3)2(H2O)3]NO3 (Ln¼La–Gd) and the later lanthanides form
nine-coordinate [Ln(terpy)(NO3)2(H2O)2]NO3�2H2O (Ln¼Tb, Lu, Y). These compounds result
from solvolysis by water of an initial [Ln(terpy)(NO3)3(H2O)x] species (see below), displacing one
nitrate group. Detailed structures have been reported for the La, Gd, Tb, Lu, and Y complexes.
They show a girdle of ligands comprising a virtually planar terdentate terpy ligand and two or
three water molecules coordinated round the ‘‘waist’’ of the metal, with bidentate nitrates
completing the coordination sphere above and below the metal. In the [Ln(terpy)(NO3)2(H2O)3]

3þ

ions, the range of Ln�N distances contracts from 2.632(4)–2.688(3) Å (Ln¼La) to 2.52(1)–
2.56(1) Å (Ln¼Gd), with a similar pattern in the Ln�O distances. The range of Ln�N distances
in the [Tb(terpy)(NO3)2(H2O)2]

3þ ion is 2.50(1)–2.52(1) Å, contracting to 2.469(6)–2.474(6) Å in
[Lu(terpy)(NO3)2(H2O)2]

3þ ion.214 The structure of [Gd(terpy)(NO3)2(H2O)3]NO3 has been
reported independently.215

When the hydrated nitrates react directly with terpy in MeCN, without added water, the initial
products are [Ln(terpy)(NO3)3(H2O)x]. Compounds Ln(terpy)(NO3)3�H2O (Ln¼La, Pr, Er, Yb)
and Ln(terpy)(NO3)3 (Ln¼Gd, Yb) have been reported, but these have lacked structural infor-
mation.216,217 In a more detailed study,211 reaction of the hydrated lanthanide nitrates with terpy
in CH3CN was found to afford [Nd(terpy)(NO3)3(H2O)], [Ln(terpy)(NO3)3(H2O)]�terpy
(Ln¼Ho, Er, Tm, Yb), and [Yb(terpy)(NO3)3], all of which feature solely bidentate nitrates. In
[Tm(terpy)(NO3)3(H2O)], one nitrate is monodentate. In 10-coordinate [Nd(terpy)(NO3)3(H2O)],
there is quite a bit of asymmetry in the Nd�N distances (2.586(10)–2.703(13) Å); the Nd�O
(water) distance is 2.488(8) Å and the Nd�O nitrate distances span the range 2.530(9)–2.632(9) Å,
averaging 2.567 Å. In [Ln(terpy)(NO3)3(H2O)]�terpy (Ln¼Ho, Er, Tm, Yb), the binding of the
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terpy ligand to the lanthanide is more symmetrical. [Tm(terpy)(NO3)3(H2O)] has a Tm�O bond
length for the monodentate group, of 3.251 Å, 0.12 Å, shorter than any of the Tm�O distances in
the bidentate groups, whilst there is considerable asymmtery in a bidentate group in [Ln(terpy)-
(NO3)3(H2O)]�terpy, where the Ho�O distances are 2.431(8) Å and 2.725(11) Å, such that the
nitrate has been considered intermediate between mono- and bidentate. The smallest of the
lanthanide ions covered in this study, ytterbium, forms a complex with no water in its coordination
sphere, but three bidentate nitrates. In [Yb(terpy)(NO3)3], Yb�O distances range from 2.364(8) Å
to 2.406(10) Å, apart from one at 2.456(9) Å, whilst Yb�N distances are 2.417(7)–2.419(8) Å.

211

Reaction of yttrium nitrate with terpy in MeCN yields two yttrium complexes.218

Reaction with two moles of MeCN followed by crystallization gave crystals of nine-coordinate
[Y(terpy)(NO3)3(H2O)]�terpy�3MeCN containing two bidentate and one monodentate
nitrate groups. Y�N distances average 2.497 Å, Y�OH2 is 2.311 Å, and Y�O (nitrate) distances
are 2.311 Å for the monodentate group and range from 2.390 Å to 2.504 Å (avaerage 2.445 Å) for the
bidentate groupings. Layering of more dilute solutions with ether formed [Y(terpy)(NO3)3(H2O)],
with 10-coordinate molecules with three bidentate nitrates. Here Y�N distances average 2.519 Å
and the Y�O distances within the bidentate nitrates average 2.508Å within a range between
2.414 Å and 2.523 Å, with an outlier at 2.736 Å, over 0.2 Å greater than the others, indicating
considerable congestion in the coordination sphere.

218

In contrast to the early lanthanides, where the same complex is obtained from synthesis in
either acetonitrile or ethanol, solvent affects the structure for the 1:1 complexes of later lantha-
nides. The first indication of this was the discovery that the reaction of hydrated erbium nitrate
with terpy in ethanol affords [Er(terpy)(NO3)3.(C2H5OH)] which contains both bidentate and
monodentate nitrates as well as a coordinated ethanol.219 Erbium is nine-coordinate in this
complex. Er�N bond lengths (2.456(8)–2.485(8)Å) are very similar to those in the eight-coordinate
[Er(terpy)Cl(H2O)4]Cl2�3H2O; two nitrates are bidentate, with Er�O distances averaging
2.416 Å, some 0.14 Å longer than that of the Er�O bond involving the monodentate nitrate
Er�O (3.278(7) Å). A second oxygen in this monodentate nitrate is hydrogen bonded to the
coordinated ethanol molecule (Er�O¼ 2.333(8)Å. Another feature of this structure is short
C�H���O interactions involving nitrate oxygens and hydrogens of the terpyridyl ligand in other
molecules.

Reaction of later lanthanide nitrates with terpy in MeCN solution affords nine-coordinate
[Ln(terpy)(NO3)3] (Ln¼Yb, Lu). Solvolysis of a nitrate group in [Yb(terpy)(NO3)3] is stereo-
selective, the nitrate trans- to the terpy ligand being replaced by ethanol and by water, with the
formation of [Yb(terpy)(NO3)3(EtOH)] (which has one monodentate nitrate) and [Yb(terpy)-
(NO3)2(H2O)2]NO3.2H2O respectively. A similar effect is noted in the lutetium analogue with
the isolation of an unusual complex [Lu(terpy)(NO3)2(H2O)(EtOH)](NO3), where both water and
ethanol are bound to lutetium in preference to nitrate coordination, as well as the ethanol solvate
[Lu(terpy)(NO3)3(EtOH)]. In [Lu(terpy)(NO3)3], Lu�N distances are 2.379–2.407 Å and Lu�O
bonds fall into the range 2.350–2.440 Å, so that even with the smallest lanthanide, all the
nitrates are essentially bidentate. Replacement of a bidentate nitrate trans- to the terpy by a
coordinated ethanol and a monodentate nitrate causes a certain reorganization in the coordination
sphere, with Lu�N bonds increasing by about 0.06 Å; the Lu�O (water) distance is 3.279(3) Å
and the Lu�O(ONO2) distance is 3.279(3) Å, showing that the Lu�O bond is about 0.1 Å shorter
than for an oxygen atom in a bidentate nitrate group.24

The 11-coordinate [La(NO3)3(terpy)(MeOH)2] has been isolated from the reaction of lantha-
num nitrate with terpy in methanol, the lanthanum being 11-coordinate, with three bidentate
nitrates, the La�N distances being 2.688 (3), 2.700 (3), and 2.715(3) Å. Five of the La�O (nitrate)
distances span 2.596(3)–2.727(3) Å, the sixth being 2.926(3) Å; La�O (methanol) bonds are
2.560(2) Å and 2.580 (2) Å.214 In the isomorphous [Ce(NO3)3(terpy)(MeOH)2], whose polyhedron
is described as an icosahedron with two vertices replaced by one, the Ce�N distances are
2.682(2), 2.685(2), and 2.705(2) Å. Five of the Ce�O (nitrate) distances span 2.578(2)–2.712(2) Å, the
sixth being 2.942(3) Å; Ce�O (methanol) bonds are 2.537(2) Å and 2.559(2) Å.213 Thus a wide
range of 1:1 complexes are known, though the picture is not yet complete, and some findings have yet
to be reported. The role of solvent is critical in these syntheses.

Mononuclear [Yb(O2CCCl3)3.(terpy).MeOH] contains coordinated methanol and two uniden-
tate carboxylates and one bidentate carboxylate affording eight coordinate ytterbium and
[Ln(O2CCCl3)3�(terpy)�(H2O)] (Ln¼La-Nd) are dimeric with nine-coordinate lanthanides.
A compound [Lu(O2CCCl3)3�(terpy)�(H2O)] contains both the foregoing geometries.195

Several reports have appeared of the syntheses and structures of mixed-ligand quaternary
complexes involving terpy, [Yb(acac)(terpy)(NO3)2],

220 [Nd(hfac)(terpy)(NO3)2(H2O)],221
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[Ln(hfac)2(terpy)(NO3)] (Ln¼Gd, Dy, Er, Tb, Yb),221 [Nd(terpy)(dbm)(NO3)2],
221 and [Ln(terpy)-

(dbm)2(NO3)] (Ln¼Pr, Ho)222 all of which were crystallographically characterized.
(Hhfac¼ hexafluoroacetylacetone; Hdbm¼ dibenzoylmethane.) A full report has appeared on a
series of these compounds; [Ln(terpy)(NO3)2(acac)(H2O)n] (Ln¼La, Pr, n¼ 1; Ln¼Nd-Lu,
n¼ 0).223 They exhibit three different solid-state structures. [La(terpy)(NO3)2(acac)(H2O)] is
10-coordinate, with two bidentate nitrates and a chelating diketonate and a coordinated water;
[Pr(terpy)(NO3)2(acac)(H2O)] is nine-coordinate, with one monodentate and one bidentate nitrate
and a chelating diketonate and a coordinated water; and the remainder are [Ln(terpy)(NO3)2-
(acac)]. (Nd–Lu) with two bidentate nitrates and a chelating diketonate.

Complexes of 2,4,6-tris-2-pyridyl-1,3,5-triazine (tptz) have been reinvestigated. Tptz acts as
a terdentate ligand in the structures of [Eu(tptz)Cl3(MeOH)2]�2MeOH (eight-coordinate) and
[Pr(tptz)(OAc)3]2�2MeOH (10-coordinate). The latter224 features the presence of double (�2,�-1,1)
acetate bridges increasingly familiar from other lanthanide carboxylate complexes. Pr�N
distances fall into a range 2.674(6)–2.717(6) Å, rather larger than those in the nine-coordinate
[Pr(terpy)Cl(H2O)5]

2þ ion. In the [Eu(tptz)Cl3(MeOH)2] molecule, Eu�N distances are
2.555(4) Å to the central nitrogen and 2.616(4)–2.645 (4) Å for the nitrogens in the pyridine
rings.224 Although it has proved difficult to obtain good quality crystals from MeCN solution,
the structure of [Sm(tptz)(NO3)3(H2O)]�2H2O has been determined and shows it to contain
10-coordinate Sm with all nitrates bidentate.216 Sm�N distances are 2.571(4) Å to the central
nitrogen and 2.631(4)–2.644(5) Å for the nitrogens in the pyridine rings, showing a similar
pattern to the europium complex. The bond to the water molecule, at 2.420(4) Å, is as usual in
the terpy analogues, considerably shorter than the Sm�O (nitrate) bonds, which lie in a range
2.492(4)–2.615 (4) Å.

A very detailed study has been made226 of lanthanide nitrate complexes of 4-amino-bis(2,6-
(2-pyridyl))-1,3,5-triazine (abptz). Many of these compounds resemble corresponding terpy
complexes and gradually a picture is being built up of how the structure and stoichiometry
depend on factors such as the radius of the metal ion, composition of the reaction mixture, and
the solvent employed. Complexes [La(abptz)(NO3)3(H2O)2] (11-coordinate), [Ln(abptz)-
(NO3)3(H2O)] (Ln¼La, Pr–Sm; 10-coordinate), [Ln(abptz)(NO3)3(H2O)] (Ln¼Yb, Y; nine-
coordinate, with one monodentate nitrate), [Ln(abptz)(NO3)2(H2O)3]NO3 (Ln¼Nd, Sm;
10-coordinate) and [Ln(abptz)(NO3)2(H2O)2]NO3 (Ln¼Eu-Lu; nine-coordinate) have all been
crystallographically characterized.226 These compounds exhibit the trends in bond distances already
commented on in discussing terpyridyl complexes, but some general points are relevant here. The
fact that 10- and 11-coordinate [La(abptz)(NO3)3(H2O)n] (n¼ 1, 2) can be obtained, unlike sub-
sequent lanthanides which, at most, adopt just 10-coordination (although no data were reported
for cerium) shows that the position of lanthanum as the largest lanthanide ion sometimes causes it
to behave atypically. A comparison between the two lanthanum complexes shows the decrease in
coordination number from 11 to 10 is accompanied by a decrease in La–O (water) distance from
2.589(4) Å and 2.610(4) Å to 2.483(5) Å; similarly, the La–N distances decrease from 2.739(4),
2.755(5), and 2.805(6) Å in the 11-coordinate compound to 2.576(5), 2.625(5), and 2.641(5) Å
in 10-coordinate [La(abptz)(NO3)3(H2O)]. The range of La�O (nitrate) distances decreases
from 2.628(4)–2.702(5) Å, with an outlier at 2.805(6) Å in [La(abptz)(NO3)3(H2O)2], to
2.525(5)–2.620(5) Å in [La(abptz) (NO3)3(H2O)], indication of the congestion in the coordination
sphere in the 11-coordinate complex. Across the family of 10-coordinate [La(abptz)(NO3)3(H2O)]
(La¼La, Pr, Nd, Sm) species, there is a general tendency towards contraction of bond lengths
with increasing atomic number, but with irregularities, partly because the Nd complex is not
isomorphous with the others. Compounds [Ln(abptz)(NO3)2(H2O)3]NO3 (Ln¼Nd, Sm; 10-coordinate)
and [Ln(abptz)(NO3)2(H2O)2] NO3 (Ln¼Eu–Lu) are clearly analogous to the terpy complexes
studied by White and co-workers.214 They can be regarded as having a girdle round the ‘‘waist’’ of
the metal comprised of the abptz ligand and two or three water molecules, with two bidentate
nitrates coordinated to the metal in axial positions. A comparison of the structures of the two
10-coordinate species [Nd(abptz)(NO3)3(H2O)] and [Nd(abptz)(NO3)2(H2O)3] NO3 is informative.
Average Nd�N distances are 2.605 Å and 2.603 Å respectively; average Nd�O(H2O) distances
are 2.470 Å and 2.485 Å respectively, closely comparable, but the Nd�O (nitrate) distances for
[Nd(abptz)(NO3)3(H2O)] fall within a range of 2.546(4)–2.597(4) Å, averaging 2.568 Å, whilst for
[Nd(abptz)(NO3)2(H2O)3]NO3 the respective values are 2.588(6), 2.602(5), 2.608(5), and
2.728(7) Å, averaging 2.632 Å. There is thus congestion brought about by replacing a compact
nitrate group by two water molecules, leading to an increased tendency for one nitrate group to
become monodentate. This view is supported by the value of 2.849(14) Å for the ‘‘long’’ Sm�O
distance in [Sm(abptz)(NO3)2(H2O)3]NO3. At this point, further contraction in the lanthanide
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radius evidently results in ejection of a water from the coordination sphere (rather than the
presence of three waters and a monodentate nitrate) with the formation of [Ln(abptz)(NO3)2-
(H2O)2]NO3 (Ln¼Eu–Lu). These exhibit the usual trend of decreasing bond lengths with increas-
ing atomic number until in the case of the lutetium complex there is some evidence for steric strain
again. The compounds [Ln(abptz)(NO3)3(H2O)] (Ln¼Yb, Y) are nine-coordinate, with one
monodentate nitrate, rather than the alternative [Ln(abptz)(NO3)3], with three monodentate
nitrates, adopted for [Ln(terpy)(NO3)3] for Yb, Lu and some other later lanthanides, suggesting
that subtle factors are at work in the adoption of this structure. Extensive hydrogen-bonding
networks are present in the structures of all these compounds. Complexes of 2,6-bis(5,6-dialkyl-
1,2,4-triazin-3-yl)pyridines have attracted attention as extremely effective selective complexing
agents for the actinides, and a few studies of model lanthanide complexes have been
reported.227–229 The [Ln((Prnbtp)3]

3þ(Ln¼ Sm, Tm, Yb) cations are nine-coordinate in a number
of salts, displacing weakly coordinating anions such as iodide,227 whilst the similar [Ce(Rbtp)3]I3
(R¼Me, Prn) have been reported,228 comparative studies showing that Ce has a lesser affinity for
Prnbtp than uranium(III). These [LnL3]

3þ species have not been isolated for the early lanthanides,
however; they instead form some novel dinuclear complexes [Ln2L2(NO3)6] (R¼Me; Ln¼La, Pr,
Nd, Sm).229 In these compounds, the lanthanides are bound to three bidentate nitrates and one
terdentate ligand, with one oxygen atom additionally coordinating to the other lanthanide,
affording 10-coordination overall. Species [NdL(NO3)3(EtOH)] (R¼Et) and
[[NdL2(NO3)2]

þ]2[Nd(NO3)5] (R¼Bui) have also been characterized. This plethora of stoichiometric
variation is striking, and it would be interesting to know whether it occurs in solution too. Complexes
(2:1) are formed by 2,6-bis(benzimidazol-20-yl)pyridine, [Ln(bzimpy)2(NO3)2]NO3, which exhibit
strong luminescence (Ln¼Eu, Tb).230,231 In [Eu(mbzimpy)3](ClO4)3 europium has tricapped tri-
gonal prismatic nine-coordination (mbzimpy¼ 2,6-bis(1-methylbenzimidazol-2-yl)pyridine); fluores-
cence spectra indicate that this geometry is maintained in solution. The cation has approximately C3

symmetry in the solid state and flurosecence spectra support this. [Eu(mbzimpy)3](ClO4)3 has Eu�N
distances in the range 2.576(5)–2.613(7) Å.232 Similar complexes [Ln(mbzimpy)3](ClO4)3 can be
made for other lanthanides (Ln¼La, Gd, and Tb), but for lutetium only [Lu(mbzimpy)3(H2O)-
(MeOH)](ClO4)3 can be isolated; the eight-coordinate cation has Lu�N distances of 2.37(1)–2.46(1) Å,
Lu�O (H2O)¼ 3.29(1) Å and Lu�O (MeOH)¼ 2.35(1) Å. Spectrophotometric titrations indicate
that 1:1, 1:2, and 1:3 complexes are formed in solution throughout the lanthanide series but the
[Ln(mbzimpy)3]

3þ ion is less stable for heavier (and smaller) lanthanides Ho, Yb, and Lu. A similar
effect occurs with the related terdentate ligands 2,6-bis(1-X-benzimidazol-2-yl)pyridine (X¼Pr,
3,5-dimethoxybenzyl).233 The 1:1 and 1:2 complexes formed by this ligand show the normal
thermodynamic behavior associated with electrostatic effects, but the tris complexes [Ln(mbzimpy)3]

3þ

display unusual selectivity for the mid-lanthanide ions.234 The triple-helical structure found in the
crystal structure of the Eu complex appears to be retained in solution for the others, with control of
the coordination cavity caused by intrastrand �—� stackings maximized at Gd. Only the 1:2 complex
could be isolated for Yb, a hydroxy-bridged dimer [(mbzimpy)2Yb(H2O)(�-OH)2Yb(mbzimpy)2]-
(ClO4)4, with eight-coordinate Yb. This has Yb�N distances of 2.420(5) Å to 2.567(5) Å and Yb�O
distances 3.231(4)–3.235(5) Å. A spectroscopic study of [Ln(mbzimpy)(NO3)3(MeOH)] (Ln¼Eu, Tb)
indicates that the ligand has similar photophysical properties to terpy.235 2,6-Bis(10-ethyl-50-methyl-
benzimidazol-20-yl)pyridine (L) reacts with lanthanide perchlorates in a similar way, forming mono-
nuclear triple-helical complexes [LnL3](ClO4)3 (Ln¼Eu, Gd, Tb). [EuL3](ClO4)3.4MeCN has slightly
distorted tricapped trigional prismatic coordination of Eu, with Eu�N distances of 2.53(2)–2.66(2) Å.
The presence of the ethyl groups causes a slide of the strands which distorts the trigonal symmetry, as
shown in the luminescence spectra.236When two terdentate bzimpy ligands are linked by a ‘‘spacer’’ to
discourage formation of a mononuclear complex, self-assembly leads to a triple helical binuclear
complex, [Ln2L3](ClO4)6 (Ln¼La, Eu, Gd, Tb, Lu; L¼ bis[1-methyl-2-(60-[100-(3,5-dimethoxybenzyl)-
benzimidazol-200-yl]pyrid-20-yl)benzimidazol-5-yl]methane). The structure of [Eu2L3] (ClO4)6�9MeCN
shows europium has tricapped trigonal prismatic nine-coordination with Eu�N distances
of 2.54(3)–2.64(3) Å, averaging 2.59(6) Å, the europium site having pseudo-D3 symmetry.
Luminescence studies support this view but confirm that secondary interactions with lattice waters
in [Eu2L3](ClO4)6�nH2O (n¼ 2 or 9) destroy this high symmetry.237,238

Another approach to forming these helical species is to use ligands in essence derived from the
bis(benzimidazol-20-yl)pyridine family, with the benzimidazole rings replaced with carboxamide
moities, so that they remain tridentate ligands, but with a NO2 donor group. The purpose of this
was to obtain more strongly luminescent species. Thus N,N,N0,N0-tetraethylpyridine-2,6-dicar-
boxamide (L) forms [LnL3]

3þ complex ions across the lanthanide series.239 Structures for [LaL3]-
(ClO4)3 and [EuL3](CF3SO3)3 show that each ligand strand is meridionally tri-coordinated,
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producing tricapped trigonal prismatic coordination of the lanthanides with near D3 symmetry.
Ranges of Ln�O distances are 2.470(5)–2.527(6) Å for the La complex and 2.392(5)–2.426(5) Å
for the europium complex; corresponding ranges for the Ln�N bonds are 2.679(7)–2.731(7) Å and
2.547(6)–2.569(9) Å for the La and Eu complexes respectively. The lanthanum complex is
more distorted and fluorescence studies on Eu

3þ doped into the La, Gd, and Lu complexes
suggest that the ligand cavity is a better match for the heavier lanthanide ions.239 An alternative
approach, using a simpler ligand, diethyl pyridine-2,6-dicarboxylate, showed that it formed com-
plexes with 1:1, 1:2, and 1:3 stoichiometries in solution. These have low stabilities and the 1:3
complexes cannot be isolated in the solid state. The 2:1 complex [EuL2(CF3SO3)2(OH2)](CF3SO3)
contains nine-coordinate europium; the amide ligands are indeed tridentate, with Eu�N distances
of 2.542(8)–2.573(7) Å; Eu�O (ester) of 2.458(7)–2.561(6) Å, Eu�O (water) 2.392(8) Å and Eu�O
(triflate) 2.361(6)–2.412(8) Å. The Eu�O distances for the ester oxygens are especially long,
reflecting the weakness of the coordination.240 Using segmental ligands from the bis(1-alkyl-2-[60-
(N,N-diethylcarbamoyl)pyridin-20-yl]benzimidazol-5-yl)methane (L) family, which contain two
linked N2O donors, triple-stranded helicate complexes [Ln2L3](ClO4)3 are obtained; their structure
is confirmed by X-ray diffraction on the Tb member and the triple helical structure is maintained in
solution to judge fromNMR and ES-MSmeasurements.241Quantum yield determinations on the Eu
complex indicate luminescence 50 times stronger than in corresponding compounds containing
benzimidazole groups rather than carboxamide groups. Use of lanthanide triflates as starting
materials tends to result in double-stranded complexes containing coordinated triflate. Use of the
segmental ligand bis(1-ethyl-2-[60-(carboxy)pyridin-20-yl]benzimidazol-5-yl)methane, a molecule of
which contains two distinct N2O donor groups, leads to the formation of complexes
[Ln2L3](ClO4)3, again across the whole lanthanide series. The three helical ligands wrap round
the metal ions, again achieving pseudo-D3 symmetries; NMR spectra indicate that time-averaged
D3 symmetries are maintained in solution.242

A detailed study has been reported of lanthanide nitrate complexes of the terdentate triazole
ligand 2,6-bis(5-methyl-1,2,4-triazol-3-yl)-pyridine (DMTZP) which behaves as a planar terden-
tate ligand resembling terpy, tptz, and their fellows. Complexes isolated and examined crystrallo-
graphically include [La(DMTZP)(NO3)(H2O)5](NO3)2, [Ln(DMTZP)(NO3)3(H2O)] (Ln¼Nd,
Sm, Tb); [Ho(DMTZP) (NO3)3(H2O)] (with one monodentate nitrate), and [Ln(DMTZP)(NO3)3]
(Ln¼Er, Yb) have all been characterized crystallographically.243 The tendency towards decreas-
ing coordination number with smaller lanthanide ion noted elsewhere is marked here, but one
particularly unusual feature is the presence of only one coordinated nitrate group in the
10-coordinate complex [La(DMTZP)(NO3)(H2O)5] (NO3) 2. Normally only one nitrate is replaced,
usually lying trans- to the terdentate ligand, and it would be interesting to know whether this is
caused by the particular ligand type or whether there is some other cause. The La�N bond
lengths are 2.713(18), 2.724(17), and 2.774(12) Å (average 2.737 Å) in comparison with values
of 2.576(5), 2.625(5), and 2.641(5) Å, average 2.614 Å in 10-coordinate [La(abptz) (NO3)3(H2O)],
suggesting there is congestion here. A comparison between the 10-coordinate species
[Nd(DMTZP)(NO3)3(H2O)] and [Nd(abptz)(NO3)3(H2O)] indicates longer Nd�N bonds in the for-
mer (2.652 Å vs. 2.605 Å) but longer Nd�O (nitrate) distances in the latter (2.549 Å for the DMTZP
complex vs. 2.5671 Å for the abptz complex)whichmay reflect the strength ofmetal–ligand bonding.243

Several complexes of the tripodal tetradentate ligands tpza and tpa (tpa¼ tris[(2-pyridyl)methyl]
amine; tpza¼ tris[(2-pyrazinyl)methyl]amine) have been made.244 [Ln(tpa)Cl3] (Ln¼Eu, Tb, Lu)
have seven-coordination, with average Ln�N distances decreasing from 2.585 Å (Eu) to 2.520 Å (Lu)
and M�Cl distances changing from 2.664 Å (Eu) to 2.602 Å (Lu). The larger neodymium ion
can accommodate a coordinated solvent molecule in the eight-coordinate Nd analogue,
[Nd(tpa)Cl3(MeOH)], where the increase in coordination number causes an increase in average
Nd�Cl distance to 2.760 Å but more significantly results in one of the Nd�N bonds in the
‘‘equivalent’’ pyridyl arms, at 2.7021(14) Å, being appreciably longer than the other two
(2.601(2) Å and 2.620(2) Å). Reaction of the lanthanide perchlorates with tpza in MeCN affords
[Ln(tpza)(H2O)3(MeCN)3](ClO4)3 (Ln¼La, Nd, Eu). The structure of the Nd compound shows
that it has 10-coordinate neodymium, with Nd�N (tpza) in the range 2.719(7) Å to 2.770(8) Å,
Nd–N (MeCN) of 2.620(9)–2.698(8) Å and Nd�O 2.424(6) Å to 2.543(6) Å. [MI3(THF)4] (M¼La,
U) reacts with245 tpza forming [M(tpza)I3(NCMe)] and [M(tpza)I3(THF)]. The tripodal tpza is
tetradentate, so that these complexes are all eight-coordinate. In the MeCN adducts, the M�N
(pyrazine) distances are very similar, whilst the U�N (MeCN) distance is 0.05 Å shorter than the
distance in the corresponding La complex, whereas in [M(tpza)I3(THF)], the M�N distance is
0.05 Å shorter than in the La complex. These findings are interpreted in terms of some covalent
contribution to the U�N bonding.
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Lanthanide ions react with the tripodal ligand tris(2-benzimidazol-2-ylmethyl)amine (ntb)
forming bis complexes (even with a deficit of ligand) where the ligand encapsulates the metal to
the exclusion of chloride from the coordination sphere. The [Ln(ntb)2]

3þ ions have been studied
crystallographically in [Ln(ntb)2](ClO4)3 (Ln¼La, Nd, Eu) and [Lu(ntb)2]Cl3 and display strong
�—� interactions between the benzimidazole rings.246 On the other hand, reaction with lantha-
nide nitrates247 gives [Ln(ntb)(NO3)3]�H2O (Ln¼La, Ce, Nd, Sm–Dy, Er) in which tetradentate
ntb and three bidentate nitrates afford 10-coordinate monomers. The structures of the Ce and Er
compounds have been determined. Average Ce�O and Er�O distances are 2.597 Å and 2.473 Å
respectively; Ce�N and Er�O (imine) distances are 2.639 Å and 2.525 Å; Ce�N and Er�O
(tertiary) distances are 2.825 Å and 2.673 Å. Eu3þ and Tb3þ complexes have been synthesized248

of tpa (tpa¼ tris(2-pyridylmethyl)amine) and of a chiral tris(2-pyridylmethyl)amine ligand (L),
[Ln(L)](CF3SO3)3 (Ln¼Eu and Tb). Emission spectra of these complexes show that the spectra
are most sensitive in both intensity and in line shape to the presence of a wide range of anions
(X¼ I�, Br�, Cl�, F�, ClO4

�, NO3
�, SCN�, CH3CO2

�, HSO4
�, and H2PO4

�). These effects were
more noticeable when using the chiral ligand, whose europium complex works most effectively as
a nitrate-specific luminescent sensor.

Reaction of ethanolic lanthanide nitrates with the hexadentate ligand tpen (tpen¼ tetrakis-
(2-pyridylmethyl)-1,2-ethylenediamine) gives the complexes Ln(tpen)(NO3)3�3H2O (Ln¼La, Tb).249

These are [Ln(tpen)(NO3)2]NO3 with the lanthanide coordinated to six nitrogens from tpen and
two bidentate nitrates. The mean La�N bond length is 2.720(21) Å and the mean La�O bond is
2.583(13) Å; corresponding values for the terbium complex are Tb�N¼ 2.624(29) Å and
Tb�O¼ 2.492(33) Å. Investigations on complexation of tpen and Ln3þ confirms that these com-
plexes are also stable in aqueous solution.250 The tetradentate 2,20:60,200:60,2000-quaterpyridine
(qtpy) and hexadentate 2,20:60,200:60,2000:6000,20000:6000,200000-sexipyridine (spy) ligands form 1:1 com-
plexes with yttrium and europium nitrates respectively. Reaction of yttrium chloride with hot
methanolic qtpy gives [Y(qtpy)Cl3(H2O)6] of unknown structure, and Y(qtpy)(NO3)3(H2O)2,
which contains nine-coordinate [Y(qtpy)(NO3)2(H2O)]þ cations. The quaterpyridine ligand is
essentially planar (recalling the behavior of terpy) and the water molecule is also coordinated in
the same plane; the two symmetrically bidentate nitrate groups coordinate above and below the
plane of the qtpy. The Y�O (water) distance is 2.321(8) Å and Y�Ndistances fall in the narrow range
2.464(8)–2.469(9) Å whilst Y�O 2.403(7)–2.434(8) Å.

251 Reaction of spy with hot methanolic
europium nitrate leads to [Eu(spy)(NO3)2]NO3 (the ionic nitrate can be exchanged for PF6).
This contains 10-coordinate [Eu(spy)(NO3)2]

þ cations where the hexadentate spy twists itself
helically round the metal. The two coordinated nitrates are bidentate (Eu�O 2.504(16)–2.558(16) Å,
whilst the Eu�N distances fall in the range 2.536(14)–2.589(10) Å.252 There is obviously considerable
scope here for further investigation.

3.2.2.3.5 Amides and pyrazolides

Developments here have included a considerable broadening in the range of alkylamide ligands
investigated. Several more [Ln(N(SiMe3)2)3] (Ln¼Y, Ce, Dy, Er, and Yb) have had their structures
determined, in addition to earlier structures of the Nd and Eu complexes.253–256 Reactions of LnI3
with LiN(SiMe3)2 have been investigated.257 With LaI3 and SmI3, a mixture of [LnI(N((SiMe3)2)2]
and [Ln(N((SiMe3)2)3] obtains; in contrast, only [YbI(N((SiMe3)2)2] can be isolated for ytterbium.
In the case of Ln, the dimeric [(THF)((Me3Si)2N)2Ln(�-I)2La(N((SiMe3)2)2(THF)] has been
crystallized. Anhydrous lanthanide triflates are good alternatives to LnCl3 for making
[Ln(N(SiMe3)2)3] (Ln¼La, Nd, Sm, Er) which in turn react forming acyclic Schiff base com-
plexes.258 [Ln(N(SiMe3)2)3] (Ln¼Y, La-Nd, Sm, Eu, Tb-Ho, Tm–Yb) react with CyNC
(Cy¼ cyclohexyl) forming five-coordinate adducts [Ln(N(SiMe3)2)3(CyNC)2]. The crystal struc-
ture of the Nd complex confirms the trigonal bipyramidal geometry.259 The Nd�N distances are
2.331–2.341 Å and Nd�C 2.737(6) Å. The Nd�N distance can be compared with that of 3.29(2) Å
in the parent [Nd(N(SiMe3)2)3], indicating a degree of congestion, especially in the long Nd�C
distances. [Y(N(SiMe3)2)3] forms a tbp (trigonal bipyramidal) adduct [Y(N(SiMe3)2)3(PhCN)2]
with axial nitriles;253 in a preparation under similar conditions, the corresponding bis(trimethylsilyl)
methyl is isolated as the four-coordinate adduct [Y(CH(SiMe3)2)3(�-Cl)Li(Et2O)3]. The structure
of three-coordinate [Yb(N(SiMe3)2)3] (Yb�N 2.183 (5) Å) has been reported, analogous to other
lanthanide homologues.

260 It was one of several products from the reaction of YbCl3 and
NaN(SiMe3)2 in a 1:2 molar ratio, along with [Yb(N(SiMe3)2)2(�-Cl)(THF)]2 and
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[Yb3Cl4O((N(SiMe3)2)3(THF)3]. The latter is a trinuclear cluster with a triangle of ytterbiums,
where Yb is octahedarlly coordinated by an amide nitrogen, a THF, two �2-chlorine atoms and a
�3-chlorine and �3-oxygen. Extended heating of [Yb(N(SiMe3)2)2(�-Cl)(THF)]2 in heptane at 90 �C
results in the removal of THF, affording the base-free [Yb(N(SiMe3)2)2(�-Cl)]2, which contains
four-coordinate ytterbium. Removal of the THF molecules from the solvate means that the
base-free compound exhibits structural unsaturation with a shortening of Yb�N and Yb�Cl
from 2.185 Å and 2.683 Å respectively in [Yb(N(SiMe3)2)2(�-Cl)(THF)]2 to 2.144 Å and 2.623 Å
respectively in [Yb(N(SiMe3)2)2(�-Cl)]2. The peroxo complex [Yb2(N(SiMe3)2)4(�-O2)(THF)2] has also
been examined.260 Several others have investigated the reaction of LnCl3 with a deficit of Li N(SiMe3)2
that affords [Ln(N(SiMe3)2)2(�-Cl)(THF)]2 (Ln¼Eu,261 Gd,261 Yb261, Ce,262 Nd,262 and Sm263).

[((Me3Si)2N)2(THF)Sm(�-X)2Sm(THF)((N(SiMe3)2)2] (X¼Cl, Br) have symmetrical halogen
bridges.264 LnCl3 reacts with two moles of Na[N(SiMe3)2] forming dimeric
[((Me3Si)2N)2(THF)Ln(�-Cl)2Ln(THF)((N(SiMe3)2)2] (Ln¼Ce, Nd); they can also be prepared by
redistribution reactions between LnCl3 and [Ln(N(SiMe3)2)3]. The structure of the Nd compound was
determined.264 The three-coordinate amides [Ln(N(SiMe3)2)3] do not react with tris(t-butyl)methanol
(tritox-H) but the less hindered [Ln(N(SiHMe2)2)3] undergo clean solvolysis affording [Ln(tritox)3-
(THF)] (Ln¼Y, Nd, Dy, Er). Structures have been reported for four-coordinate [Ln(tritox)3(THF)]
(Ln¼Y, Nd) and five-coordinate [Ln(N(SiHMe2)2)3(THF)2] (Ln¼Nd, Y).265

[Ln{N(SiHMe2)2)3(THF)2] (Ln¼Y, La-Lu) are isostructural, with trigonal bipyramidal coord-
ination; structures have now been determined for the La and Lu compounds, in addition to the Nd
and Y analogues previously reported.266 The structure of [Sm(N(SiHMe2)2)3(THF)2] is tbp with
axial THF ligands.267 [Y(N(SiHMe2)2)3(THF)2] readily reacts with [ p-t-butylcalix[4]arene]H4 at
room temperature exchanging all the amide ligands forming a dimeric calix[4]arene complex.268

[Ln(N(SiHMe2)2)3(THF)2] (Ln¼Y, La) react with substituted bisoxazolinate salts forming mono
and bis(bisoxazolinate) complexes.269 [Nd{N(SiMe3)2)3] and [Nd{N(SiHMe2)2}3(THF)2] have been
anchored to the internal walls of microporous MCM-41 (mesoporous silicate) as potential catalyst
precursors.270 The amides [Ln(N(SiHMe2)2)3(THF)2] (Ln¼Y, La) has been grafted onto MCM-41
then used as precursors for immobilized [Ln(fod)n] (fod¼ 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-
4,6-octanedionate) species, which are promising catalysts for the Danishefsky heterogeneous Diels–
Alder reaction. Untethered [Ln(N(SiHMe2)2)3(THF)2] can be used to make [Ln(fod)3] in good
yield.271 Amides [Ln{N(SiMe3)(2,6-Pr

i
2C6H3)}2(THF)2] have been reported to have distorted tetra-

hedral structures.272 [Yb{N(SiMe3)(2,6-Pr
i
2C6H3)}2(THF)2] partially desolvates in vacuo forming

[Yb{N (SiMe3)(2,6-Pr
i
2C6H3)}2(THF)]. Use of a highly fluorinated amide has permitted the synthe-

sis of [Sm(N(SiMe3)(C6F5))3] (13) in which there are many Sm���F and agostic interactions.
The neodymium compound [(�6-C6H5Me)Nd(N(C6F5)2)3] has a �

6-bonded toluene molecule with a
distorted piano-stool geometry.273 [Sm(N(C6F5)(SiMe3))3(THF)] (14) has the distorted tetrahedral
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coordination of samarium but with additional close Sm���F contacts and an ‘‘agostic’’ Sc�C
contact.274The amide [Er{NBut(SiMe2H)}3], which has an unexpectedly high vapor pressure, displays
three agostic Er�H�Si interactions in the solid state.275 [Ln(N(SiMe3)2)3] (Ln¼Y, La) react with
trisilanols forming dimeric lanthanide silasesquionanes; these can be converted into monomers by
suitable donor ligands.276 [Y(N(SiMe3)2)3] reacts with HN(QPPh2)2 (Q¼ S, Se) forming
[Y(N(QPPh2)2)3]; the ligands are bound �3- through two sulfur atoms and a nitrogen atom.277

[Ln{(N(SiMe3)2)3] (Ln¼La, Sm, and Y) have been studied as highly active catalysts for the Tischenko
reaction dimerizing aldehydes to esters, e.g., converting benzaldehyde to benzyl benzoate.278 Some
[Ln(N(SiMe3)2)3] (Ln¼Yb, Y) have been used as synthons for lanthanide silsesquioxanes.279

[Ln(N(SiMe3)2)3] are good synthons for the preparation of binaphtholate complexes M3[Ln(binol)3]
(M¼Li, Na).280 [Ln(N(SiMe3)2)3] (Ln¼ Sm, Nd) are useful precursors for the synthesis of seven-
coordinate Schiff base complexes.281 [Ln(N(SiMe3)2)3] form ylidic olefin adducts. The amide
ligand-N(SiMe3)Ph is less bulky than -N(SiMe3)2, to judge by the isolation of THF adducts
[Ln{N(SiMe3)Ph}3(THF)x] (Ln¼La, x¼ 2; Ln¼Nd-Lu, Y, x¼ 1); the neodymium compound
having tetrahedral coordination. -N(SiMe3)(C6H3Pr

i
2-2,6) is bulkier, so that only of these ligands

can be introduced in [NdCl(N(SiMe3)Ph)2(THF)].282When the steric demands of the amide group are
less than for -N(SiMe3)2, adduct formation or attachment of another amide group can complete the
coordination sphere. Thus four-coordinate amides [Ln(NPri2)3(THF)] and [Li(THF)Ln(NPri2)4]

283

(Ln¼La, Y, Lu) have been made. [Li(THF)4][Yb(NPh2)4] has tetrahedral coordination of
ytterbium.284 whilst [Li(THF)4] [Ln(NPh2)4] (Ln¼Er, Yb) are unexpected products of the reaction
between LnCl3 and LiNPh2 (two moles) and LiCH2CH2PPh2.

285 [(Pri2N)2Nd(�-NPri2)2Li(THF)]
has four-coordinate neodymium;286 [Nd(NPri2)3] reacts with AlMe3 affording [Nd(NPri2){(�-
NPri2)(�-Me)AlMe2}{(�-Me)2AlMe2}]. A number of amido metallates have been synthesized.286

[Na(12-crown-4)2][Ln((N(SiMe3)2)3(OSiMe3)] (Ln¼ Sm, Eu, Yb, Lu); [Na(THF)3Ln((N(Si-
Me3)2)3(C�CPh)] (Ln¼Ce, Sm, Eu), and [Na(THF)6][(Me3Si)2N)2Lu(�-NH2)(�-NSiMe3)-
Lu((N-(SiMe3)2)2] all have tetrahedral coordination of the lanthanide. Even in the presence of
an excess of NdCl3, the NdCl3–LiNPri2 reaction yields mainly [Nd(NPri2)3(THF)] but with some
[(Pri2N)2Nd(NPri2)2Li(THF)].287 The structure shows terminal Nd�N links at
3.283(17)–3.291(16) Å and Nd�N bridges of 2.393 (15) Å and 2.406(16) Å. Analogues
[(Pri2N)2Ln(NPri2)2Li(THF)] (Ln¼La, Y, Yb) have also been described.283 [Nd(NPri2)3(THF)]
reacts with AlMe3 forming [(Pri2N)Nd[(�-NPri2)(�-Me)AlMe2][(�-Me)2AlMe2].

288 A cluster,
[Yb3Br4O((N(SiMe3)2)3(THF)3], has been obtained from YbBr3 and NaN(SiMe3)2.

289 Four-
coordination is found290 in (THF)3Li(�-Cl)NdR3 (R¼N(SiMe3)2, OC(But)3). Yb and
HgPh2 react with (2-MeOC6H4)NHSiMe3 and (2-PhOC6H4) NHSiMe3 forming the unexpected
YbIII compounds [((2-MeOC6H4)NSiMe3)2Yb(�-OMe)2Yb((2-MeOC6H4)NSiMe3)2] and [Yb((2-
PhOC6H4)NHSiMe3)2(OPh)(THF)], due to a C�O bond cleavage in the aryl ether.291
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F
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F
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Me

Me Si

F

F

F

F

N

F

(Me3Si)(C6F5)N

(14)

In contrast to the three-coordinate silylamides and diisopropylamides, the lanthanides do not
form simple homoleptic dimethylamides. Reaction of NdCl3 with LiNMe2 gives an adduct
[Nd(NMe2)3(LiCl)3], which with MMe3 (M¼Al, Ga) gives292 bridged [Nd(NMe2)3(MMe3)3].
A peralkyl [Nd{(�-Me)2(GaMe2)}3] has also been reported.

A systematic study has been made of lanthanide arylamides.293 Reaction of NdCl3 with KNHAr
(Ar¼Ph) leads to [Nd(NHPh)3�3KCl], reminiscent of the adducts of the dimethylamides. Using
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the bulkier 2,6-Me2C6H3 group, anionic species [K(THF)6]2[{Ln(�-NH(2,6-Me2C6H3))(NH-
(2,6-Me2C6H3)3}2] (Ln¼Nd, Sm) and [K(DME)(THF)3][{Y2(�-NH(2,6-Me2C6H3))2(�-
Cl)(NH(2,6-Me2C6H3))4}(THF)2] are formed. The even more demanding 2,6-Pri2C6H3 group
leads to octahedral [Nd(NH-2,6-Pri2C6H3)3(THF)3] and trigonal bipyramidal [Ln(NH-2,6-
Pri2C6H3)3(THF)2] (Ln¼Y, Yb). Unsolvated dimeric compounds [{Ln(�-NH(2,6-2,6-
Pri2C6H3))(NH(2,6-Pri2C6H3)2}2] (Ln¼Y, Yb) are produced by amine exchange with
[Ln{N(SiMe3)2}3].

294 Phenylamides have been used to make polynuclear lanthanide amides
including [Ln2Br4(�-NHPh)2(THF)5] (Ln¼ Sm, Gd); [Ln4(�4-O)(NHPh)3(OSiMe2NPh)6-
Na5(THF)7].THF (Ln¼Gd, Yb) have also been reported.

Reaction of [SmCl3(THF)3] with LiNR2 (R¼Cy, Pri) give products dependent upon R,
[(Cy2N)2Sm(�-Cl)(THF)]2 and [(Pri2N)2SmCl3Li(TMEDA)2]. The former can be converted
into monomeric [Sm(NCy2)3(THF)].295 A new family of compounds of anionic lanthanide
silylamides has been reported ((15); Ln¼ Sm, Eu, Gd–Tm, Lu; (L)3¼ (THF)3, (Et2O)3, and
(THF)2(Et2O)) which features four-coordinate lanthanides.296 They do not afford neutral
tris(complexes) on heating.

[Ln{N(SiMe2CH2CH2SiMe2]}3(µ-Cl)Li(L)3

(15)

A chelating bis(silylamide) ligand forms yttrium complexes, including a five-coordinate
methyl (16).297

N

N

SiMe2But

SiMe2But

Y

thf

thf

CH3

(16)

K[Er(�2-But2pz)4] and [K(18-crown-6)(DME)(C6H5Me)] [Er(�2-But2pz)4] are the first homolep-
tic lanthanide pyrazolides; in the unsolvated compound, the potassium ions are �3-bonded to
two pyrazolides.298 Reaction of But2pzH with lanthanide metals and mercury at 220 �C affords
[Ln(�2-But2pz)3] (Ln¼Nd, Sm) and [Yb2(�

2-But2pz)5], the latter having the structure
[(�2-But2pz)YbII(�-�2: �2-But2pz)2YbIII(�2-But2pz)2].

299Other 3,5-di-t-butylpyrazolides to be reported
include [Y(�2-But2pz)3L2] (L¼Py, THF), [Er(�2-But2pz)3L2] (L¼Py, 4-t-BuPy, 4-n-BuimH),
[Er(�2-But2pz)3(Bu

t
2pzH)] and [Lu(�2-But2pz)3(4-t-Bupy)2]. Several of these have been shown to

have monomeric structures though the unsolvated [Y(�2-But2pz)3] is evidently oligomeric.300 Study
has been made301 of compounds using a �-diketiminate ligand, (L-L)� (L-L¼
(R)NC(Ph)C(H)C(Ph)N(R) (where R¼Me3Si); reaction of LnCl3 or LnI3 with Na(L-L)
gives [Ln(L-L)2Cl] (Ln¼Ce, Pr, Nd, Sm, Eu, Yb) and [Tm(L-L)2I]. [Ce(L-L)2Cl] reacts with
LiCHR2 forming [Ce(L-L)2(CHR2)]; this compound and [Nd(L-L)2Cl] both have monomeric
structures. The N-substituted guanidinates [M{CyNC{N(SiMe3)2}NCy}2(�-Cl)2LiS2] (M¼ Sm,
Yb: S¼Et2O, 1/2 TMEDA) have been synthesized and offer a route to solvent-free alkyls and
amides, of which [Sm{CyNC{N(SiMe3)2}NCy}2(CH(SiMe3)2)] and [Yb{CyNC{N(SiMe3)2}-
NCy}2(N(SiMe3)2)] have been characterized.302

Benzamidinates have been studied, often using this ligand in association with cyclopentadienyl type
ligands. Yttrium (and scandium) complexes have been investigated303 and monomeric [(PhC(N(Si-
Me3)2)3)Ln] complexes have been obtained.304 [(PhC(N(SiMe3)2)2)YCl(THF)] can be turned into
[(PhC(N(SiMe3)2)2)YR(THF)] (R¼BH4,N(SiMe3)2, CH2Ph, CH(SiMe3)2, etc.) and, by hydrogenolysis
of [(PhC(N(SiMe3)2)2)Y(CH(SiMe3)2)(THF)], into dimeric hydrides [{(PhC(N(SiMe3)2)2)Y(�-H)}2].

305
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3.2.2.3.6 Polypyrazolylborates

The following abbreviations are used here: Tp¼ tris(pyrazolyl)borate; TpBupy¼ tris(3-{(4-t-butyl)-
pyrid-2-yl}-pyrazol-1-yl)borate; Tpcpd�¼Hydrotris[3-(carboxypyrrolidido)pyrazol-1-yl]borate;TpMe2¼
tris-(3,5-dimethylpyrazolyl)borate; TpMe2,4Et¼ tris(3,5-dimethyl-4-ethylpyrazolyl) borate; TpMs¼ tris
(3-mesitylpyrazolyl)borate; TpMs*¼ bis(3-mesitylpyrazolyl)(5-mesitylpyrazolyl) borate; TpPh2¼ tris
(3,5-diphenylpyrazolyl)borate; Tp2-pyr¼ tris(3-(2-pyridyl)pyrazolyl)borate; TpTh2¼ tris(3,5-dithienyl-
pyrazolyl)borate; Bp(COC)Py¼ bis[3-(2-pyrid-2-yl}5-(methoxymethyl) pyrazol-1-yl]hydroborate.

F-element poly(pyrazolyl)borates have been reviewed.306,307 [LnTp3] have been synthesized
(Ln¼ Sc, Y, La–Nd, Sm–Lu); the structure of the Pr and Nd compounds show the lanthanides
to be nine-coordinate, though an eight-coordinate structure is adopted by later metals (e.g.,
Yb).308 Working with a 2:1 ratio of reactants, complexes [Ln(Tp)2Cl(THF)] are formed. The
structure of the corresponding hydrate is known [Y(Tp)2Cl(H2O)].309 Using totally moisture-free
conditions, seven-coordinate [Ln(Tp)2Cl] is formed, but this readily adds water forming
[Ln(Tp)2Cl(H2O)].310 Reaction of LnCl3.6H2O with KTp affords [Ln(Tp)2(L)Cl] (Ln¼Lu, Nd,
L¼HPz; Ln¼Lu, L¼H2O); with N-methylpyrazole, [LnCl{Tp}2(N-Mepz)] are obtained, these
reacting with Na(quin) (quin¼ 8-quinolinate) to form [Ln{Tp}2(quin)]. [Nd (Tp)2(L)Cl] (L¼Hpz,
H2O) have square antiprismatic coordination of neodymium.311 Reaction of [Y(NCS)3(phen)3]
with KTp leads to the isolation of [{Y(Tp)(NCS)(phen)(�-OH)}2].

312 [Ln(Tp)2(L)]
(L¼ salicylaldehydate or 5-methoxysalicylaldehydate; Ln¼Y, Pr to Lu) have been synthesized.
Several picolinate N-oxide complexes [Ln(Tp)2(ONC5H4CO2-2)] have been synthesized; the struc-
ture of the eight-coordinate terbium compound shows the picolinate N-oxide to chelate.313

[Eu(Tp)2(5-methoxysalicylaldehydate)] has the dodecahedral eight-coordination characteristic of
europium.314 Structures are reported of [Eu(Tp)2(�-O2CPh)]2, [Eu(Tp)(�-O2CPh)2]2,
[Eu(Tp)2(OC(Me)CHC(Me)O)], and [Eu(Tp)2(OC(Ph)CHC(Ph)O)], as well as [(Gd(Tp)2)2(�-1,4-
(O2C)2C6H4)].

315 A few simple mono Tp complexes are known,316 such as [Y(Tp)X2(THF)2]
(X¼Cl, Br) and [Nd(Tp)I2(THF)2] (X-ray). A very wide range of compounds, many of Sm,
Eu, and Yb, in both the þ2 and þ3 states, have been synthesized with TpMe2. Use of the
lanthanide triflate in synthesis leads to Ln(TpMe2)2(OTf ). Triflate coordinates for the lighter
lanthanides, as in [Nd(TpMe2)2(O3SCF3)] whereas the smaller lanthanides form ionic
[Ln(TpMe2)2]O3SCF3, as in the ytterbium compound.317,318 The triflates form mono(MeCN)
adducts, the MeCN being bound in [La(TpMe2)2(MeCN)]O3SCF3 but not in
[Nd(TpMe2)2(O3SCF3)].MeCN. This can be regarded as a type of ionization isomerism.319 Dodeca-
hedral eight-coordination is found in these and in [La(TpMe2)2(NO3)]. Reaction of KTpMe2 with
LnCl3 in THF gives [Ln(TpMe2)2X], from which the chloride can be replaced by other ligands such
as diketonates. A range of Sm(TpMe2)2X compounds,320 where X¼F, Cl, have monomeric seven-
coordinate molecular structures, but for X¼ I and BPh4, the compounds are [Sm(TpMe2)2]

þX�.
A comparison of the ytterbium(II) and (III) compounds [Yb(TpMe2)2] and [Yb(TpMe2)2]O3SCF3

show six-coordination for ytterbium in both cases, with Yb�N bond lengths ca. 0.16 Å
longer in the Yb

II compound.318 The samarium(II) poly(pyrazolyl)borate [Sm(TpMe2)2] undergoes
a one-electron oxidation with [Hg(C�CPh)2] forming monomeric seven-coordinate
[Sm(TpMe2)2(C�CPh)].321 This undergoes a remarkable rearrangement at 105 �C in benzene
solution with the exchange between a pyrazole ring and a alkynyl group, forming
[Sm(TpMe2)((HB(Me2pz)2(C�CPh))(Me2pz)]. Reaction of [Sm(TpMe2)2Cl] with NaOR (R¼Ph,
C6H4-4-Bu

t) affords [Sm(TpMe2)2(OR)].322 Analogues with the heavier chalcogenides,
[Sm(TpMe2)2(SR) (R¼Ph, CH2Ph), [Sm(TpMe2)2(SR) (R¼Ph, C6H4-4-Bu

t), and [Sm(TpMe2)2
(TePh)] (as well as analogues with the TpMe2Et ligand) have been made by reductive cleavage of
dichalcogenides with [Sm(TpMe2)2]. (TpMe2Et¼ tris(3,5-dimethyl-4-ethylpyrazolyl)borate). The
structures of [Sm(TpMe2)2(SR) (R¼Ph, C6H4-4-Bu

t) display a distortion due to twisting of a
ligand about a B�N bond and �-stacking of a pyrazolyl ring with a phenyl group. Samarium
superoxide complexes with the hydrotris(3,5-dimethylpyrazolyl)borate ligand, as well as a com-
pound with a �3-oxo group have been investigated.323,324 Mono Tp complexes have been
made,325,326 from the reaction of one mole of KTpMe2 with LnCl3 in THF (Ln¼Y, Nd).
[Nd(TpMe2)I2(THF)] only has one THF bound, in contrast to the Tp analogue, showing the
greater steric demands of the TpMe2 ligand. The halogens can be replaced to afford alkyls and
aryls [Nd(TpMe2)R2(THF)] (R is, for example, CH2SiMe3, Ph) which on hydrogenolysis give
catalytically active hydrides.326 Using a 2:1 reaction stoichiometry, (Tp2-pyr) forms 2:1 complexes
such as [Sm(Tp2-pyr)2]

þwith icosahedral 12-coordination of samarium.327,328 [Eu(trop)(NO3)(Tp
2-pyr)]

contains a hexadentate pyrazolylborate and bidentate tropolone and nitrate ligands giving
eight-coordination. In [Tb(dbm)2(Tp

2-pyr)], one arm of the pyrazolylborate is pendant, so it is
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tetradentate, giving eight-coordinate terbium.329,330 Reaction of KTp2-pyr with hydrated LnCl3 in
methanolic NH4PF6 remarkably leads to fluoride abstraction and the isolation of [Ln(Tp2-pyr)F-
(MeOH)2]PF6 (Ln¼ Sm, Eu, Gd, Tb, Ho, Yb), the bulk of the podand inhibiting the formation of
a fluoride bridged oligomer. In the absence of NH4PF6, nitrate complexes such as [Ln(Tp2-pyr)
(NO3)2] can be isolated.331 Hydrotris[3-(carboxypyrrolidido)pyrazol-1-yl]borate (Tpcpd�) is a
potentially hexadentate N3O3 donor, and forms complexes [Ln(Tpcpd�)2]PF6 (Ln¼La, Nd, Sm)
in which one ligand is acting as a N3O3 donor and the other as a N2O2 donor.332 Tris[3-{(4-t-
butyl)pyrid-2-yl}-pyrazol-1-yl]-hydroborate (1-) (TpBupy) is potentially hexadentate and bis[3-(2-
pyrid-2-yl}5-(methoxymethyl)pyrazol-1-yl]hydroborate (1-) (Bp(COC)Py) is potentially tetradentate.
Owing to nitrates being bidentate, [La(TpBupy)(NO3)2] has 10-coordinate lanthanum, as has
[La(Bp(COC)Py)2(NO3)], but in [La(Bp(COC)Py)2(CF3SO3) the presence of a monodentate triflate
causes lanthanum to be nine-coordinate.333 A number of studies have been made of ligands that
are not tris(pyrazolyl)borates. [Yb(B(pz)4)3].EtOH has eight-coordinated ytterbium, one pyrazo-
lylborate being bidentate.334

A number of [Ln{H2B(Me2-pz)2}3] (Ln¼Y, Ce, Sm, Yb) have been investigated whilst a study
of luminescence spectra of [Tb{H2B(Me2-pz)2}3] in the solid state or in nonpolar solvents is
consistent with the maintenance of a trigonal prismatic arrangement of nitrogens about Tb
with three further weak B-H���Tb interactions; on dissolution in polar solvents the spectrum
changes.335

Using Bp2-pyr, the bis(pyrazolyl)borate analogue of Tp2-pyr, complexes [Ln(Bp2-pyr)2(NO3)]
(Ln¼Eu, Gd, Tb) and [Eu(Bp2-pyr)2(DMF)]ClO4 have been isolated.336,337

Eight-coordinate [Sm{B(pz)4}2(sal)] shows stereochemical nonrigid behavior in solution.338

3.2.2.3.7 Thiocyanate

The thiocyanate group has been studied in detail as a ligand for lanthanide(III) ions in recent
years. Recent extensive studies by Japanese workers in particular have shown that the stoichio-
metry and structure of the anionic complex obtained depends greatly upon factors such as the
counter ion used, upon the solvent employed, etc. The complexes are generally made by reaction
of the lanthanide thiocyanate with the alkylammonium thiocyanate in a suitable solvent (e.g., an
alcohol) or mixture of solvents. [NEt4]3[Ln(NCS)6].solvent (M¼Er,Yb; solvent¼C6H6, C6H5F,
C6H5Cl, C6H5CH3) have octahedrally coordinated lanthanides;339 similarly [NBun4]3[Ln(NCS)6]
(M¼Y, Pr-Yb) are known to be six-coordinate, exemplified in the structure of the neodymium
compound.340 Reaction of lanthanide thiocyanates with tetramethylammonium thiocyanate in
methanol-water, followed by slow crystallization, gives [NEt4]4 [Ln(NCS)7(H2O)] (Ln¼La-Nd,
Dy, Er) which have a cubic eight-coordinate geometry round the lanthanides.341 A synthesis in
which crystallization is achieved by evaporation in a desiccator over benzene affords
[NEt4][Ln(NCS)4(H2O)4] (Ln¼Nd, Eu) with square-antiprismatic coordination.342 In contrast,
if the water is removed by forming an azeotrope with benzene-ethanol and vacuum evaporation,
followed by crystallization of a methanolic solution in benzene vapor, crystals of [NEt4]4
[Ln(NCS)7].benzene (Ln¼La, Pr) are obtained, which have a capped trigonal prismatic geom-
etry.343 Reaction of the lanthanide thiocyanates with tetramethylammonium thiocyanate in
methanol-water, followed by slow crystallization usually affords [NMe4]3[Ln(NCS)6-
(MeOH)(H2O)] (Ln¼La-Nd, Sm–Dy, Er), which have lanthanides in a square antiprismatic
environment. However, by working in a water-free environment, [NMe4]4[Ln(NCS)7] (Ln¼Dy,
Er, Yb) were obtained, in which the coordination geometry most closely approximates to a
pentagonal bipyramid.344 Crystallization of a methanolic solution of the reactants in benzene
vapor, gives crystals of [NMe4]5[Ln(NCS)8].2C6H6.

345

3.2.2.4 Group 15 Ligands Involving Phosphorus

A small but increasing selection of these compounds has been reported.
[Nd(P(SiMe3)2)3(THF)2] has a trigonal bipyramidal structure,346 whilst unsolvated

[Y(P(SiMe3)2)3] is a dimer, [Yb(P(SiMe3)2)2(�-P(SiMe3)2)]2, with tetrahedral coordination of
yttrium. The average Y�P terminal bond length is 2.677 Å and the bridging Y�P distances
average 2.848 Å.347,348 Sm(O3SCF3)3 reacts with LiPBut2 forming [{(THF)2Li(�-PBu

t
2)2}2Sm]

with tetrahedral coordination of samarium by four phosphorus atoms.349 Other compounds
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such as [La(N(SiMe3)2)2(Ph3PO)2(PPh2]
350 have involved the presence of other donor groups,

sometimes as chelating ligands where the other donor atom in the chelate is a ‘‘harder’’ base and
assists coordination, as in compounds such as [Nd(OCBut2CH2PMe2)3]

351 or the organometallic
[Y(C3H5){N(SiMe2CH2PMe2}2(�-Cl)2].

352

3.2.2.5 Group 16 Ligands Involving Oxygen

3.2.2.5.1 The aqua ion and hydrated salts

The nature of the lanthanide aqua ion has been the source of much study but now appears to be
fairly well understood. Much of the evidence (though not the most recent) is covered in an
authoritative review.353

To summarize, the coordination number of [Ln(H2O)n]
3þ(aq) is believed to be nine for the early

lanthanides (La–Eu) and eight for the later metals (Dy–Lu), with the intermediate metals exhibiting a
mixture of species. The nine-coordinate species are assigned tricapped trigonal prismatic structures
and the eight-coordinate species square antiprismatic coordination. A considerable amount of spectro-
scopic data has led to this conclusion, using a range of techniques. A early deduction for coordin-
ation numbers in solution was that the visible spectrum of Nd3þ(aq) and [Nd(H2O)9]

3þ ions in solid
neodymium bromate are very similar to each other and quite different to those of Nd3þ ions in eight-
coordinate environments. Among the recent data, 17O-NMR data for water exchange by the hydrated
ion were interpreted in terms of a constant coordination number across the series, as rate constants
varied smoothly with atomic number.354 In contrast, virtually all other measurements point to a
decrease. Neutron-scattering measurements on the solutions of the aqua ions indicate a decrease in
coordination number.355 A neutron-diffraction study of Nd(ClO4)3 and Sm(ClO4)3 in solution
indicates coordination numbers of 9.0 and 8.5 respectively, indicating that there are both eight and
nine-coordinate species present for samarium.356 Values of �7.9 have been obtained for Dy3þ and
Lu3þ; a molecular dynamics simulation study of lanthanide ions in aqueous solution found that it
was necessary to include allowance for polarization of the water molecule by lanthanide ions to get
good agreement with this.357 EXAFS spectra of aqueous solutions of lanthanum perchlorate are in
close agreement with solid [Ln(H2O)9](CF3SO3)3, suggesting a coordination number of nine for
La3þ(aq).358 In a study of chloride complexation by the lanthanides, hydration numbers of the
aqua ions were deduced by EXAFS, values being 9.2 (La), 9.3 (Ce), 9.5 (Nd), 9.3 (Eu), 8.7 (Yb),
and 9.7 (Y).359 In contrast to the actinides, ability to coordinate chloride decreases across the
series, with Yb3þ showing no tendency to do so in 14M LiCl. Information from hydration studies
of lanthanide and actinide(III) ions by laser-induced fluorescence spectroscopy has been combined
with other techniques to indicate a change in hydration number from nine to eight in the Eu–Tb
and Bk–Es regions of the series.360,361 A luminescence study of lanthanide complexes reveals a
linear correlation between the decay constant and the number of coordinated water molecules,362

used to calculate first coordination sphere hydration numbers of 9.0, 9.1, 8.3, and 8.4 for Sm3þ,
Eu3þ, Tb3þ, and Dy3þ, respectively. X-ray scattering of yttrium chloride solutions at pH 1.2
indicate about eight water molecules in the first coordination sphere. It has been known for some
time that the amount of [Ln(H2O)9]

3þ (Ln is, for example, Gd, Eu) increases as the water content
of solutions decreases. This has been rationalized by considering outer-sphere complex formation
as well.363 A molecular dynamics simulation364 for water exchange between [Ln(H2O)n]

3þ and
bulk water reveals very fast exchange between the bulk water and the hydrated samarium ion to
maintain the equilibrium between [Sm(H2O)9]

3þ and [Sm(H2O)8]
3þ. Monte Carlo simulations of

Ln3þ(aq) ions have been reported,365 agreeing with a change in coordination number from nine to
eight in mid-series and with a dissociative mechanism for the ennea-aqua ions. An investigation of
the transport properties of the trivalent lanthanide (and actinide ions) using radiochemical
methods indicated a change in hydration number in each series.366

Hydrated salts are readily prepared by reaction of the lanthanide oxide or carbonate with the
acid. Salts of non-coordinating anions most often crystallize as salts [Ln(OH2)9]X3 (X is, for
example. bromate, triflate, ethylsulfate, tosylate). A study of a series of triflates,
[Ln(OH2)9](CF3SO3)3, (Ln¼La-Nd, Sm–Dy, Yb, Lu), have been examined in detail.367 Their
structures resemble the corresponding bromates and ethylsulfates in being hexagonal, all contain-
ing the tricapped trigonal prismatic [Ln(OH2)9]

3þ ion, even for the later lanthanides. The crystals
of the triflate contain columns of [Ln(OH2)9]

3þ cations and CF3SO3
� ions, with the columns
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linked by a three-dimensional network of hydrogen bonds. This is presumably a factor that
stabilizes this structure and favours its isolation, even for the later lanthanides (Gd–Lu), where
the eight-coordinate [Ln(OH2)8]

3þ ion predominates in solution (as will be seen, this ion does
crystallize with certain other counter ions), and similar arguments are likely to apply to the
ethylsulfates and bromates. The lanthanide–water distances for the positions capping the prism
faces and at the vertices are different. Moreover, on crossing the series from La to Lu, the Ln�O
distance decreases from 2.611 Å to 2.519 Å for the three face-capping oxygens but change more
steeply from 2.513 Å to 3.287 Å for the six apical oxygens.367 The series of ethylsulfates,
[Ln(OH2)9](C2H5SO4)3, have been studied at 298K and 171K more recently, with comparable
results.368 However, changing the counter-ion can affect the aqua species isolated. In contrast, the
perchlorate salts are [Ln(OH2)6](ClO4)3 and [terpyH2]2[Tb(OH2)8]7Cl7�8/3H2O contains369 a
‘‘pure’’ aqua ion formed even in the presence of a large excess of chloride ions. Other eight-
coordinate lanthanides are found in [[Eu(OH2)8]2(V10O28).8H2O]370,371 and eight-coordinate
ytterbium in ytterbium triflide, [Yb(OH2)8][C(O2SCF3)2]3 (the scandium analogue being seven-
coordinate).51 Another encapsulated inside a crown ether is [Lu(OH2)8]

3þ in
[Lu(OH2)8]Cl3�1.5(12-crown-4)�2H2O, though this is the normal CN for the lutetium aqua
ion.372 Early lanthanides (La–Nd) form [Ln(OH2)9](p-MeC6H4SO3)3 with the usual trigonal
prismatic coordination but for the later lanthanide ions the tosylates Ln ( p-MeC6H4SO3)3�9H2O
contain [Ln(OH2)6(p-MeC6H4SO3)2]

þ ions (Ln¼ Sm, Gd, Dy, Ho, Er, Yb, Y) in distorted
dodecahedral eight-coordination.373,374

It has been known for over 20 years that the hydrated lanthanide perchlorates Ln(ClO4)3�6H2O
contain octahedral [Ln(H2O)6]

3þ ions in the solid state. Their isolation, however, must reflect a
balance of factors such as solubility and hydrogen-bonding in the solid state, as the close
similarity between the EXAFS spectra of aqueous solutions of lanthanum perchlorate and the
spectrum of solid [Ln(H2O)9](CF3SO3)3, indicates a coordination number of nine for La3þ(aq) in
the perchlorate solutions.358 Similarly, the fact that erbium is eight-coordinate in [[Er(OH2)8]-
(ClO4)3�(dioxan)�2H2O] shows the fine balance here.375 Lower hydrates than the hexahydrates
exist. Partial dehydration of Ln(ClO4)3�6H2O (Ln¼Er, Lu) gives Lu(ClO4)3�3H2O and
Er(ClO4)3�H2O, both of which have eightfold coordination of the lanthanide.376 Similarly,
Yb(ClO4)3�H2O has been shown to have bi- and tridentate perchlorate groups giving eight-
coordinate ytterbium.377 The anhydrous perchlorates exist in high and low-temperature forms,
both with nine-coordinate lanthanides, with terdentate perchlorates.378,379 Anhydrous Ln(ClO4)3
(Ln¼La-Er, Y) have a UCl3-type structure, confirmed by powder,380 and single-crystal stu-
dies.381 The anhydrous triflates [Ln(O3SCF3)3] (Ln¼Dy, Ho) decompose to LnF3 on heating;
their IR spectra suggest that triflate acts as a bidentate bridging ligand.382 Stepwise thermal
decomposition of several lanthanide triflates has been examined, with LnF3 as the eventual
product.383 The structures of several methanesulfonates have been reported;384 in all cases
methanesulfonate acts as a bidentate ligand. [Ln(O3SMe)3�2H2O] (Ln¼Ce, Sm, Tb) are isostruc-
tural, with eight-coordinate lanthanides, whilst ytterbium is seven-coordinate in [Yb(O3SMe)3].

Among the hydrated nitrates, there is a clear decrease in coordination number as the ionic
radius of the lanthanide increases.385 All nitrate groups are coordinated as bidentate ligands in
these compounds, but the number of waters of crystallization is no guide to how many are
actually bound to the metal. Thus compounds Ln(NO3)3�6H2O are known for La–Dy and Y. Of
these, the lanthanum and cerium compounds are [Ln(NO3)3�(H2O)5]�H2O (Ln¼La, Ce) with
11-coordinate lanthanides whilst the others are [Ln(NO3)3�(H2O)4]�2H2O (Ln¼Pr–Dy, Y) with
10-coordination for the metal. Under different conditions, a series of pentahydrates
Ln(NO3)3�5H2O is obtained (Ln¼Eu, Dy–Yb), which also contain [Ln(NO3)3�(H2O)4] molecules.
Lutetium forms Ln(NO3)3�4H2O and Ln(NO3)3�3H2O, isolated under very similar conditions,
both of which contain nine-coordinate [Lu(NO3)3�(H2O)3] molecules.385

The chlorides of La and Ce, LnCl3�7H2O are dimeric [(H2O)7Ln(�-Cl)2Ln(OH2)7]Cl4 with what
has been described as singly capped square antiprismatic coordination of the metals whilst
LnCl3�6H2O (Ln¼Nd–Lu) have antiprismatic [LnCl2(H2O)6]

þ ions with the coordinated chlor-
ides on opposite sides of the polyhedron. There are extensive hydrogen bonding networks
involving both coordinated and non-coordinated chlorides and water molecules.386 Thermal
dehydration of CeCl3�7H2O established387 the existence of CeCl3.xH2O (x¼ 6, 3, 2, 1); the
hexahydrate has monomeric [CeCl2(H2O)6]

þ ions whilst the trihydrate has a structure based on
a chain of [CeCl4/2Cl(H2O)3] units. Three different stoichiometries exist for the hydrated bro-
mides, which tend to be deliquescent. Lanthanum and cerium form LnBr3�7H2O, which are
isomorphous with the corresponding chlorides in being dimeric [(H2O)7Ln(�-Br)2Ln(OH2)7]Br4.
Hexahydrates LnBr3�6H2O (Ln¼Pr–Dy) again resemble heavier rare earth chlorides in being
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[LnBr2(H2O)6]Br (though this resemblance does not extend to the end of the lanthanide series for
the bromides). A comparison between corresponding chlorides and bromides indicates that the
Ln�O distances, though shorter, show more sensitivity to the lanthanide contraction than
the Ln–halogen distances. The heaviest lanthanides form LnBr3�8H2O (Ln¼Ho–Lu) which
are [Ln(H2O)8]Br3, with no bromide coordinated, and which resemble a structure found in the
hydrated iodides of the heavier lanthanides.388 Study of the hydrated iodides has been difficult
because of their deliquescence and their tendency to oxidation in air. Recent diffraction studies,389

however, indicated that the iodides of the earlier metals are LnX3�9H2O (Ln¼La–Ho), contain-
ing the familiar tricapped trigonal prismatic [Ln(OH2)9]

3þ ions. Compared with the triflates and
other complexes containing the tricapped trigonal prismatic nine-coordinate species, the spread of
Ln�O distances is much smaller, falling in the range 2.552–2.576 Å for Ln¼La and similarly
between 2.403 Å and 2.405 Å for the holmium compound. The average Ln�O distance decreases
from 2.55 Å (Ln¼La) to 2.40 Å in the holmium compound. Coordinated water molecules all
interact with iodides ions, not water molecules. For the heavier lanthanides, LnX3�10H2O
(Ln¼Er-Lu) contain square antiprismatic [Ln(OH2)8]

3þ ions; similarly here the coordinated
water molecules tend to have iodides for nearest neighbors, rather than hydrogen bonding to the
lattice waters. No iodide ions are coordinated in either phase, unlike the lanthanide chlorides and
bromides. The structures of the anhydrous acetates have been discussed in a series of papers.
Reaction of the oxide or carbonate with acetic acid affords hydrated salts [Ln(CH3COO)3.nH2O]
(a number of hydrates can be isolated, but usually Ln¼La–Ce, n¼ 1.5; Ln¼Pr–Sm, n¼ 3;
Ln¼Gd–Lu, Y, n¼ 4) which can decompose to basic salts on attempted dehydration. Anhydrous
lanthanum acetate has been synthesized from reaction of La2O3 and CH3COONH4 in a melt (under
different conditions (NH4)3[La(CH3COO)6] is obtained).

390 It contains 10-coordinate lanthanum,
involving both chelating and bridging acetates, the latter having one oxygen bound to two different
lanthanum ions and the second oxygen just bound to one. La�O distances lie in the range
2.474(3) Å to 2.794(3) Å, with an average of 2.615 Å. Ce(CH3COO)3 is isostructural. Both nine
and 10-coordinate praseodymium are found in Pr(CH3COO)3, synthesized by dehydration of
Pr(CH3COO)3�1.5H2O at 180 �C.391 For the two types of nine-coordinate Pr sites, the average
Pr�O distances are 2.535 Å and 2.556 Å, whilst for the 10-coordinate site the average Pr�O
distance is 2.611 Å. Like La(CH3COO)3 this has a three-dimensional network structure, whereas
the later metals adopt chain structures in Ln(CH3COO)3. For later lanthanides, anhydrous acetates
have been synthesized by crystallization from diluted acetic acid solutions of their oxides and
caesium acetate at 120 �C. Holmium acetate adopts a structure shared with other Ln(CH3COO)3
(Ln¼ Sm–Er, Y). Here holmium occupies two slightly different eight-coordinate sites, with average
Ho�O distances of 2.370 Å and 2.381 Å. Ln(CH3COO)3 (Ln¼Tm–Lu) have the structure exem-
plified by Lu(CH3COO)3, in which Lu is seven-coordinate (average Lu–O 3.275 Å). On heating,
both these structures change to the six-coordinate Sc(CH3COO)3 structure, this drop in coordin-
ation number being accompanied by an acetate group switching to a symmetrical bridging mode.392

A number of different hydrated acetates have been characterized. The hydrated acetates, unlike the
acetates of transition metals like CrIII, FeIII, and RuIII, do not adopt oxo-centred structures with
M3O cores, presumably owing to the inability of the lanthanides to form �-bonds. A study393 of the
‘‘maximally hydrated’’ acetates (obtained by crystallization of neutral aqueous solutions at room
temperature) has identified three main series, though it certainly seems that for any given lanthanide
there may be two or more phases with nearly equal stabilities under ambient conditions. The
sesquihydrates [Ln(CH3COO)3�11⁄2 H2O] (Ln¼La-Pr) have structures with acetate bridged chains
crosslinked by further acetate bridges; the lanthanides being nine and 10-coordinated by bridging
and chelating acetates. The monohydrates [Ln(CH3COO)3�H2O] (Ln¼Ce–Nd) have one-dimen-
sional polymeric structures with acetate bridges, the lanthanides being nine-coordinate in this case,
whilst the tetrahydrates [Ln(CH3COO)3�4H2O] (Ln¼ Sm-Lu) are acetate-bridged dimers, the
lanthanides again being nine-coordinate. Some of the acetate bridges in these compounds are
asymmetric, again featuring one oxygen being bound to two lanthanide ions and the other oxygen
bound to one. In addition to these compounds, crystallization of europium acetate from acidic
solution leads to the isolation of dimeric species [Eu2(CH3COO)6(H2O)4]�2CH3COOH and
[Eu2(CH3COO)6(H2O)2(CH3COOH)2], the latter being related to the former by replacement of
two coordinated water molecules by two monodentate acetic acids.

[Sm(CH3COO)3�3H2O]�CH3COOH has nine-coordinate samarium.394 Hydrated praseodymium
propionate, Pr(C3H7COO)3�3H2O, contains two distinctly different praseodymium sites. Each pra-
seodymium is coordinated by four bidentate bridging carboxylates; additionally one is bound to three
water molecules, the other is additionally bound to two bidentate propionates.395 Sm(OAc)3�AcOH
has nine-coordinate samarium.396 The structural and thermal behavior of a series of hydrated
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neodymium alkanoates have been studied.397 The butanoate Nd(C3H7COO)3(H2O) has a zigzag
chain structure containing nine-coordinate neodymium in capped square antiprismatic coordination,
there being two different neodymium sites. One neodymium is bound to four bridging tridentate
carboxylates and one bridging bidentate group, as well as to two waters; the other neodymium is
coordinated to four bridging tridentate carboxylates, one bridging bidentate carboxylate, and one
chelating carboxylate. The higher homologues have a similar structure. They display a thermotropic
mesophase, which has been identified as a smectic A phase.

Some series of hydrated trifluoro- and trichloroacetates have been studied too.398

[Ln(CF3COO)3�3H2O)] (Ln¼La, Ce) are two-dimensional polymers containing eight-coordinate
lanthanides, whilst [Ln(CF3COO)3�3H2O)] (Ln¼Pr–Lu) have seven-coordinate lanth-
anides in dimeric units with four bridging carboxylates. [La(CCl3COO)3�5H2O] and
[Ce(CCl3COO)3.3H2O] are linear one-dimensional polymers with nine- and eight-coordinate
lanthanides respectively. [Ln(CCl3COO)3�2H2O)] (Ln¼Pr–Lu) are also linear polymers with a
bridging water molecule rather than just carboxylate bridges. In these compounds the carboxyl-
ate groups act as bridging bidentate ligands or as terminal monodentate groups. Ethanol
adducts of the trichloroacetates have also been characterized. [Ln(CCl3COO)3�3EtOH]
(Ln¼La, Yb) are dimers with eight-coordinate lanthanides; four carboxylates bridge whilst
the other four coordination positions of the lanthanide are occupied by three ethanol molecules
and one carboxylate.398 A number of lanthanide salts of unsaturated acids, including acrylic,
methacrylic, maleic, and fumaric acids, have been synthesized. Anhydrous europium methacry-
late, [Eu(H2C¼C(Me)CO2)3], has a chain structure in which Eu is eight-coordinate, one car-
boxylate acting as a bidentate bridging ligand and the other two also bridging, but with one
oxygen bound to two europium, the chelate-bridging mode familiar through a number of
lanthanide carboxylate structures. Both this compound and the acrylates [Ln(H2C¼CHCO2)3]
(Ln¼Eu, Tb) undergo radical-induced polymerization.399 [La2(O2CC�CH)6(H2O)4]�2H2O
undergoes solid-state polymerization when exposed to 60Co �-rays.400 Fast-ion bombardment
of lanthanide acetate and malonate salts401 leads to clustering as a result of ion–molecule
reactions to give in the general case the ion [(LnO)x(RCO2)yOz]

þ with x reaching four, y
reaching three, and z reaching four. Binary clusters [(LnO)xOy]

þ are also found, with x reaching
high values. Some combinations of x, y, and z are associated with markedly high levels of
stability, e.g., in [(PrO)2(CH3CO2)O]þ, [(PrO)4(CH3CO2)O2]

þ, [(TbO)4(CH3CO2)]
þ,

[Ho(CH3CO2)]
þ, and [(LaO)(malonate)O4]

þ. Other carboxylates studied include
[Ce(O2CR)3(H2O)2] (RCO2¼ laurate, stearate, octate); they can be used to make photosensitive
polythene films;402 [Gd(CF3CO2)3�3H2O] is a dimer with bridging trifluoroacetates.403

Praesodymium is also nine-coordinate in [Pr(O2CR)3(H2O)]1 (R¼ 2,6-difluorobenzoate),404 whilst
Pr(O2CH2CH2CH3)3.3H2O has an infinite chain structure in which pairs of praesodymiums are
bridged by four tridentate bridging propionates,405 and [Dy(C5H4N-2-CO2)3(H2O)2] has eight-
coordinate dysprosium.406 Among a variety of other salts to be studied are the dialkylcarbamates
[Ln4(O2CNPri2)12] (Ln¼Nd, Gd, Ho, Yb) with a steady contraction in Ln�O distances, aver-
aging 14%, across the lanthanide series.407 A variety of sulfate structures exists, where both water
and sulfates are bound to the metal, usually with nine-coordination.408 Erbium is six-coordinate in
Er2(SO4)3, seven-coordinate in Er(SO4)(HSO4) and eight-coordinate in Er(HSO4)3. EXAFS stu-
dies of aqua complexes and polyaminepolycarboxylate complexes have also been used to obtain
coordination numbers.409 Thiocyanates contain Ln(NCS)3(H2O)6 (Ln¼La-Dy) and
Ln(NCS)3(H2O)5 (Ln¼ Sm–Eu) molecules. Lanthanum thiocyanate reacts with hexamethylene
tetramine forming [La(NCS)3�2[N4(CH2)6]�9H2O], which contains [La(NCS)2�(H2O)7]

þ ions.410

Structural and magnetic properties are reported for [Me2NH2][MCl4(H2O)2] (M¼Nd, Pr), which
contain edge-connected [MCl4/2Cl2(H2O)2] trigondodecahedra.

411,412

Pr(ClO3)3�2H2O has praseodymium coordinated by seven different chlorates and two water
molecules.413 Lanthanum is nine-coordinate in Rb[La(OAc)4] in which each La is coordinated by
six different acetate groups in a chain structure.414 Thulium nitrilotriacetate, [Tm(NTA)-
(H2O)2]�2H2O, has a ladder-like structure.415

Mixing aqueous solutions of PrCl3 and Pr(NO3)3 gives green crystals of PrCl2(NO3).5H2O,
which contains [PrCl2(OH2)6]

þ and [PrCl2(NO3)2(OH2)4]
�.416

Ce(NO3)5(H3O)2(H2O) has417 12-coordinate cerium (six bidentate nitrates). whilst in polymeric
[La(O2P(OMe)2)3], lanthanum is octahedrally coordinated418 by six oxygens from six bridging
ligands. The role of the counter ion in structure is indicated419 by Rb2[Y(NO3)5] (eight-coordinate),
as the (NO) salt is 10-coordinate.

Carbonate complexes have been increasingly studied because of their importance in mobilizing
the actinides in the environment; lanthanide complexes are nonradioactive models for the later
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actinides. The first mononuclear lanthanide carbonate complex420 has been structurally characterized
in the form of [N(CH2)3]5[Nd(CO3)4]. In contrast, the anions in [Co(NH3)6][Sm(CO3)3-
(H2O)].4H2O are linked in a zigzag chain structure with �-�2-�1 carbonate bridges affording
nine-coordinate samarium.421 Similar bridges are found in the one-dimensional chains422 in
[Co(NH3)6]6[K2(H2O)10][Nd2(CO3)8]2�20H2O, formed on mixing solutions of [Co(NH3)6]Cl3,
Nd(NO3)3, and K2CO3.

3.2.2.5.2 Phosphine and arsine oxides, and other neutral monodentate donors

Much more is now known about the structures of these compounds. Lanthanide triflates reacts
with Ph3PO in ethanol forming Ln(OTf)3(Ph3PO)4 (Ln¼La, Nd, Er, Lu). All have the structure
[Ln(OTf )2(Ph3PO)4]OTf; the erbium and lutetium compounds have octahedral coordination,
like the Sc analogue, but the complexes of the larger La and Nd have seven-coordination with one
triflate being bidentate (from IR evidence, the transition between six and seven-coordination
seems to occur at Sm. The Nd�O (PPh3) distances in [Nd(OTf)2(Ph3PO)4]OTf are in the range
2.304(2)–2.339(2) Å, with Nd�O(Tf) 2.408(2) Å (monodentate) and 2.6553–2.624(2) Å (bidentate);
in [Lu(OTf)2(Ph3PO)4]OTf, Lu�O (PPh3) distances lie in the range 2.156(5)–2.199(5) Å, with Lu�O(Tf)
3.202(6) Å and 3.232(5). In a study of complexes of yttrium halides with phosphine oxides,423 it
was found that YF3�1/2 H2O shows no signs of reaction with these ligands, but a wide range of
complexes have been isolated with the other halides. The complexes actually isolated are
[YX2(Ph3PO)4]Z (X¼Cl, Br, I; Z¼X or PF6); [YX3(Ph2MePO)3]; [YCl2(Ph2MePO)4]PF6;
[YCl(Ph3PO)5](SbCl6)2; [Y(Me3PO)6]X3 (X¼Cl, Br, I); [YX2(Ph3AsO)4]X (X¼Cl, Br, I5);
[Y(Me3AsO)6]Cl3; and [YCl2(L-L)4]Cl (L-L¼ o-C6H4(P(¼O)Ph2)2 or Ph2P(O)CH2P(O)Ph2) have
all been synthesized and characterized by multinuclear NMR. Most of these compounds were
obtained by reaction of the hydrated halide with the tertiary phosphine or arsine oxide in ethanol,
acetone, or CH2Cl2, using a range of stoichiometries. Reaction of YCl3 with Ph2MePO in ethanol
or acetone gives [YCl3(Ph2MePO)3] irrespective of ratio, but in the presence of NH4PF6,
[YCl2(Ph2MePO)4]PF6 was isolated. In the presence of the chloride ion abstractor SbCl5,
[YCl2(Ph3PO)4]Cl forms [YCl(Ph3PO)5](SbCl6)2. Structures have been reported for [YCl2(Ph3-
PO)4]Cl�212EtOH�H2O, [YBr2(Ph3PO)4]PF6�Et2O, and [Y(Me3PO)6]Br3. [YCl2(Ph3PO)4]Cl�212
EtOH�H2O contains a trans-octahedral cation with Y�Cl¼ 2.613(2) Å and 2.625(1) Å and
Y�O distances in the range 3.223(3)–3.233(3) Å. A similar geometry is found in the trans-
[YBr2(Ph3PO)4] cation, with Y�Br¼ 2.775(1) Å and 2.794(1) Å and Y�O distances in the range
3.220(4)–3.233(5) Å. In [Y(Me3PO)6]Br3, coordination approximates to the octahedron, with
Y�O distances between 3.214(5) Å and 3.233(5) Å and O�Y�O angles in the range 89.6–91.4�.
Octahedral coordination of yttrium seems to be the rule for all these compounds. CeCl3.6H2O
reacts with Me3PO in MeOH forming [Ce(Me3PO)4Cl3]�4H2O; on slow crystallization of a
MeNO2 solution in air, crystals of [Ce(Me3PO)4(H2O)4]Cl3�3H2O result. The coordination sphere
can be described as a triangulated dodecahedron; this can be described as two interpenetrating
tetrahedra with a flattened tetrahedron formed by the four phosphine oxides and an elongated
tetrahedron formed by the four coordinated waters.424 [Ln(Ph3PO)5Cl](FeCl4)2 (Ln¼La-Nd,
Sm–Er, Y) have been made; it is possibly surprising to have five of these round a lanthanide.425

A number of yttrium nitrate complexes, [Y(NO3)3(L)3] (L¼Ph3PO, Ph2MePO, Me3PO),
[Y(NO3)3(L)2(EtOH)] (L¼Ph3PO, Ph2MePO), [Y(NO3)3(Me3PO)2(H2O)], and [Y(NO3)2(Ph3-
PO)4](NO3) have been synthesized from the reactions of yttrium nitrate and the ligand, and
their 99Y NMR spectra reported.426 Whilst only one complex is generally isolated from a par-
ticular solution, 31P-NMR studies show that a mixture of species is frequently present, and
complexes with different stoichiometries can be isolated by altering reaction conditions. Thus
reaction of Y(NO3)3.6H2O with one or two moles of Ph3PO in boiling ethanol gives [Y(NO3)3-
(Ph3PO)2(EtOH)] whilst four moles of triphenylphosphine oxide gives Y(NO3)3(Ph3PO)3, and
reaction with six moles of Ph3PO in cold ethanol affords Y(NO3)3(Ph3PO)4, the latter being
[Y(NO3)2(Ph3PO)4]NO3. Structures have been determined for [Y(NO3)3(L)3] (L¼Ph3PO,
Ph2MePO, Me3PO) and [Y(NO3)3(Ph3PO)2(EtOH)]. All of these have nine-coordinate
yttrium with bidentate nitrates, but if the nitrate groups are conceived of as occupying one
coordination position, the geometry can be described as mer-octahedral for the Ph3PO and
Ph2MePO complexes, and fac- for the Me3PO complex. In [Y(NO3)3(Ph3PO)3], Y�O (P) distances
are 3.269, 3.283, and 3.284(5) Å and Y�O (N) distances lie in the range
2.403(5)–2.506(5) Å whilst in [Y(NO3)3(Me3PO)3] they are similar, Y�O (P) distances being
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3.262(7), 3.279(7), and 3.281(7) Å and Y–OM(N) being 2.441(7)–2.520(7) Å.426 A detailed study
has been made of the reactions of lanthanide nitrates with a large excess of Ph3PO in acetone.427 Early
lanthanides (La�Nd) form [Ln(NO3)3(Ph3PO)4], which in the solid state have the structure [Ln(�2-
NO3)2(�

1-NO3)(Ph3PO)4]; in solution (Me2CO or CH2Cl2) they dissociate into
[Ln(NO3)3(Ph3PO)3] and Ph3PO and reaction in ethanol gives only [Ln(NO3)3(Ph3PO)3].
The crystal structure of [Ln(NO3)3(Ph3PO)4] shows that lanthanum is nine-coordinate
with two bidentate nitrates (La�O¼ 2.656(8) Å and 2.695(8) Å) and one monodentate nitrate
(La�O¼ 2.585(17) Å); all four phosphine oxides are coordinated with La�O 2.449(8) Å and
2.488(7) Å. The Ce, Pr, and Nd complexes appear to have the same structure. The corresponding
reaction in ethanol affords [Ln(NO3)3(Ph3PO)3], of which series the structure of the lanthanum
complex has been determined. [La(NO3)3(Ph3PO)3]�CHCl3�EtOH has three bidentate nitrate
groups, adopting the mer-pseudooctahedral structure (considering nitrate to occupy one coord-
ination position). La�O(P) distances lie in the range 2.373 Å to 2.427 Å and La�O(N) distances
are 3.283–2.681 Å. The slightly shorter La–O(P) distances in the tetrakis complex suggest greater
steric demand by the triphenylphosphine oxide ligand. For the nitrates of Sm–Gd, reaction with
Ph3PO in either ethanol or acetone results in only [Ln(NO3)3(Ph3PO)3]2Me2CO; 4:1 complexes do
not seem isolable, possibly because of solubility factors. The corresponding reaction with later
lanthanides (Tb–Lu) in cold ethanol gives [Ln(NO3)2(Ph3PO)4]NO3, whilst [Ln(NO3)3(Ph3PO)3].2-
Me2CO are readily obtained from propanone. In the case of lutetium, the structure of
[Lu(NO3)2(Ph3PO)4]NO3 has been determined. The symmetrical bidentate nitrates are mutually
trans- with Lu�O 2.429(10) Å and 2.406(9) Å; Lu�O(P) distances are 2.181(9) Å and 3.220(9) Å.
In other studies, structures have been determined for a number of [Ln(NO3)3(Ph3PO)2(EtOH)].428

The cerium complex has Ce–O(P) distances of 2.369(2) Å and 2.385(2) Å; Ce–O (nitrate)
are 2.549(3), 2.563(3), 2.572(3), 2.575(3), 2.580(3), and 2.596(3) Å; Ce�O (EtOH) is 2.515 Å. Other
structures have been reported for the neodymium,429 samarium,430 and europium431 analogues. As
noted earlier a number of nine-coordinate lanthanides are also found in [Ln(NO3)3(Ph3PO)3]. An
alternative synthesis of [Ce(NO3)3(Ph3PO)3] is from the reaction of (NH4)2[Ce(NO3)6] and Ph3PO
in propanone which tends to lead to reduction.432 The Ce–O (NO3) distances range from 2.58(1) Å
to 2.63(1) Å whilst Ce�O (OPPh3) distances are shorter at 2.39(1)–2.42(1) Å. Similarly
[Sm(NO3)3(Ph3PO)3]�2acetone and [Sm(NO3)3(Ph3QO)2(EtOH)]�acetone (Q¼P, As) were all
shown to have nine-coordinate samarium.433

A similar study of reactions of the lanthanide nitrates with the slightly less bulky diphenylmethyl-
phosphine oxide has been made.434 Reaction in a 1:2.5 molar ratio in acetone gives
[Ln(�2-NO3)3(Ph2MePO)3] for all lanthanides, which are monomers. If the bidentate nitrates are
thought of as occupying one coordination position, the structure of nine-coordinate [La(NO3)3-
(Ph2MePO)3] corresponds to a fac-octahedron, in contrast to the pseudomeridional structure of the
Ph3PO analogue (again tending to suggest the lessened steric effects associated with Ph2MePO).
La�O(P) distances are 2.407, 2.418, and 2.436 Å, whilst La–O(N) bend lengths are in the range
2.584 Å to 2.641 Å; if it is assumed that the other lanthanides form complexes with similar structures,
this is a rare case of the same structure type being adopted across the whole lanthanide series, despite
the reduction in size of the Ln3þ ion. On adding small amounts of Ph2MePO to solutions of
[Ln(NO3)3(Ph2MePO)3] (Ln¼La, Ce), an additional NMR resonance is detected but there is no
increase in conductance, indicating a 4:1 species is obtained (at very high Ph2MePO concentrations,
the conductivity increases and another new resonance appears, possibly due to the nonisolable
[Ln(NO3)2(Ph2MePO)5]

þ). A 4:1 complex has been isolated from solution for lanthanum only and
the structure of [La(�2-NO3)3(Ph2MePO)4] determined. It is ten-coordinate, with all nitrates bidentate,
in contrast to [Ln(NO3)3(Ph3PO)4]. The La–O bond lengths are, as expected, longer than those in
nine-coordinate [La(NO3)3(Ph2MePO)3], with La�O(P)¼ 2.462 Å and 2.513 Å and La�O(N)
lengths in the range 2.649–2.708 Å. [Ln(NO3)3(Ph2 MePO)3] (Ln¼Pr-Tb) are unaffected in solution
by excess ligand but others (Ln¼Dy-Lu) tend to dissociate into [Ln(NO3)2(Ph2MePO)4]

þ;
compounds [Ln(�2-NO3)2(Ph2MePO)4]PF6 have been isolated for these metals. The structure of the
ytterbium compound shows that the eight-coordinate cation contains a rough YbO4 square involving
the four phosphine oxide ligands (Yb�O(P)¼ 2.186–3.222 Å) with bidentate nitrates attached to
ytterbium above and below the plane of the square (Yb�O (N)¼ 2.410–2.452 Å).

When Ph3AsO was reacted with lanthanum nitrate, reaction in acetone solution led to [La(NO3)2-
(Ph3AsO)4]NO3 and [La(NO3)3(Ph3AsO)3], depending upon the stoichiometry of the mixture. From
ethanolic solution, [La(NO3)3(Ph3AsO)2(EtOH)] was obtained. [La(NO3)2(Ph3AsO)4]NO3 has eight-
coordinate lanthanum, with bidentate nitrates trans- to each other on opposite sides of the YbO4 unit
formed by the lanthanum and four-coordinated arsine oxides, similar to the yttrium analogue.
La�O(As) distances are 2.340–2.361 Å whilst La�O(N) distances are 2.635–2.656 Å.
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[La(NO3)3(Ph3AsO)2(EtOH)] has the pseudomeridional coordination described for several
[Ln(NO3)3(Ph3PO)2(EtOH)] species and also known for the Sm analogue. La–O(N) distances
fall in the range 2.581–2.664 Å and La–O(As) are 2.324–2.347 Å and La–O(EtOH) is 2.552 Å.
Reaction of lanthanum nitrate with Me3AsO in acetone yields [La(Me3AsO)6](NO3)3, believed to
be octahedral like the Sc and Y analogues, and decomposing to La(Me3AsO)4(NO3)3, which has
two bidentate nitrates and one monodentate one, like the Ph3PO analogue. Reaction in ethanol
affords [La(NO3)3(Me3AsO)2(H2O)].435 [Eu(NO3)3(Ph3AsO)3]�4H2O again has the pseudomeri-
dional structure.436 The structure of the mixed-metal compound [La(NO3)2(Ph3PO)4]
[Ni(C4N2S2)2].2MeOH has been reported.437

Nd2(S2O6)3.14H2O has each neodymium bound to six water molecules and to three oxygens from
different dithionates; in Nd2(S2O6)3(Ph3PO)4.8H2O, each neodymium is eight-coordinate, bound to
two phosphine oxides, four water molecules, and two dithionates (one monodentate, one a bridging
ligand).438 Mass spectra are reported439 of the dithionates [Ln2(S2O3)3] and their Ph3PO complexes,
together with the structure of [Pr2(S2O3)3(Ph3PO)6(H2O)6].

An unusual route has been described to synthesize hexamethylphosphoramide complexes of
lanthanum. A mixture of lanthanum metal, NH4NCS, and HMPA in toluene reacts when subjected
to ultrasonication followed by heating, forming monomeric La(NCS)3(HMPA)4. Using the appro-
priate ammonium salt, Y(NCS)3(HMPA)3, LaBr3(HMPA)4, and La(NO3)3(HMPA)3 were similarly
obtained; La(NO3)3(HMPA)3 has a nine-coordinate structure with bidentate nitrates.440 The complexes
mer-[LnCl3(HMPA)3] have been established for many years, a recent example being
mer-[YbCl3(HMPA)3]

441 Now the synthesis of isomorphous fac-[LnCl3(HMPA)3] (Ln¼La, Pr,
Nd, Sm, Eu, Gd; full structure for Sm) has been reported442 to set alongside the mer-isomers; the
isomerization was followed in solution by NMR, and is believed to occur by an associative
mechanism. [Ln(HMPA)6](BrO4)3 are isomorphous with [Ln(HMPA)6]X3 (Ln¼La–Lu;
X¼ClO4, ReO4).

443,444 Applications of a solution of SmI2 in HMPA as a one-electron reductant
in organic syntheses have doubtless prompted studies of samarium complexes of HMPA.
[SmI3(HMPA)4], prepared from Sm and CH2I2 in HMPA/THF, scavanges traces of water forming
[Sm(HMPA)2 (H2O)5]I3�2 HMPA and [Sm(H2O)4(HMPA)3]I3, both with pentagonal bipyramidally
coordinated samarium445. A similar compound, [Sm(H2O)3(HMPA)4]I3 has been isolated as a
by-product from a reaction mixture.446

Other samarium complexes of hexamethylphosphoramide to have their structures reported are
[Sm(H2O)5(HMPA)2]I3(HMPA)2, [Sm(H2O)3(HMPA)4]I3, [SmCl(H2O)4(HMPA)2]Cl2.THF,
[SmCl(HMPA)5](BPh4)2, [Sm(O3SCF3)2(HMPA)4](O3SCF3), [Sm(O3SCF3)3(H2O)(HMPA)3], and
[Sm(hmpa)3(�

2-NO3)3].
447

Syntheses and structures are also reported for the SmIII complexes [SmBr3(HMPA)2(THF)] and
[SmBr2(HMPA)4]Br.THF.448 In contrast (but in keeping with the lower stability of TmII)
[TmI2(DME)3] reacts with HMPA forming [TmI3(HMPA)4]; this recrystallizes from pyridine as
(depending on conditions) [TmI2(HMPA)4]I.5Py or [TmI(Py)(HMPA)4]I2.

449

Isolated studies have been made before of the lanthanide nitrate complexes of dimethylsulf-
oxide, but now a single study has been made of the whole series.450 The earlier metals
(La�Sm) form 4:1 complexes whilst smaller metal ions (Eu�Lu, Y) form 3:1 complexes. There
is no evidence to support earlier suggestions that both 3:1 and 4:1 species can exist for
the same lanthanide (e.g., Gd). Ln(DMSO)4(NO3)3 (Ln¼La-Sm) are 10-coordinate in the solid state.
Ln�O bond lengths are 2.451–2.488 Å (La�O(DMSO)) and (La�O 2.647–2.738 Å (La�O(NO3))
whereas Sm�Odistances are 2.360–2.409 Å (La�O(DMSO)) and Sm�O2.540–2.749 Å (La�O(NO3)).
With the heavier metals nine-coordinate Ln(DMSO)3(NO3)3 (Ln¼Eu–Lu, Y) species are formed.
In Eu(DMSO)3(NO3)3 Eu�O bond lengths are 2.314–2.352 Å (Eu�O(DMSO)) and Eu�O 2.478–
2.541 Å (Eu�O(NO3)) whereas Lu�O distances are 3.215–3.235 Å (Lu�O(DMSO)) and (La�O
2.359–2.475 Å (Lu�O(NO3)). All nitrates are bidentate. The structure of [Y(DMSO)3(NO3)3]
shows it to be nine-coordinate, like the Eu, Er, and Lu analogues; the degree of asymmetry in
the Y�O (nitrate) bond varies; in one group, Y�O distances are 2.439(6) Å and 2.458(6) Å, whilst
in the other two nitrates, distances are 2.445(6) Å and 2.502(7) Å and 2.415(7) Å and 2.469(7) Å.
Y�O (DMSO) distances are 3.259(6), 3.276(6), and 2.301(5) Å.451 Eight DMSO molecules can fit
round lanthanum as in Ln(DMSO)8[Cr(NCS)6], with La�O distances in the range 2.46–2.51 Å.452

The EXAFS spectra of [Ln(DMSO)8](CF3SO3)3 in both the solid state and in DMSO solution are
very similar, indicating the same coordination geometry in both; La�O distances deduced are
2.486 Å and 2.504 Å respectively.358

Tetrahydrofuran complexes of the lanthanide chlorides have attracted considerable attention.
The anhydrous trichlorides are themselves very useful starting materials in the synthesis of
compounds such as alkoxides and aryloxides, alkylamides, and organometallic compounds in
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general; however, they are difficult to prepare from the hydrated chlorides and are also difficult to
prepare by dehydration of the hydrated chlorides.453–455 Some routes such as dehydration of the
hydrated halides with SOCl2 or triethylorthophosphate have given hydrated complexes
[LnCl3(H2O)(THF)]n. The THF complexes therefore have considerable utility as synthons.
A range of stoichiometries is known. Reaction of the lanthanide metals with HgCl2 in THF has
been employed but presents problems in separating excess metal.456,457 One synthesis reported is
from reaction of the metals and Me3SiCl in MeOH.458 Perhaps the best route is sonication of
lanthanide powders and C2Cl6 in THF.459 The formulae and structures of these complexes present
considerable diversity. Five different stoichiometries of LnCl3(THF)x (x is, for example, 2, 2.5, 3,
3.5, 4) and six different structure types have been identified in these complexes. The compound
obtained not only depends upon the lanthanide and the reaction stoichiometry but upon reaction
conditions. The pattern across the series reflects an overall decrease in coordination number from
eight (La) to six (Lu). Lanthanum is unique in forming [LaCl3(THF)2] which has a single-
stranded polymer—La(�-Cl)3(THF)2La(�-Cl)3(THF)2La� with cis-THF molecules and square
antiprismatic eight-coordination of lanthanum.459 Bridging La�Cl distances are necessarily
long, at 2.870(3)–2.968(3) Å, and La–O distances 2.549(7)–2.595(7) Å. [LnCl3(THF)2](Ce–Nd)
are different, although again polymeric, in this case seven-coordinate ���LaCl(thf)2(�-Cl)2
LnCl(thf)2(�-Cl)2 . . . . . .The compound [PrCl3(THF)2] has Pr�Cl (terminal) 2.633(1) Å
and 2.808(1)–2.850(2) Å for the bridging chlorines; Pr�O are 2.472(3)–2.498(4) Å. A third type,
found for Nd–Gd, are monomeric seven-coordinate [LnCl3(THF)4], whilst Gd–Tm form a nom-
inal [LnCl3(THF)3.5], which in fact has an ionic structure [LnCl2(THF)5]

þ[LnCl4(THF)2]
�, con-

taining a seven-coordinate cation and octahedrally coordinated six-coordinate anion, both with
trans- geometries. In the cation of [ErCl2(THF)5]

þ[ErCl4(THF)2]
�, Er�Cl is 2.554(3) Å whilst

Er�O distances range from 2.353(6) Å to 2.402(9) Å; in the anion, Er�Cl distances are
2.585(3) Å to 2.594(3) Å and Er�O 3.294(7) Å. Ytterbium forms a dimeric [Cl2(THF)2Yb(�-
Cl)2Yb(THF)2Cl2], whilst both ytterbium and lutetium form a monomeric octahedral [LnCl3(THF)3]
(Ln¼Yb, Lu) long familiar with scandium. In [YbCl3(THF)3], Yb�Cl distances are
2.513(4)–2.533(3) Å and Yb�O are 3.254–2.337(8) Å. Structures have been reported for many indivi-
dual compounds and far-IR spectra of the complexes have been correlated with structural type.459

An independent report of the structure of ErCl3(THF)3.5 has appeared,460 showing it to be the
expected [ErCl2(THF)5]

þ[ErCl4(thf)2]
�; the structure of [EuCl3(THF)4] has also been determined

again.461 [YCl3(THF)3.5] is confirmed to be [trans-YCl2(THF)5][trans-YCl4(THF)2] whilst
[YCl3(THF)2] has a chain structure with double chlorine bridges, having pentagonal bipyramidal
coordination.462 In another important paper reporting the structures of a number of complexes of
THF and related ligands; [PrCl(�-Cl)2(THF)2]n, [Nd(�-Cl)3(THF)(H2O)]n and [GdCl3(THF)4] were
all obtained from the dehydration of the hydrated chloride with thionyl chloride; their structures were
reported and patterns in the structures in the series [LnCl3(THF)n] (n¼ 2, 3, 3.5, and 4) discussed.463

The chain structure of [NdCl3(THF)2] has been examined464 and [DyCl3(THF)3.5] has been shown465 to
be [DyCl2(THF)5]

þ[DyCl4(THF)2]
�� LaCl3(THF)(H2O) is a polymer with eight-coordinate lanthanum,

[La(�-Cl)3(THF)(H2O)]n, isostructural with the Ce and Nd analogues.466 Sometimes the structures of
other ether complexes have been determined. Thus the structures of both [DyCl3(DME)2] and
[DyCl2(THF)5]

þ[DyCl4(THF)2]
� have been reported.467 Although most work has been concentrated

on the chlorides, reports of other THF complexes have appeared. Reaction of lanthanum metal with
CH2X2 (X¼Br, I) under ultrasound conditions in THF affords LaX3(THF)4; recrystallization of
[LaBr3(THF)4] from 1,2-dimethoxyethane (DME) or bis(2-methoxyethyl)ether (diglyme) affords
dimeric [LaBr2(�-Br)(DME)2]2 and [LaBr2(diglyme)2]

þ[LaBr4(diglyme)]�. Lanthanides react with hexa-
chloroethane in DME forming [LnCl3(DME)2] (Ln¼La, Nd, Er, Yb); similar reaction in MeCN
affords [YbCl2(MeCN)5]2

þ[YbCl3(MeCN)(�-Cl)2YbCl3(MeCN)]. Yb reacts with 1,2-dibromoethane
in THF or DME forming [YbBr3(THF)3] or [YbBr3(DME)2].

468 La and ICH2CH2I in THF react on

Table 3 Lanthanide chloride complexes with THF.

Structure types characterized
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Type 1 2 2 2,3 3 3 3,4 4 4 4 4 4 5,6 6
C.N. of metal 8 7 7 7,7 7 7 7,7þ 6 7þ 6 7þ 6 7þ 6 7þ 6 7þ 6 6,6 6

Description of types: 1. La(THF)2(�-Cl)3Ln(THF)2(�-Cl)3La 2. LaCl(THF)2(�-Cl)2LnCl(THF)2(�-Cl)2La 3. [LnCl3(THF)4]
4. [LnCl2(THF)5]þ [LnCl4(THF)2]

� 5. [Cl2(THF)2Ln(�-Cl)2Ln(THF)2Cl2] 6. [LnCl3(THF)3].
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exposure in sunlight forming [LaI2(THF)5]I3.
469 Structures of [SmCl3(THF)4], [ErCl2(THF)5]

þ-
[ErCl4(THF)2]

�, [ErCl3(DME)2], and [Na(18-crown-6)(THF)2]
þ[YbBr4(thf)2]

� were also reported in
this work. [NdBr3(THF)4] has a pentagonal bipyramidal structure and has been studied in the context of
butadiene polymerization.470 La reacts with C2H4I2 in THF forming [LaI3(THF)4].

471 The structures of
[LnI2(THF)5]

þ[LnI4(thf)2]
� has been reported, where Ln¼ Sm472, Yb473; the former was produced by

O2 oxidation of solutions of SmI2 in THF. New types of THF complex, [Pr(THF)4(NO3)3] and
[Ln(THF)3(NO3)3] (Ln¼Ho, Yb) as well as the dimethoxyethane complexes [Ln(DME)2(NO3)3]
(Ln¼Pr, Ho) have been reported.474. The structure of [Ce(DME)2(NO3)3] has also been reported.475

Thiocyanate complexes have been synthesized by metathesis, from LnCl3 and KNCS in THF,
followed by filtering off the KCl. They appear to have the same formula, Ln(NCS)3(THF)4,
across the series, but with a significant difference. Thus the ytterbium compound is a monomer,
having a pentagonal bipyramidal structure with two axial thiocyanates. There is quite a lot of
variation on Yb�O distances; if the Yb�O bond is inserted between two THF ligands, then the
Yb–O distance is 2.36–2.40 Å; if THF inserted between a NCS and a THF, then Yb�O is in the
range 3.22–3.25 Å, indicating the importance of steric effects. Yb�N distances are 3.22–2.31 Å.476

For earlier lanthanides, the same stoichiometry Ln(NCS)3(THF)4 obtains, but there is association
by Ln���SNC�Ln bridges so lanthanides are in eight-coordinate square antiprismatic coordin-
ation. Ln�S interactions are in the region of 3.10 Å (Nd) to 3.26 Å (Er), increasing in length as
Ln gets smaller suggesting that the interaction weakens as steric crowding increases. These
compounds are obtained for all Ln from Pr to Er.477 Reactions of LnCl3 with SnCl4 in THF
gives [trans-LnCl2(THF)4]

þ[SnCl5THF)]� (Ln¼Ce, Gd, Yb), containing a cation having the
familiar pentagonal bipyramidal coordination.478

Among complexes of urea derivatives, [Ln(pu)8](OTf )3 (Ln¼La–Lu except Pm, Y) have
been synthesized and the structures of the Nd–Ho, Yb, and Y compounds determined.479

[Sm(pu)8](O3SCF3)3 (pu¼ tetrahydr-2-pyriminidone) has samarium in square antiprismatic
eight-coordination.480 A number of lactam complexes have been studied. Two families of
lactam complexes [Ln("-caprolactam)8](CF3SO3)3 (Ln¼La–Eu) and [Ln("-caprolactam)7]-
(CF3SO3)3 (Ln¼Gd, Tb, Dy, Yb, Lu);481 [Ln(�-valerolactam)8](ReO4)3 (Ln¼Pr, Nd, Sm,
and Eu) and [Ln(�-valerolactam)7](ReO4)3 (Ln¼Tb)482 whose stoichoiometries appear to
reflect the lanthanide contraction have been synthesized. The cation in [Pr("-caprolactam)8]-
(CF3SO3)3 has slightly distorted dodecahedral geometry whilst in [Eu("-caprolactam)8](ReO4)3
it is square antiprismatic. [Sm(NO3)3(N-butylcaprolactam )3] contains samarium in a distorted
tricapped trigonal prismatic environment.483 Among the �-valerolactam complexes [Ln(�-valer-
olactam)8](ClO4)3 (Ln¼Pr–Ho) and [Ln(�-valerolactam)7](ClO4)3 (Ln¼Er–Lu, Y), the
neodymium complex has been found to have square antiprismatic eight-coordination.484

Crystallization of LnCl3 from neat "-caprolactone and "-caprolactone/THF mixtures485,486

affords a variety of complexes, including [MCl(�-Cl)2(THF)2]1 (M¼Ce, Nd),
[TbCl2(THF)5]

þ[TbCl4(thf)2]
�, YCl3("-caprolactone)3, and [M("-caprolactone)8]

3þ [Cl3M(�-
Cl)3MCl3]

3� (M¼Nd, Sm). Lanthanides react with iodine in propan-2-ol affording pentagonal
bipyramidal [LnI3(HOPri)4] (Ln¼La, Ce, Nd).487

3.2.2.5.3 Diketonates

Although there has been no similar development in diketonate chemistry remotely resembling the
outbust of shift reagent work in the 1970s, research has continued to progress, with potential
applications such as precursors for high-temperature superconductors and chemical vapor
deposition agents. Synthetic approaches have become more sophisticated, with direct syntheses
from convenient starting materials like the oxides, or the avoidance of water (which can be hard
to remove from adducts) are two ideas. Volatile adducts with molecules like glyme have been
promising new developments. It has long been recognized that conventional synthetic methods for
the acetylacetonates yield hydrates, [Ln(acac)3(H2O)n], from which the water cannot be removed
without some decomposition. Reaction of [Y{N(SiMe3)2}3] with Hacac gives hydrocarbon-soluble
[Y(acac)3]n; from NMR measurements, n� 4. Attempted slow crystallization and inadvertent
hydrolysis led to [Y4(OH)2(acac)10], a molecule with a diamond shaped Y4 core, having �4-OH
groups above and below the plane, and each acac terminal, affording eight-coordinate Y. Con-
trolled vacuum thermolysis (85 �C) of [Y(acac)3(H2O)3] gives a product that can be crystallized
from benzene to form [Y4(OH)2(acac)10]�C6H6. It was suggested that hydrogen-bonding between
water molecules and acac oxygens in [Y(acac)3(H2O)3] leads to the loss of acacH on
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thermolysis.488 [Y(acac)3] reacts with carboxylate alumoxanes in a chimie douce route to YAG
that affords the advantage of greater processability of the pre-ceramic.489 A solid state synthesis
has been reported490 for [Pr(acac)3] from anhydrous PrCl3 and Macac (M¼Li, Na). [Ce(acac)3-
(H2O)2]�H2O is isomorphous with the Eu and Y analogues, with square antiprismatic coordin-
ation of cerium.491 The coordination geometry in [Ln(acac)3(phen)] (Ln¼Ce, Pr) is described as
slightly distorted square antiprismatic.492 Compounds [Ln(acac)3(Ph3PO)3] have been reported for
most of the lanthanides, but there is no structural information as of 2003. If all three phosphine
oxides were coordinated, these would be stereochemically congested molecules.493

Y(acac)3 can be brominated with N-bromosuccinimide at carbon-3 forming Y(3-Bracac)3,
isolated as a monohydrate. NMR spectroscopy shows that in solution two rings chelate via O
and Br, the other by two oxygens; the molecule is fluxional.494

The luminescence of [Tb(acac)3(phen)] doped into alumina decreases with increasing oxygen
concentration and has potential as an oxygen sensor.495 [Yb(acac)2(OAc)(OH2)]2 has dodeca-
hedral eight-coordination of ytterbium.496 Mass spectra of Ln(acac)3 give evidence that com-
pounds of Eu, Sm, and Yb undergo oxidation state change from LnIII to LnII. Ce and Gd do
not.497 [Y(PhCOCHCOPh)3] and its MeCN adduct have been synthesized and evaluated as a
precursor for thin oxide films by chemical beam epitaxy.498 Reaction of [Gd(tmhd)3]2 with various
polyethers affords a range of monomeric and dimeric glyme complexes such as [Gd(tmhd)3(di-
glyme)] and [{Gd(tmhd)3(triglyme)] which exhibit good volatility and thermal stability.499

(Htmhd¼ 2,2,6,6-tetramethyl-3,5-heptanedione.) In [{Er(tmhd)3}2tetraglyme] the bridging tetra-
glyme binds to each erbium through two oxygens, completing distorted square antiprismatic
environments for erbium.500 Diketonates [Y(tmhd)3�H2O]2, [Y(tmhd)3], and [Y(tmod)3]2
(tmod¼ 2,2,7-trimethylocatane-3,5-dionate) are also possible CVD compounds.501 Checked synthe-
ses of [Y(tmhd)3(H2O)] and [Y(tmhd)3] have been published.502 Structures of the triboluminescent
complexes [Ln(tmhd)3(4-Me2Npy)] have been determined.503

[Ln(tmhd)3(Me2phen)] (Ln¼La, Eu, Tb, Ho) has two square antiprismatic isomers in the unit
cell. Emissions from both isomers can be discerned in the fluorescence spectrum of the Eu
compound and shows unusually high splitting of the 5D0! 7F0 transition.504 Eu(tmhd)3(terpy)
is nine-coordinate, again with two slightly different molecules present in the crystal, its lumines-
cence spectrum shows a broad but unresolved 5D0! 7F0 transition, even at 77K. Average Eu�O
and Eu�N distances are 2.380 Å and 2.645 Å respectively, whereas for the second isomer they are
2.385 Å and 2.663 Å.505

The versatility of diketonates like Ln(tmhd)3 (Ln¼Eu, Y) is well illustrated by their ability to form
carbene adducts.506 An eight-coordinate diketonate [Eu(dbm)3(bath)] (bath¼ bathophenanthroline)
(dbm¼ dibenzoylmethanide) has found application as a high-efficiency emitter in an electrolumines-
cent device.507 EXAFS measurements on [Ln(hfac)3(OH2)2] (hfac¼ hexafluoroacetylacetonate;
Ln¼Pr, Eu) indicate a coordination number of about 11, suggesting that some Ln���F interactions
are present.508A one-pot synthesis of [Eu(hfac)3.L] (L¼ terpy, diglyme) from Eu2O3 and Hhfac in the
presence of L has been described509 as has a one-step route510 to Ln(diketonate)3 (diketonate is, for
example, acac, tfa, dpm, etc.) via lanthanide methyls prepared in situ from LaCl3 and MeLi. La2O3

and Hhfac react together with tetraglyme in hexane forming [La(hfac)3(tetraglyme)], an air stable and
volatile (95 �C, 10�4mmHg) potential MOCVD precursor.511 Similar compounds [La(hfac)3(mono-
glyme)�H2O], [La(hfac)3(diglyme)], and [La(hfac)3(triglyme)] have also been prepared.512

(Hhfac¼ 1,1,1,5,5,5-hexafluoropentane-2,4-dione; monoglyme¼Me(OCH2CH2)OMe; digly-
me¼Me(OCH2CH2)2 OMe; triglyme¼Me(OCH2CH2)3OMe; tetraglyme¼Me(OCH2CH2)4OMe;
terpy¼ 2,20:60,200-terpyridyl). Glyme complexes [La(hfac)3.diglyme] and [La(hfac)3.triglyme] are
highly volatile potential MOCVD precursors513 as are [Gd(hfac)3.monoglyme] and [Gd(hfac)3�di-
glyme].514 Eu2O3 reacts directly with Hhfac (Hhfa¼ hexafluoracetylacetone) in the presence of
tridentate ligands L (L¼ terpy, diglyme, and bis(2-methoxyethyl)ether) to afford [Eu(hfa)3L]. The
volatile and thermally stable [Eu(hfa)3(diglyme)] has a capped square antiprismatic geometry.515

[Y(hfac)3] reacts with monoglyme and diglyme forming monomeric adducts [Y(hfac)3(glyme)]
which are eight and nine-coordinate respectively.516 In contrast, triglyme and tetraglyme form the
ionic substances [Y(hfac)2(glyme)]þ[Y(hfac)4]

�. Sublimation of [Y(hfac)2(triglyme)]þ[Y(hfac)4]
� in

the presence of ‘‘adventitious’’ water yields the outer-sphere glyme complex [[Y(hfac)3(OH2)2](tri-
glyme)] which has an infinite chain structure. Eight-coordinate [Ln(hfac)3(diglyme)] (Ln¼La, Nd,
Sm, Eu, Gd; hfac¼ hexafluoroacetylacetonate; diglyme¼CH3OCH2CH2OCH2CH2OCH3) have
been synthesized by the reaction of Ln2O3 with Hhfac and diglyme in toluene.517,518 Under these
conditions CeO2 does not form an isolable complex but [Ln(hfac)3(diglyme)] (Ln¼Ce, Tb) can
be made by a substitution of another diketonate complex, reacting [Ln(acac)3] with a slight excess
of Hhfac and diglyme. TheNd, Eu, Sm, andGd compounds undergo reaction withmetallic potassium
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to form [LnF(hfac)3K(diglyme)]2, in which the lanthanide is still in the 3þ state, fluorine having been
abstracted from an hfac ligand. In these compounds, the lanthanide is still eight-coordinate, bound to
two bridging fluorides, three oxygens from bridging hfac ligands, and also to a terdentate triglyme.519

[{Ce(fod)3(tetraglyme}2] (tetraglyme¼ tetraethylene glycol dimethyl ether) has been synthesized;
because of its volatility and stability, it shows promise as a source of thick ceria films through
MOCVD.520

A 1:1 complex of [Eu(fod)3] and Michler’s ketone emits red luminescence under daylight
illumination.521 Chemical shifts in the NMR spectra of adducts of [Ln(fod)3(bipy)] and
[Ln(fod)3(phen)] are dipolar in origin.522 [Eu(ttfa)3(phen)] (ttfa¼ thenoyltrifluoroacetonate) has
been doped into organically modified silicate matrices; on reaction with hexamethyldisilazane, a
composite phosphor with high emission intensity was formed.523 The first perfluoroacetylaceto-
nate complexes have been reported.524

[Eu(OAc)3] reacts with acacF-7H to form nine-coordinate [Ln(acacF-7)3(CH3COOH)3] in which
the acetic acid molecules are coordinated by the C¼O group; one carbonyl group of the
diketonate is hydrogen bonded to an acetic acid molecule (and the corresponding Eu�O bond
is slightly lengthened). The acetic acids are readily displaced by phosphine oxides with the
formation of complexes such as eight-coordinate [Ln(acacF-7)3(OPPh3)2]. A number of dimeric
tetraglyme complexes [Ce2(diketonate)6(tetraglyme)] (tetraglyme¼CH3O(CH2CH2O)4CH3; dike-
tonate¼ etbd; 1,1,1,5,5,5-hexafluoropentane-2,5-dionate, 1,1,1,2,2,3,3-heptafluoro-7,7-dimethy-
loctane-4,6-dionate) have been made.525 Syntheses of methylpivaloylacetates of Y, Ba and Cu
have been reported526 including the structure of [Y(mpa)3(bipy)] (mpaH¼methylpivaloylacetate)
whilst tris(tropolonato) samarium has been synthesized electrochemically.527 Fluorinated diketo-
nate complexes [Ln(RCOCHCOR0)3] (R, R0 are, for example, CF3, C3F7, Bu

t, etc.) have been
shown to be efficient and rapid transport agents for potassium benzyloxocarbonylamino acidates.528

Lanthanide �-diketonates of fluorinated ligands form 1:1 complexes with aminoacids, enabling
their extraction, transport, and chiral recognition.529 [Eu(bta)3(H2O)2] and [Eu(bta)3(Ph3PO)2]
(bta¼ benzoyl-1,1,1-trifluoracetylacetonate) both have dodecahedral eight-coordination of euro-
pium.530 [Tris(4,4,4-trifluoro-1-phenyl-1,3-butanedionato)(1,10-phenanthroline-N-oxide)europium]
exhibits very high luminescence quantum yields at room temperature and shows promise as a
light-conversion molecular device.531 Europium and terbium �-diketonates have been used in
organic electroluminescent devices.532 Luminescence spectra of a number of nitrogen base adducts
of [Ln(diketonate)3] (diketonate¼ acac, fod, PhCOCHCOPh) have been used to obtain informa-
tion about the symmetry around the lanthanide ion.533 The adducts [Eu(btfa)3�(bipy)] and
[Eu(bzac)3.(bipy)] (btfa¼ 4,4,4-trifluoro-1-phenyl-2,4-butanedione; bzac¼ 1-phenyl-2,4-butane-
dione) have been reported, as well as the structure of [Eu(btfa)3�(bipy)]; the fluorinated com-
pound shows a higher quantum yield in fluorescence.534 The volatility and the effect of the
conjugated system of the ligand upon the luminescence of adducts of europium �-diketonates
has been examined, with a view to the synthesis of electroluminescent devices.535

Coordination polyhedra for the diketonates and their adducts remain a fertile area of research.
In addition to compounds already discussed, many other structures have been published. Struc-
tures have been reported for the neutral diketonates [Eu(dbm)3(bipy)],

536 [Eu(C6H5COCH-
COCF3)3(Ph3PO)2]

537 and [Ho(Me3CCOCHCOCMe3)3(pivalic acid)]538 [Gd(hfpd)3(Me2CO)(H2O)]
has square antiprismatic coordination (hfpd¼ 1,1,1,5,5,5,-hexafluoropentane-2,4-dione) whilst
[Gd3(�3-OH)3(�2-H2O)2(H2O)4(hfpd)8] has a structure with a M4O6 core.539 [M(dpm)3(H2O)]
(M¼Y, Gd) reacts with hmteta (hmteta¼ hexamethyltriethylenetetramine, Me2N(CH2CH2N-
Me)2CH2CH2NMe2) forming dimeric [(dpm)3M(�-hmteta)M(dpm)3] in which only three of the
four nitrogen atoms in the amine are bound to yttrium.540 [Eu(TAN)3(bipy)] (TAN¼ 4,4,4-
trifluoro-1-(2-naphthyl)-1,3-butanedionate) crystallizes in two forms with slightly different
coordination polyhedra, one bicapped trigonal prismatic, the other square antiprismatic.541 A
new �-diketonate ligand, 1,3-di-(2-furyl)-1,3-propanedione(dfp), has been used to make the
complex [Eu(dfp)3(phen)], a red emitter fabricated into a double layer electroluminescent
device.542 Other [Eu(R1COCHCOR2)3(phen)] (R1, R2 are, for example, Me, Ph) have been doped
into blue-emitting conjugated polymers, producing pure red-emitting LEDs.543 Enhanced lumines-
cence has been noted for some Nd and Eu �-diketonates in polymer matrices.544 Achiral [Ln(dike-
tonate)3] systems form 1:1 complexes with amino alcohols that give CD spectra dependent upon
the absolute configuration of the substrate.545 Heterobimetallic compounds have been studied
lately on account of their structures and magnetic properties. They are also potential MOCVD
single-source precursors. The series [Ni(salen)La(hfa)3] (Ln¼Y, La-Yb) which have similar struc-
tures to several of the known [Cu(salen)La(hfa)3] compounds sublime without decomposition in
vacuo.546
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Co-crystallization of a mixture of [Y(hfa)3] and [Cu(acac)2] affords [Y(hfa)3(H2O)2Cu(acac)2]
(hfa¼ hexafluoroacetylacetonate) in which the individual metal diketonate complexes are linked
by hydrogen bonds.547 Heating in vacuum induces ligand exchange and the liberation of gaseous
[Cu(hfa)2]. Structures of heterodinuclear complexes show lanthanide-copper distances of approxi-
mately 3.2Å and some tetrahedral distortion around copper. There is a small ferromagnetic
interaction between the lanthanide and copper ions (J¼ 0.8 cm�1).548

Reactions between copper or lanthanide tmhd complexes and copper or barium aminoalkox-
ides have been investigated549 and the structures of [PrCu(�2-tmhd)3(�-�

2-O(CH2)2NMe2)2] and of
[Y2(�

2-tmhd)4(�-�
2-OCH(CH2NMe2)2)2] determined.

[CuLGd(hfac)2]2(H3L¼ 1-(2-hydroxybenzamido)-2-(2-hydroxy-3-methoxybenzilidineamino)ethane)
is a cyclic Gd2Cu2 complex with a S¼ 8 ground state due to ferromagnetic coupling between Gd
and Cu.550

The first lanthanide �-ketoiminate complexes have been made551,552 including [Yb(But-
CO.CH.C(But)NPrn)3]. Fluorine-free ketoiminates [Ln(miki)3] (Ln¼Ce, Nd, Er) (17) are
highly volatile and low-melting fluorine free precursors for MOCVD of lanthanide oxide thin films.

O

Me3C

HN

O

(17)

Anionic complexes have also attracted attention.Na[Er(pta)4] (pta¼ pivaloyltrifluoroacetylacetonate)
contains tetragonally antiprismatic coordination of erbium.553 [NH4][Ce(etbd)4] (etbd¼ 1-ethoxy-4,4,4-
trifluorobutane-1,3-dionate), has distorted square antiprismatic coordination of Ce.554 (Et4N)
[Eu(dbm)4] is triboluminescent (emits light when fractured)—an effect generally associated with non-
centric space groups. It had been claimed that this compound was an exception,555 but this has shown
not to be the case.556 Interest has been shown557 in second-order nonlinear optical Langmuir–Blodgett
films based on [Eu(dbm)4]

�. Salts of the [Ln(ttfa)4]
� ion have attracted attention. The synthesis and

structure of (E)-N-ethyl-4-(2-(40-dimethylaminophenyl)ethenyl) pyridinium [La(ttfa)4]
558 are reported.

M[Eu(ttfa)4] (ttfa¼ thenoyltrifluoroacetonato) are soluble in commonorganic solvents and thus suitable
for doping into polymer films to make light-emitting diodes.559 The structure and fluorescence spectrum
of the ethylpyridinium salt of [Eu(ttfa)4]

� has been determined.560 Study of luminescence from (N,N-
distearyldimethylammonium)[Eu(ttfa)4] shows enhancement of the intensity of luminescence from the
5D1 excited state relative to the 5D0 state in monolayers compared with either solutions or the crystalline
state.561 Second-harmonic generation from monolayers of hemicyanine salts of [Eu(ttfa)4]

� has been
reported.562Another anionic complex has been used to prepare a photoactive bilayer lipidmembrane.563

3.2.2.5.4 Alkoxides and aryloxides

Many alkoxides in particular have been known since the 1960s, but interest in them has been
stimulated recently by their potential use as precursors for deposition of metal oxides using the
sol-gel or MOCVD process. A review covering the literature to 1990 has appeared.564 Tradition-
ally, alkoxides are made by salt-elimination reactions of lanthanide chlorides with alkali metal
alkoxides (or aryloxides) which sometimes causes chloride retention

6NdCl3 þ 18NaOPri ! Nd6ðOPriÞ17Cl þ 18NaCl ð11Þ

but increasingly other sources of the lanthanide, like amide complexes, are being used565 in order
to avoid possible chloride retention (and –ate ion formation)

LnfNðSiMe3Þ2g3 þ 3LiOR ! LnðORÞ3 þ 3LiNðSiMe3Þ2 ð12Þ
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A route useful in a few cases is the reaction between lanthanide metal chips and the alcohol
(usually isopropanol) in the presence of HgCl2 catalyst

Lnþ 3PriOH ! LnðORÞ3 þ 3=2H2 ð13Þ

10Yþ 30HOCH2CH2OCH3 ! ½YðOCH2CH2OCH3Þ3�10 þ 15H2 ð14Þ

Simple methoxides like La(OMe)3 are ill-defined structurally but are oligomeric. Reaction
of erbium chips with isopropanol as described affords principally the oxo-centred cluster
Er5O(OPri)13 (with a square-pyramidal core) but there is evidence that gentle work-up gives an
alkoxide ‘‘Ln(OPri)3’’ without an oxogroup.566

Reaction of Nd{N(SiMe3)2}3 with diisopropylmethanol in hexane in the presence of THF gives
the binuclear [Nd(OCHPri2)3(THF)]2

2NdfNðSiMe3Þ2g3 þ 6LiOCHPri2 þ 2THF ! ½Nd2ðOCHPri2Þ6ðTHFÞ2� þ 6LiNðSiMe3Þ2 ð15Þ

This has the structure [(Pri2CHO)2(THF)Nd(�-OCHPri2)2Nd(THF)(OCHPri2)2].
The THF ligands are readily exchanged for pyridine to form [Nd2(OCHPri2)6(Py)2], whilst reactionwith

1,2-dimethoxyethane(DME)gives [Nd2(OCHPri2)6(�-DME)], inwhichthebinuclearalkoxy-bridgeddimer
units survive, linked to each other by bridging dimethoxyethane molecules.567 Neodymium has trigonal
bipyramidal coordination in all these compounds. Reaction of Ln{N(SiMe3)2}3 with neopentanol gives
neopentoxides[Ln(OCH2Bu

t)3]4(Ln¼La,Nd)thataretetramersbasedonasquareoflanthanideswitheach
lanthanide bound to one terminal and fourbridging alkoxides.NonbondingLa�Ladistances are 3.85 Å in
the lanthanum compound; terminal La�O distances are �2.16 Å and bridging La�O distances �2.37–
2.44 Å. IR spectra in both the solid state and solution show absorption bands at�2,680cm�1, ascribed to
Ln���H�Cagostic interactions.568Usingmore bulky alkoxide groups, trinuclear complexes which are not
oxo-centeredhavebeenobtained,usingtherouteofalcoholysisoftheamide,intheformofLn3(OR)9(ROH)2
(Ln¼Y, R¼But, Amt; Ln¼La, R¼But). Increasing ligand bulk further enables the isolation of dimers
[Ln(OR)3]2 (Ln¼Y, R¼CMe2Pr

i, CMeEtPri, CEt3; Ln¼La; R¼CMe2Pr
i, CMeEtPri). La3(OBut)9

(ButOH)2 has the structure [La3(�3-OBut)2(�-OBut)3(OBut)4(Bu
tOH)2] in which the La3 triangle is

cappedby two�3-OBut groups; lanthanum isoctahedrally coordinated.569 Reaction of NdCl3 with
NaOBut in THF affords a THF-solvated t-butoxide of neodymium, shown to be [Nd3(�3-
OR)2(�-OR)3(OR)4(THF)2] (R¼But). Combined with one mole of MgR0

2 (R0 ¼ n-hexyl), it is
a catalyst for the pseudo-living polymerization of ethene.570 Refluxing [Ln3(OBut)9(Bu

tOH)2]
(Ln¼La, Nd, Yb) in toluene gives571 the oxo-centered [Ln3O(OBut)13]. Higher nuclearity clusters
[Ln4O3(OBut)6] (Ln¼Pr, Y) have been obtained from similar reactions. Alkylation of ‘‘Ln(O-
But)3’’ with AlMe3 give related mixed alkyl/alkoxy bridged [Ln(�-OBut)3(�-Me)3(AlMe2)3]
(Ln¼Pr, Nd,Y).572 The alternative route to butoxides, using salt-elimination from LnCl3 and
the alkali-metal alkoxide has in some cases given chlorine-containing products, such as
Y3(OBut)8Cl(THF)2 and Y3(OBut)7Cl2(THF)2, although Ln3(OBut)9(THF)2 (Ln¼La, Y) have
also been made.573–575 Using an even bulkier ligand affords576 the compound Ce(OCBut3)3 which
is believed to be a monomer. It undergoes high-yield thermolysis in vacuo at 150 �C affording an
alkoxy-bridged dimer [(But2CHO)2Ce(�-OCHBut2)2Ce(OCHBut2)2] with four-coordinate cerium

2CeðOCBut3Þ3 ! ½CeðOCHBut2Þ3�2 þ 6C4H8 ð16Þ

Reaction of [Gd{N(SiMe3)2}3] with (Me3Si)3SiOH in THF gives hexane-soluble [Gd{OSi-
(SiMe3)3}3(THF)2], a compound that can also be made from GdCl3 and (Me3Si)3SiONa. This has a
trigonal bipyramidal structure with axial THF molecules, Gd�O(OR)¼ 2.142 Å and Gd�O
(THF)¼ 2.314 and 2.448 Å.577 [Gd(OSi(SiMe3)3}3(MeCN)2] can be made similarly in acetonitrile.
[Gd{OSi(SiMe3)3}3(THF)2] reacts with DABCO (1,4-diazabicyclo[3.2.2]octane) forming [Gd{OSi(Si-
Me3)3}3(DABCO)] which again has a trigonal bipyramidal structure with DABCO acting as a
monodentate ligand instead of the hoped-for coordination polymer; here Gd�O(OR)¼ 2.161 Å
and Gd�O(THF)¼ 2.520 Å. Reaction of [Gd{OSi(SiMe3)3}3(THF)2] with 4,40-bipyridyl gives
[Gd{OSi(SiMe3)3}3(4,4-bipy)2], possibly a monomer, from which one mole of bipy can be leached in
MeCN forming what is believed to be a polymer, [Gd{OSi(SiMe3)3}3(4,4-bipy)2]n. Reaction of
[La{N(SiMe3)2}3] with (Me3Si)3SiOH in THF gives hexane-soluble La{OSi(SiMe3)3}3(THF)4,
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believed to be [La{OSi(SiMe3)3}3(THF)3].THF. The homoleptic silyloxides [La{OSi(SiMe3)3}3]
cannot be made by direct exchange between [Ln{N(SiMe3)2}3] with (Me3Si)3SiOH in a nonpolar
solvent, however. La{OSi(SiMe3)3}3(THF)n lose their THF on sublimation in vacuum. La{OSi(Si-
Me3)3}3(THF)n absorb CO2 from the atmosphere forming carbonates. A number of Ln{OQPh3)3
(Ln¼Y, La, Ce; Q¼C, Si) have been synthesized. Some of these are definitely dimers, such as
[La(OCPh3)3]2 and [Ce(OSiPh3)3]2, which are [La(OCPh3)2(�-OCPh3)]2 and [Ce(OSiPh3)2(�-
OSiPh3)]2 respectively.578 As expected, the bridging M�O distances are longer than the terminal
ones; in [La(OCPh3)2(�-OCPh3)]2, the La�O (terminal) are 2.175–2.184 Å whilst La�O
(bridging)¼ 2.389–2.483 Å. All these compounds may conveniently be synthesized by the alcoholysis
of [Ln{N(SiMe3)2}3](Ln¼La,Ce). 29Si-NMR studies suggest that [Y(OSiPh3)2(�-OSiPh3)]2 retains its
dimeric structure in solution.579 In this solid state the Y�O (terminal) distances are 2.058–2.062 Å
whilst Y�O (bridging)¼ 3.211–3.288 Å. The shorter terminal bond lengths are again expected, and
may be compared with values of 2.118–2.138 Å in five and six-coordinate Lewis base adducts. The
alkoxide bridges can be cleaved by Lewis bases580–582 (Py, THF, Bu3P¼O) forming adducts such as
fac-Ln(OSiPh3)3(THF)3 (Ln¼Y, La, Ce) and Ln(OSiPh3)3(OPBu3)2 (trigonal bipyramidal, with axial
phosphine oxides), as well as the ionic [K(DME)4][Y(OSiPh3)4(DME)]. In Y(OSiPh3)3(THF)3
Y�OR bond lengths fall in the range 2.118–2.138 Å whilst Y�O(THF) distances are 2.374–2.462 Å,
whilst in Y(OSiPh3)3(OPBu3)2 Y�OR bond lengths are in the range 2.118–2.129 Å whilst Y�O
(THF) distances are 3.261–3.266 Å. A comparison of the structures of Ln(OSiPh3)3(THF)3
(Ln¼La, Y) indicates that although these compounds are isostructural, there was a greater
contraction in the Ln�O (THF) bond length than in the Ln�OR distance on passing from La to Y,
interpreted in terms of a greater ‘‘malleability’’ in the weaker bonds to the ether. In a further study of
lanthanide silyloxides, the structures of [Gd(OSi(SiMe3)3)3(L)2] (L¼THF; 2L¼H2N(C2H4)NH2)
show them to have tbp coordination of gadolinium. [Gd(OSi(SiMe3)3)3(THF)2] and [La(OSi(Si-
Me3)3)3(THF)4] both absorb CO2 to give carbonates; they also lose THF in vacuo on sublimation
at 205 �C to afford homoleptic silyloxides.583 A chloro-bridged dimer, [Nd(OSiBut3)2(THF)(�-Cl)]2
has been characterized.584 Silanol ligands with alkylamide groups enable the isolation585 of volatile
monomers like five-coordinate [Y{OSi(But)[(CH2)3NMe2]2}3] where one amide is uncoordinated.
An yttrium compound with a remarkable cyclic decameric structure, [Y(OCH2CH2OCH3)3]10 has
been made both by reaction of yttrium chips with 2-methoxyethanol and by alcoholysis of
Y5O(OPri)13.Yttrium attains pentagonal bipyramidal seven-coordination by forming one terminal
Y�O link and by linking to six bridging oxygens.586 As they are easily made, ‘‘[Ln(OPri)3]’’, which
may be clusters (see below), have attracted attention as catalysts and as starting materials. Thus
[Y(OPri)3] catalyzes the ring-opening of epoxides with Me3SiN3.

587 [La(OPri)3] is a very efficient
catalyst for the transesterification of esters with alcohols.588 [La(OPri)3] reacts with anthracenebis
(resorcinol) forming an insoluble 1:2 polycondensate which catalyzes enolization and aldol reactions
of ketones such as cyclohexanone in pure water at normal pH.589

A number of oxo-centered clusters have attracted attention. Compounds previously formulated
as Ln(OPri)3 have been recognized566,590–594 as Ln5O(OPri)13 (Ln¼Y, Yb, Er, Nd, Gd, Eu, Pr ) and
more of these undoubtedly can be made. Crystallography has established the structures of most of
these compounds, and shown them to be clusters [Ln5(�5-O)(�3-OPri)4(�2-OPri)4(OPri)5] containing
a square-pyramidal arrangement of the lanthanides around a �5-oxo group. The �2 groups link
basal metal atoms and the �3 groups link two basal metal atoms with an apical atom. Thus in
[Y5(�5-O)(�3-OPri)4(�2-OPri)4(OPri)5], the Y�O bond distances follow the expected pattern Y-�3-
OR > Y-�2-OR > Y-OR (they average 3.27, 3.25, and 2.01 Å respectively). The Y-�3-OR distances
involving the apical Y are, at 2.18–2.32 Å, significantly shorter than those involving the basal
yttriums at 2.37–2.45 Å; the Y-�5-O distances are at 2.35 Å, rather longer than those involving �3-
OR. The metal–metal distances are relatively long (3.26–3.38 Å in the ytterbium compound; 3.30–
3.47 Å in the yttrium compound) showing the absence of metal–metal bonding. The 89Y-NMR
spectrum of Y5O(OPri)13 shows two signals with an intensity ratio of 4:1 confirming the retention of
the square pyramidal structure in solution.590 Syntheses have been reported for the oxo-centered
alkoxides [Ln5O(OPri)13] (Ln¼Nd, Gd); they have similar structures, based on a square pyramidal
M5O core, to the known Er compound, a structure largely retained in solution. They react with
[Al4(OPri)12] forming [LnAl3(OPri)12].

593 Reaction of EuCl3 with KOPri followed by stoichiometric
hydrolysis yields Eu5O(OPri)13, whereas reaction of Eumetal with HOPri in toluene gives the mixed-
valence Eu4(OPri)10(HOPri)3.

594 Praseodymium alkoxides have been investigated,595 a number of
oxo-centered species being isolated. Reaction of Pr metal with ROH affords [Pr5O(OR)13] (R¼Pri,
Ami), [Pr6O2(ONp)8] (Np¼ neopentyl), and [Pr(OC2H4NMe2)3]. Alcoholysis of [Pr{N(SiMe3)2}3]
gives [Pr4O(ONp)10], [Pr4O2(ONp)8], [Pr3(OR)9(ROH)2] (R¼But, Amt), and [Pr4O2(O-
C2H4OMe)8]. Reaction of Nd chips with isopropanol in the presence of Hg(OAc)2 as the customary
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catalyst affords two neodymium alkoxides. [Nd(OPri)3(Pr
iOH)] is tetrameric, with a structure

similar to [Ti(OMe)3]4, involving six-coordinate neodymium. The second product is an oxo-centered
compound, Nd5O(OPri)13(Pr

iOH)2, which in contrast to the square pyramidal Ln5O(OPri)13 has a
M5O trigonal bipyramidal core. Nd�O distances vary from 2.121 Å for a terminal linkage to
2.719 Å for a Nd-�5-O bond.596 Several mixed-metal alkoxides have been synthesized, including
[Y4PrO(OPri)13] which has the familiar structure [Y4Pr(�5-O)(�3-OR)4(�-OR)(OR)5]. The structure
of [Pr4(�4-O)(�3, �

2-OR)4(�, �
1-OR)(OR) (OPMe3)]2 was also determined. [Y5O(OPri)13] reacts with

HACAC forming [Y2(�-OAc)2(ACAC)4(H2O)2].
597 [Ln{N(SiMe3)2}3] (Ln¼Y, Lu) undergo alco-

holysis with donor-functionalized alcohols HOCR2CH2do (do¼OMe, R¼Me, Et; do¼NMe2,
R¼Me) forming volatile, alkane soluble [Ln(OCR2CH2do)3]. [Lu(OCMe2CH2OMe)3] is dimeric;
inadvertent hydrolysis yields the novel [Lu4(O)(OH)(OCMe2CH2OMe)9] whose Lu4O15 core has a
butterfly rather than a tetrahedral geometry.598 A cluster involving six metal atoms is Gd6O(OCH2-
CH2OCH3)16, obtained from the HgII catalyzed reaction of gadolinium with 2-methoxyethanol or
by alcohol exchange with Gd5O(OPri)13. It has the structure [Gd6(�4-O)(�3, �

2-OR)4(�, �
2-OR)6(�,

�1-OR)2(OR)4] (R¼OCH2CH2OCH3), with four gadoliniums surrounding the oxo ligand and two
only bound to alkoxides. Gd–O bond lengths fall into the range 2.152–2.674 Å, showing the pattern
Gd�OR<Gd-�4-O<Gd-�-OR<Gd-�3-OR<Gd�OR (ether). The gadolinium atoms are seven
and eight-coordinate.599 A number of volatile fluoroalkoxides, some also involving sodium, have
been described; including [Y{OCH(CF3)2}3.L3] (L¼THF, PriOH), [YNa3{OCH(CF3)2}6(THF)3],
[YNa2{OCMe(CF3)2}5(THF)3] and [YNa2{OC(CF3)Me2}5.THF]. The sodium is retained on sub-
limation, but the Lewis base is lost.600,601 A number of volatile hexafluoro-t-butoxides have also
been synthesized.602,603 The Raman spectrum of [Eu(OCH(CF3)2)3] indicates strong Eu���F inter-
actions; acid hydrolysis gives EuF3.

604 A number of mixed metal alkoxo/diketonates (of obvious
utility as possible materials for the synthesis of thin superconductor films) have been synthesized
and the structure of [BaY2(�-OCH(CF3)2)4(tmhd)4] determined.605

There have been major developments in aryloxide chemistry. There is now known a wide range of
aryloxides Ln(OAr)3, some solvated, but some can be isolated as three-coordinate monomers, especially
with 2,6-di-t-butylaryloxides. Tested syntheses have appeared606 for [Ln(OC6H3Bu

t
2-2,6-Me-4)3]

(Ln¼Y, La, Pr, Nd,Dy–Er, Yb) and [Ln(OC6H3Bu
t
2-2,6)3] (Ln¼Y, La, Sm). In these three-coordinate

species, the possibility arises of the LnO3 grouping being planar or pyramidal, as in the silylamides
[Ln{N(SiMe3)2}3]. Both possibilities seem to be realized. [Y(OC6H3Bu

t
2-2,6)3] is trigonal planar

607 but
[Ce(OC6H2Bu

t
2-2,6-Me-4)3] is trigonal pyramidal.608 Possibly the balance of small and variable Van der

Waals forces is the determining factor. [Sm(OR)3] (R¼ 2,6-But2-4-MeC6H2)
609 is a catalyst for the

Michael reaction of ketones with 	,�-unsaturated ketones that also shows catalytic activity for tandem
Aldol–Tischenko reaction of ketones and aldehydes to form 1,3-diol monoesters. Solvates and adducts
are sometimes obtained, even with these bulky aryloxides, thus NdCl3 reacts with three moles of RONa
(R¼ 2,6-But2-4-MeC6H2) forming four-coordinate [Nd(OR)3(THF)];610 using four moles of RONa,
[Na(THF)6][Nd(OR)4] was obtained, again with tetrahedrally coordinated neodymium. The structure of
four-coordinate [Sm(OR)3(OPPh3)] (R¼ 2,6-But2-4-MeC6H2) has been determined.611 Using the rela-
tively unhindered 2,6-dimethylphenoxide ligand, reaction of YCl3 with NaOC6H3Me2-2,6 in THF has
been found to afford six-coordinate [Y(OC6H3Me2-2,6)3(THF)3], isolated as the fac-isomer. If this is
crystallized from toluene, a dimer [Y(OAr)3(THF)]2 is formed, having the structure [(ArO)2(THF)Y-
(�-OAr)2Y(THF)(OAr)2]. This equilibrium is completely reversible. In the dimer, yttrium is in square-
pyramidal five-coordination. Bridging Y�O distances are as usual longer, at 3.275–3.277 Å, than the
terminal Y�O distances of 2.046–2.075 Å.612 Terbium metal reacts with phenols in refluxing isopropa-
nol (probably via intermediate isopropoxides) forming fac-[Tb(OC6H3Me2-2,6)3(THF)3] and
[Tb(OC6H3Pr

i
2-2,6)3(THF)2], the latter having a trigonal bipyramidal structure with axial thf

molecules.613 Although terbium is a relatively unreactive lanthanide metal, the reaction proceeds well
with mercury salts as catalysts. A polyether complex [La(OC6H3Me2-2,6)3{MeO(CH2OCH2O)4Me}] is
monomeric with eight-coordinate lanthanum.614 The slightly bulkier 2,6-diisopropylphenolate ligand
leads to unsolvated Ln(OC6H3Pr

i
2-2,6)3 species which are in fact �6-arene bridged dimers Ln2(OC6H3-

Pri2-2,6)6. These dissolve in THF to form conventionally bound trigonal bipyramidal THF adducts
[Ln(OC6H3Pr

i
2-2,6)3(THF)2] (axial THF ligands)615 (Ln¼Pr, Nd, Sm, Gd, Er, Yb, Lu). These com-

pounds form Lewis base adducts, including those with ammonia. The structures of [La2(OC6H3Pr
i
2-

2,6)6(NH3)2], [La(OC6H3Pr
i
2-2,6)3(NH3)4] and [La(OC6H3Pr

i
2-2,6)3(THF)2] have been determined;616

[La2(OC6H3Pr
i
2-2,6)6] is bridged by two �6-aryl groups. Like the other THF adducts, [Sm(OC6H3Pr

i
2-

2,6)3(THF)2] is tbpY with axial THF molecules;617 it is the synthon for [Sm(OC6H3Pr
i
2-2,6)3(Py)2],

[Sm(OC6H3Pr
i
2-2,6)3(Py)3], K[Sm(OC6H3Pr

i
2-2,6)4] and K[Sm(OC6H3Pr

i
2-2,6)4(Py)].

Reactionof [Ln2(OC6H3Pr
i
2-2,6)6]withLiOC6H3Pr

i
2-2,6orNaOC6H3Pr

i
2-2,6yields [(THF)La(OC6H3-

Pri2-2,6)2(�-OC6H3Pr
i
2-2,6)2Li(THF)] and [(THF)La(OC6H3Pr

i
2-2,6)2(�-OC6H3 Pri2-2,6)2Na(THF)2]
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respectively618; the corresponding reaction with CsOC6H3Pr
i
2-2,6 affords [CsLa(OC6H3Pr

i
2-2,6)4].

The latter contains alternating Csþ and [La(OC6H3Pr
i
2-2,6)4]

� ions in a one-dimensional chain
structure held together by Cs-arene �-interactions. Similar interactions are found in [Cs2La(OC6H3-
Pri2-2,6)5].

619 Similarly the aryloxide K[Ln(OC6H3Pr
i
2-2,6)4] has aryloxide anion chains bridged by

K-arene interactions;620 this compound is obtained even when just three moles of KOAr are reacted
with LnCl3, another example of ‘‘alkali-metal retention.’’ The phenolates [Ln(OC6H3Ph2-2,6)3]
(Ln¼La, Ce, Pr, Nd, Gd, Ho, Er, Lu, Y) have been synthesized from the reaction of
HOC6H3Ph2-2,6 and the lanthanide in the presence of mercury at 200 �C. All have monomeric
structures with the lanthanide slightly out of the O3 plane, but with some additional ring-metal
interactions.621 [Ln(OC6H3Ph2- 2,6)3(THF)2].2 THF (dpp¼ 2,6-diphenylphenolate; Ln¼La, Nd)
have ‘‘conventional’’ five-coordinate trigonal bipyramidal coordination of the metal with one axial
and one equatorial THF;622,623 in contrast, [Nd(OC6H3Ph2-2,6)3(THF)] has pseudo-tbp coordination
with three equatorial phenoxides, an apical THF and an apical position occupied by a phenyl group,
and, as already remarked, unsolvated [Nd(OC6H3Ph2-2,6)3] also features Nd-ring interactions.

Crystallization of [Yb(OC6H3Ph2-2,6)3(THF)2] from DME affords [Yb(OC6H3Ph2-
2,6)3(DME)].0.5DME; both this and the Nd analogue have a sp structure with an axial aryloxide ligand
and two cis-aryloxides in the basal plane.624 A number of anionic diphenylphenolates have been
made.625 LnCl3 (Ln¼Nd, Er) react with Na(OC6H3Ph2-2,6).0.5THF in 1,3,5-tri-t-butylbenzene at
300 �C forming [Na{Ln(OC6H3Ph2-2,6)4}]; on crystallization of [Na{Ln(OC6H3Ph2-2,6)4] from DME
or diglyme the species [Na(diglyme)2][Ln(OC6H3Ph2-2,6)4] and [Na(dme)3][Ln(OC6H3Ph2-2,6)4] which
contain discrete anions are obtained. [ClLn(OR)3Na] (Ln¼Lu, Y) and [ClY(OR0)3Y(OR0)3Na]
(OR¼ 4-O-2,6-(CH2NMe2)2C6H2; OR0 ¼ 2-OC6H4(CH2NMe2). Reaction of [Y{N(SiMe3)2}3] and
[Ba{N(SiMe3)2}2] with ButOH yields [YBa2(OBut)7(Bu

tOH)], which has a triangular structure with
two �3 and three �2 ligands.626 ‘‘Unsolvated’’ [NaLa(OC6H3Ph2-2,6)4] contains [La(OC6H3Ph2-
2,6)4]

� with sodium bound to three oxygens and interacting with three different phenyl groups.619

Another route to YbIII aryloxides involves oxidation of the YbII aryloxides [Yb(OAr)2(THF)2]
(Ar¼OC6H2Bu

t
2-2,6-R-4; R¼H, Me, But) with HgX2 or CH2X2 (X¼Cl, Br, I) affording

[Yb(OAr)2X(THF)2]; [Yb(OAr)2I(THF)2] (R¼Me) has a square pyramidal structure with apical
iodine and trans- aryloxides and THF molecules. Inadvertent hydrolysis of [Yb(OAr)2Cl(THF)2]
(R¼H) affords the hydroxy-bridged dimer [(ArO)2(THF)Yb(�-OH)2Yb(OAr)2(THF)], also with
five-coordinate ytterbium.627 Other aryloxides have been synthesized using O-amino phenolate
ligands to facilitate binding of anions and cations in the complexes.628 Normally alkoxides,
aryloxides, and amides are hydrolyzed by even traces of water, but the structure of a water adduct
of an aryloxide, [Pr(OC6H2(CH2NMe2)3-2,4,6)3(H2O)2] has been reported; its structure shows two
of the aryloxides to be bidentate, so that the praseodymium is seven-coordinate.629

3.2.2.6 Mixed Group 15 and 16 Donors

3.2.2.6.1 MRI agents

Magnetic resonance imaging (MRI) is probably the most important new application of lanthanide
compounds to emerge in the last 20 years. Many hospitals now have MRI scanners and use
contrast agents in examinations. The introduction of lanthanide-based contrast agents has revo-
lutionized diagnostics, assisting doctors in distinguishing between normal and diseased tissue and
thus improving prognosis. A book on MRI agents, mainly concerned with gadolinium complexes,
has now appeared.630 Various reviews, all relevant, have appeared since the previous volume,631–639

some more detailed than others.631–634 The literature relevant to gadolinium complexes with
possible MRI applications is immense and expanding, so for comprehensive coverage the inter-
ested reader is referred to the above reviews. MRI relies on detecting the NMR signals of water
molecules in the body as a function of space. Since 60% of the body is water, it is the obvious
substance to examine. Spatial information is obtained by making the 1H resonance frequency
position-dependent. Thus, within a particular piece of tissue, otherwise-identical water protons
resonate at slightly different frequencies dependent upon their position in the field, so that the
resulting NMR signal is spatially encoded and a two-dimensional image is obtained. The signal
intensity depends upon the relaxation times of the protons. In general, the shorter the relaxation
times, the more intense the signal. The imaging agent enhances the contrast to distinguish between
healthy and diseased tissue.MRI uses a paramagnetic contrast agent, which shortens the relaxation time
(t1) for the protons in water molecules in that tissue.
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What makes a good MRI agent? The choice is dictated by a combination of several factors:

(i) high magnetic moment,
(ii) long electron spin relaxation time,
(iii) osmolarity similar to serum,
(iv) low toxicity,
(v) solubility,
(vi) targeting tissue, and
(vii) coordinated water molecules.

The Gd3þ ion is especially suitable for its magnetic properties on account of its large number of
unpaired electrons (S¼ 7/2) and because its magnetic properties are isotropic. Its relatively long
electron-spin relaxation time, at �10�9 s, is more suitable than other highly paramagnetic ions
such as Dy3þ, Eu3þ, and Yb3þ (�10�13 s). Taken together, these factors are very favorable for
nuclear spin relaxation. However, since the free Gd3þ ion is toxic (the LD50 is �0.1mmol kg�1,
which is less than the imaging dose, which is normally of the order of 5 g for a human),
complexed Gd3þ is used, using a ligand that forms a very stable complex in vivo. Relaxation
times are shorter the nearer the water molecules are to the Gd3þ ion, so that the complex ideally
must have water molecules in the coordination sphere, the more the better, so that more solvent
water molecules can readily be exchanged with coordinated water molecules; however, the use of
multidentate ligands to ensure a high stability constant for the gadolinium complex (to minimize
the amount of toxic, free Gd3þ ions present) tends to reduce the number of bound waters, and in
practice most contrast agents have one coordinated water.

Complexes of polyaminocarboxylic acids such as [Gd(DTPA)(H2O)]2� (gadopentetate dime-
glumine; Magnevist) or [Gd(DOTA)(H2O)]� (gadoterate meglumine; Dotarem) have been
widely used; these meet most of the above criteria. Both neutral and charged complexes
are used, the former having less osmotic effect and the latter being more hydrophilic, so that
amide derivatives like [Gd(DTPA-BMA)(H2O)] (gadodiamide; Omniscan) have advantages.
(DTPA¼ diethylenetriaminepentaacetate; DOTA¼DOTA¼ 1,4,7,10-tetraaza-cyclododecane-N,
N0,N0,N000-tetraacetate; DTPA-BMA¼ dimethylamide of diethylenetriaminepentaacetic acid).

3.2.2.6.2 EDTA complexes

These have not been much studied of late, since although EDTA forms relatively stable complexes
with Gd3þ (log K¼ 17.35) and the complex [Gd(EDTA)(H2O)n]

2� (n¼ 2–3) will, owing to the lower
denticity of EDTA compared to DTPA, have the advantage of more coordinated water molecules,
nevertheless its tolerability in animal studies was poor and it was therefore superseded by DTPA,
which forms a more stable gadolinium complex (log K for [Gd(DTPA)(H2O)]2–¼ 22.46).640 The
thermodynamics of complex formation by aminopolycarboxylic acids with lanthanides have been
discussed.641 The pattern of solid-state structures of lanthanide EDTA complexes previously deter-
mined is that there is a change in the number of coordinated waters from three to two near the end of
the series, following the lanthanide contraction. Na[Ln(EDTA)(H2O)3].5H2O (Ln¼La, Nd, Eu) are
isostructural, with nine-coordinate lanthanides.642 [K[Yb(EDTA)(OH2)2].5H2O contains eight-
coordinate ytterbium.643 Structures of several M[Ln(EDTA)(H2O)]n] (M¼ alkali metal;
Ln¼ lanthanide) show that the coordination number depends upon the ionic radii of both the
lanthanide and the alkali metal.644 The complex (guanidinium)2 [[Eu(EDTA)F(H2O)]2].2H2O con-
tains nine-coordinate europiums linked to two fluorine bridges.645 UV/vis studies646 on the
7F0! 5D0 transition in Eu3þ complexes of polyaminocarboxylates such as EDTA and PDTA
indicate an equilibrium in solution between eight- and nine-coordinate complex species, as known
for the aqua ion. 17O-NMR studies were also reported on a number of eight-coordinate species
[Ln(PDTA)(H2O)2]

� (Ln¼Tb, Dy, Er, Tm, Yb) and [Er(EDTA)(H2O)2]
�.

3.2.2.6.3 Complexes of DTPA and its derivatives

Many solid-state structures have been determined for complexes of DTPA and its derivatives with
Gd3þ and other Ln3þ ions. In Na2[Gd(dtpa)(H2O)], dtpa is octadentate and one water molecule is
coordinated (18).647
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TheGd�O(H2O) distance is 2.490 Å, Gd�O (carboxylate) distances fall in the range 2.363–2.437 Å
and Gd�N 2.582 Å (central N) and 2.626–2.710 Å. Similar ions are present in the Ba[Gd(dtpa)-
(H2O)]648 and (CN3H6)2[Gd(dtpa)(H2O)]649 and in Ba[Nd(dtpa) (H2O)].650 On the other hand, a
number of salts are known, like (NH4)2[Gd(dtpa)](H2O), which have no water coordinated in the solid
state. Instead, a hydrogen bonding network involving the ammonium ions causes Gd(dtpa) units to
associate651 into dimers, in contrast to the monomeric nature of Na2[Gd(dtpa)(H2O)].

Similarly Cs4[Dy(dtpa)]2 has an unprecedented dimeric structure in which Dy is nine-coordinate
(as in other dtpa complexes) but with the ninth coordination position occupied by a bridging
carboxylate, rather than a water molecule.652 The structure and optical spectra of
[(NH2)3]2[Nd(dtpa)(H2O)].7H2O have been reported.653 The structure of K2[Yb(dtpa)(H2O)] has
been determined at low temperatures; in addition to the bound water, there are six waters in the
outer coordination sphere and another molecule hydrogen bonded to carboxylate oxygens and
significantly near the metal ion, prompting a reassessment of the relaxivity data for the Gd
analogue, taking account of second-sphere water molecules.654 The structure found in salts like
Na2[Gd(dtpa)(H2O)] is thought to represent the species found in solution data from a number of
measurements on solutions containing [Ln(dtpa)(H2O)n]

2� species, such as luminescence spectra
of the Eu and Tb analogues indicate that one water molecule is coordinated.655–658 A wide variety
of complexes of amide derivatives of DTPA have been synthesized, in order to create neutral
species; likewise a number of other octadentate pentacarboxylic acids and their derivatives have
also been investigated. The structure of [Lu(bba-DTPA)(H2O)] (bba-dtpa¼ bis(benzylamide) of
dtpa) has been determined;659 [Gd(bba-DTPA)(H2O)] has a relaxivity comparable to other dtpa
amide complexes. Complexes of the bis(phenylamide) of DTPA with Gd, Y, and Lu have been
reported;660 the gadolinium complex having a comparable proton relaxation enhancement to [Gd-
DTPA]2�. NMR indicates that the yttrium complex of the bis(butylamide) of DTPA exists as one
eight-coordinate isomer in solution.661 A 17O-NMR study of amide derivatives of
[Gd(DTPA)(H2O)]2� has been carried out;662 results indicating dissociatively activated water
exchange. The potential MRI contrast agent, [Gd(DTPA-BMEA)(H2O)] has very similar proper-
ties to the existing [Gd(DTPA-BMA)(H2O)].663 (DTPA-BMEA is compound (19)).
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Stability constants have been determined for MS-325, a rationally designed contrast agent
based on Gd(DTPA) with a sidechain containing a phosphate group and a lipophilic diphenylcyclo-
hexyl moiety which gives a strong noncovalent interaction with human serin albumin. This gives
MS-325 three advantages over [Gd(DTPA)]2�, namely targeting the agent to blood; slowing down
the tumbling time and hence improving the relaxation enhancement by up to an order of
magnitude; and increasing the half-life of the drug in vivo.664 MS-325 (20) has a high affinity for
serum proteins and a greater proton relaxivity than Gd-DTPA itself.665
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Five bis(amide) derivatives of DTPA form neutral Gd complexes666 with similar relaxivity to
[Gd(dtpa)(H2O)]2�. The structure of a gadolinium complex of a bis(amide) of DTPA (21), a
potential contrast agent, has been determined.667

The Gd3þ complex of a diamide (22) has an octadentate ligand in a nine-coordinate tricapped
trigonal prismatic molecule with one coordinated water molecule.668

Its relaxivity is comparable to that of [Gd(DTPA)(H2O)]2�. A study669 of the complexes of DTPA,
related ligands and diamides with Gd3þ and Ca2þ has shown that the amide groups in the diamides do
not contribute to calcium complexation but do enhance Gd3þ complexation. [La(DTPA-dien)-
(H2O)]2(CF3SO3)2.18H2O is a carboxylate-bridged dimer in the solid state whilst [Eu(DTPA-
dien)]4(CF3SO3)4.6CF3SO3Na.20H2O is a carboxylate-bridged tetramer; in solution, the europium
tetramer breaks up and binds a water molecule.670 The structures of other amide complexes have been
determined.671–677
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Relaxivity and other studies on other Gd DTPAbis(amide) complexes have been reported.678–683

Dissociation kinetics of Ce and Gd complexes of bis(amide) ligands derived from DTPA have been
studied.684Complexes of a new octadentate ligandH5BOPTA (23) similar toDTPA have beenmade.
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(23)

Na2[Gd(BOPTA)(H2O)] has nine-coordinate gadolinium, with one coordinated water molecule.685

Spin-lattice relaxation data for the Gd3þ complex of 3,6,10-tri(carboxymethyl)-3,6,10-triazadodeca-
nedioic acid (24) indicates that there is probably one water molecule coordinated.686
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Very high relaxivities have been found for three Gd(DTPA-bisamide)alkyl copolymers.687

A gadolinium complex of a substituted DTPA (25) was undergoing phase III clinical trials at
the end of the twentieth century as a liver-specific contrast agent for MRI.688

Complexes of monoamide derivatives of dtpa with Ln3þ ions have been studied. Their stability
constants are, as expected, less than those of dtpa itself.689 Using [Gd(DTPA)]2� it has now been
shown that these complexes get absorbed by the DNA of the cell they have been used to locate.
If the gadolinium is subjected to thermal neutron treatment, short-range high-energy electrons
are emitted that can kill the tumour cell whilst nearby healthy tissue is unaffected.690
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3.2.2.6.4 Complexes of DOTA and other complexing agents

The potentially octadentate ligand DOTA (1,4,7,10-tetra(carboxymethyl)-1,4,7,10-tetraazacyclo-
dodecane, has been widely studied. It forms very stable lanthanide complexes with one water
molecule coordinated, [Ln(DOTA)(H2O)]� (26). Log K for [Gd(DOTA)(H2O)]�is �24.7, com-
pared with the value of 22.46 for [Gd(DTPA)(H2O)]2�.
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Crystal structures have been reported for a number of these complexes. The structure of Na[Gd-
(DOTA)(H2O)].4H2O shows that gadolinium is nine-coordinate691,692 in the solid state, with
Gd�O(water) at 2.458 Å, and Gd�O distances in the range 2.362–2.370 Å and Gd�N distances
between 2.648 Å and 2.679 Å. The Y,692,693 Eu,694 Lu,695 and Ho696 complexes have the same
structure, whereas in the solid state, Na [La(DOTA)La(HDOTA)].10H2O has a novel structure in
which two [La(DOTA)]� units are joined by a carboxylate bridge.697 Kinetics of formation and
dissociation of [Eu(DOTA)]� and [Yb(DOTA)]� have been investigated.698 NMR study of
[Yb(DOTA)]� shows two conformations related by slow inter- and intramolecular exchange.699

Conformation and coordination equilibria in DOTA complexes have been studied by 1H-NMR.700

An EXAFS study of [Gd(DOTA)(H2O)]� and [Gd(DTPA)(H2O)]2� in the solid state and solution
permits comparison with existing solid-state diffraction data.701 The stability constants of
[Ce(DOTA)]� and [Yb(DOTA)]� are reported as 1024.6 and 1026.4 respectively.702 Measurements
of excited state lifetimes of europium(III) complexes with DOTA-derived ligands show that N�H
and C�H vibrations allow a vibronic deactivation pathway of the Eu 5D0 excited state; estimates of
apparent hydration states can be made.703 The solid-state structure of [Gd(DTMA)(H2O)]3þ

(DTMA¼DOTA tetrakis(methylamide) (27)) is a capped square antiprism.704 In solution the
complex has only limited stability (log K¼ 12.8). NMR studies of the La, Gd, Ho, and Yb
complexes of the DOTA analogue (28) have been reported.705

Stability constants have been measured for the Gd and Y complexes of DOTA, DO3A
(1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid) and HP-DO3A (10-(2-hydroxypropyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid); the Gd and Y complexes of HP-DO3A are
isostructural.706 (again capped square-antiprismatic nine-coordination). If one carboxylic acid
sidechain in H4DOTA is replaced by hydrogen, the resulting acid, H3DO3A, forms neutral
lanthanide complexes. In solution they are believed to have two water molecules coordinated so
that the species present is [Gd(DO3A)(H2O)2]. Other derivatives have been made in which the
fourth carboxylic acid group is replaced by hydroxyalkyl groups that are marketed and approved
for use (�CH2CH(CH3)OH¼Prohance; �CH(CH2OH)CH(OH)CH2OH¼Gadovist). These
compounds have a sidechain hydroxyalkyl group coordinated, in addition to four nitrogens,
three carboxylate oxygens, and a water molecule (29).706,707

A temperature-dependent UV–visible study708 on [Eu(DO3A)(H2O)n] shows the existence of a
hydration equilibrium with n¼ 1, 2, strongly weighted towards [Eu(DO3A)(H2O)2]. Extrapolation
to the Gd analogue indicated a water exchange rate in [Gd(DO3A)(H2O)n] to be twice as fast as in
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[Gd(DOTA)(H2O)]� but still much slower than in [Gd(H2O)8]
3þ(DO3A¼ 1,4,7-tris (carboxy-

methyl)1,4-7,10-tetraazacyclododecane). The complex Pr[moe-do3a] (30) has been reported to
be an in vivo NMR thermometer.709
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The thermodynamics of Gd3þ complexation by DOTA and DO3A, leading to determination of the
thermodynamic parameters, has been studied.710 The first gadolinium complex to bind two water
molecules that appears to have a high relaxivity, and minimizes anion and protein binding,
[GdaDO3A]2�, has been described.711 The gadolinium complex of BO(DO3A)2

6� (31), [BO{Gd-
(DO3A)(H2O)}2], has been designed as a MRI agent with slow rotation and rapid water exchange712

to enhance 1H relaxivity.
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A DOTA-based contrast agent (32) has a high relaxivity owing to its capability to self-organize in
micelles.713Agadolinium complex with aDOTA-derived ligand that acts as a ‘‘smart’’MRI agent that
reports on specific enzymatic activity has been reported.714 A ligand based on a tetraaza macrocycle
with four attached phosphinate groups forms stable eight-coordinate lanthanide complexes; although
water does not enter the coordination sphere, the Gd complex is a promising outer-sphere MRI
agent.715 Diamides and other ligands affording neutral gadolinium complexes with concomitant
advantages as MRI agents continue to be studied. Neutral Eu, Gd, and Yb complexes of a tetraaza
macrocycle (33) with three phosphinate and one carboxamide side arms have been synthesized.716
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Lanthanide complexes [Ln(DO2A)(H2O)n]
þ of the potentially hexadentate DO2A have been

studied by measuring the lanthanide-induced shifts in the 17O-NMR spectra.717 Analysis of the
contact contribution indicates a decrease in the hydration number from n¼ 3 (Ln¼Ce-Eu) to
n¼ 2 (Ln¼Tb-Lu). Study of the 7D0! 5F0 transition in the UV–visible spectra of the Eu complex
indicates an equilibrium in solution between eight and nine-coordinate species. (DO2A¼ 1,7-
bis(carboxymethyl)1,4-7,10-tetraazacyclododecane).

Gadolinium complexes of N-tris(2-aminoethyl)amine-N0,N0,N00,N00,N000,N000-hexaacetic acid
(H6ttaha) (34) and N-(pyrid-2-yl-methyl)ethylenediamine-N,N0,N00-triacetic acid (H3PEDTA) are
potential NMR imaging agents.718

Two lanthanide complexes of triethylenetetramine-N,N,N0,N0,N000,N000-hexaacetic acid (H6ttha),
[C(NH2)3]2[La(ttha)].3H2O and [C(NH2)3]2[Nd(ttha)].5H2O, have been characterized.719 The for-
mer compound has 10-coordinate lanthanum, with four nitrogens and all six carboxylate groups
bound to the metal, though the one protonated carboxylate has a La�O distance about 0.3 Å
longer than the other La�O distances; the neodymium compound has nine-coordinate neodym-
ium, with the �COOH group uncoordinated. The nine-coordinate anion in
[C(NH2)3]2[Gd(Httha)].5H2O has no coordinated waters and thus is a poor MRI agent720 but
can be used as a reference standard since its relaxivity is caused by ‘‘outer-sphere’’ (i.e., non-
coordinated) water interactions.

The ttaha ligand is heptadentate (H6ttaha¼ tris(2-aminoethyl)amine hexaacetic acid) but nine-
coordination is attained in [C(NH2)3]3[Gd(ttaha)]�3H2O in the solid state by coordination of two
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carboxylate oxygens from neighboring complexes. However in solution, when binding to Gd3þ,
the ttaha has one leg free, acting as a heptadentate ligand; two water molecules also coordinate,
giving it a high relaxivity compared to many MRI agents,721 so that it acts as a MRI agent.
K[La(Httha)(H2O)].8H2O (35) (H6ttha¼ triethylenetetraamine hexaacetic acid) has lanthanum in
a bicapped square antiprismatic geometry722 whilst K3[Yb(ttha)].5H2O (36) has four nitrogens
and five carboxylate oxygens bound to ytterbium.723
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Solution dynamics of complexes of EGTA4� (3,12-bis(carboxymethyl)-6,9-dioxa-3,12-diazate-
tradecanedioate) have been studied; a change in coordination number from 10 to eight is believed
to occur across the lanthanide series.724 Binuclear La and Y complexes of 9,14-dioxo-1,4,7,10,13-
pentaaza-1,4,7-cyclopentadecanetriacetic acid have nine-coordinate lanthanides.725 Lanthanide
polyamine carboxylates and complexes of macrocycles with pendant amide groups show promise
as catalysts for RNA cleavage;726,727 such complexes have considerable stability in aqueous
solution.728 Complexes of amides of calixarenes have been investigated, including study of relax-
ivity.729,730 A 10-coordinate Gd complex with a relaxivity 3.5 times greater than [Gd(dtpa)]2� has
been reported.731 [Gd(DOTP)]5� (DOTP¼ 1,4,7,10-tetraazacyclododecane-N,N0,N0,N000-tetrakis
(methylenephosphonate) has been used as a relaxation agent in the study of human adult haemo-
globin.732

Stability constants for [Ln(dotp)]5� complexes have been determined; log K ranges from 27.6
(La) to 29.6 (Lu) (dotp¼ 1,4,7,10-tetraazaccyclododecane-1,4,7,10-tetrakis(methylenephosphonic
acid).733 In view of its use as a cation-shift reagent, it is notable that 23Na-NMR studies734 show
NH4

þ and Kþ compete effectively with Naþ for the binding sites on [Tm(dotp)]5�. Ca2þ and
Mg2þ also complex with [Tm(dotp)]5�.

Molecular mechanics calculations have been reported735 for a number of gadolinium complexes,
including those with EDTA, dtpa, dtpa–bma and do3a. Other molecular mechanics calculations using a
simple force field, computable on a PC, have been reported for [Gd(edta)(OH2)3]

� and a variety of
Schiff base complexes.736 NMR and EPR studies are also reported on a number of compounds of this
type.737 In the solid state, [La(pedta)(H2O)].2H2O (pedta¼N-(pyrid-2-ylmethyl)ethylenediamine-
N,N0,N0-triacetate) adopts a polymeric structure, giving 10-coordinate La; in solution, luminescence
results for the Eu complex indicate three coordinated water molecules.738
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Complexes [Ln(hedtra)(H2O)n] (Ln¼most lanthanides; H3hedtra¼N-(2-hydroxyethyl)ethylene-
diamine triacetic acid) have been synthesized. They fall into three series; [M(hedtra)-
(H2O)2].3H2O (M¼Ho, Tm) have eight-coordinate square antiprismatic coordination in which
the acid is coordinating through the hydroxo oxygen in addition to the two nitrogens and three
carboxylate oxygen atoms.739 A DOTA-based peptide complexed with 90Y has been studied with a
view to receptor-mediated radiotherapy. The structure of the yttrium complex of the model
peptide DOTA-D-PheNH2 shows it to have eight-coordinate yttrium.740 Gadolinium-loaded
nanoparticles have been examined as potential contrast agents.741 Bis(amide) derivatives of
ethylenedioxydiethylenedinitrilotetraacetic acid (H4egta) form cationic gadolinium complexes.742

The increase in positive charge results in a slower water exchange rate; the complexes have rather
lower stability constants than [Gd(egta)]� and are thus not suitable for use as MRI agents in vivo.
In a study of the luminescence properties of [EuTETA]� and [EuDOTA]�, (TETA¼ 1,4,8,11-
tetraazacyclotetradecane-1,4,8,11-tetraacetate), the structure of the [EuTETA]� ion has been
determined.743 Lanthanide complexes of a new potentially heptadentate macrocycle, 1,4,7,10-
tetraazacyclodecane-1,4,7,10-tetramethyltrimethylenetris(phenylphosphinic acid) (H3L), have
been studied. Dimeric complexes [LnL]2 have phosphinic acid bridges and eight-coordinate
lanthanides; additionally a water molecule is present at a distance strongly dependent upon the
LnIII ion. The dimer is strong enough to resist coordination by donors like Ph3PO.744 CoCO3,
Gd(OH)3, and H4DCTA react to form a novel cluster [Gd2Co2(�4-O)(�-H2O)(DCTA)2-
(H2O)6].10H2O, which features four metal ions round a central oxide and with bridging waters
and carboxylate groups.745 A study of the kinetics of formation of DCTA complexes of Ln3þ ions
indicates that they are first order in the reactants746 (H4DCTA¼ trans-1,2-diaminocyclohexane-
N,N,N0,N0-tetraacetic acid).

A nonadentate ligand based on 1,4,7-triazacyclononane has three amine nitrogen, three imine
nitrogen, and three carboxylate oxygen donor atoms; it forms isostructural La, Sm, and Y
complexes.747 Tetrahydrofuran-2,3,4,5-tetracarboxylic acid (THFTCA) forms unexpectedly
weak complexes with the uranyl ion and unexpectedly large sensitivity to the ionic radius of
Ln3þ in complex formation. A study of the thermodynamics of complex formation by THFTCA
with Ln3þ ions (Ln¼La, Nd, Eu, Dy, Tm) and UO2

2þ indicates that these anomalies arise from
the complexation entropy rather than the enthalpy.748 Derivatives of 3,6,10-tri(carboxymethyl)-
3,6,10-triazadodecanoic acid form Gd3þ complexes that are more stable than the Gd–DTPA
complex and optimal water exchange rates, thus having potential as MRI contrast agents.749

Reversible intramolecular binding of a sulfonamide sidechain in some gadolinium macrocyclic
complexes has been used to effect pH-dependent relaxivity.750 Other studies with complexes of
ligands derived from tetraazamacrocycles include phosphonate ligands,751 chiral amides,752 di-753

and triacids.754,755 The role of water exchange in attaining maximum relaxivity in MRI agents has
been examined.756

3.2.2.6.5 Complexes of mixed Group 15 and 16 donors as spectroscopic probes

In addition to their applications as MRI contrast agents, there is considerable interest in
applications of lanthanide complexes of these complexing agents as spectroscopic probes.

The area has been well reviewed and selected examples are discussed here.757,758 LnIII (Ln¼Eu,
Tb, Y) complexes of a macrocycle with a pendant dansyl group ((37): R¼CH3, CF3, OCH3) have
been synthesized; reversible intramolecular binding of the dansyl group is achieved by varying the
pH (Scheme 6). This does not affect luminescence of the Tb and Eu complexes, as the chromo-
phore triplet state is not populated, but protonation of the NMe2 group does sensitize lumines-
cence of the Eu complex.759 The effect on the Eu3þ or Tb3þ luminescence, and its pH dependence,
of changing ligand substituents and hence the energy of the ligand singlet or triplet states has been
examined. The resulting complexes have been incorporated into thin film sol-gel matrices and
evaluated as pH sensors.760 Time-resolved near-IR luminescence of the Yb3þ and Nd3þ complexes
of the Lehn cryptand ligand have been investigated. Luminescent lifetimes of the Yb complex
have been used to determine the number of inner-sphere water molecules, but the Nd complex
exhibits unexpectedly long luminescent lifetimes.761 A terbium complex (38) is the first example of
a molecular logic gate corresponding to a two-input INHIBIT function; the output, (a terbium
emission line) is only observed when the ‘‘inputs,’’ the presence of proteins and the absence of
oxygen, are both satisfied.762
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When Nd or Yb complexes of a similar macrocycle are covalently linked to a palladium
porphyrin complex, this sensitizes near-IR emission from the lanthanide, enhanced in the absence
of oxygen and in the presence of a nucleic acid.763 Another application of luminescence accom-
panies the terbium complex shown in (39) whose luminescence is enhanced by binding to zinc, and
can therefore signal for that metal.764
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Terbium and europium complexes (40) with pH sensitive luminescence have been described.765 At
high pH, the amine group in the sidechain is deprotonated and able to coordinate to the metal.

A study has been made of the emission of some related Tb and Eu macrocylic complexes,
immobilized in a sol-gel glass, which is made pH-dependent either by perturbing the energy of
the aryl singlet or triplet state, or by modulating the degree of quenching of the lanthanide
excited state.766 The effect of bicarbonate chelation on the polarized luminescence from chiral
europium (41) and terbium complexes has been followed.767,768 The change in geometry (and
chirality) at the metal on bicarbonate binding has a pronounced effect upon the emission
polarization.

The luminescence of terbium (42) and europium macrocyclic complexes have been studied and
found to depend upon pH. The phenanthridine sidechain acts as a photosensitizer and (42)
exhibits luminescence quenched by molecular oxygen; corresponding Eu compounds exhibit
halide-quenched emisssion.769,770

3.2.2.7 Complexes of Macrocycles Involving Group 15 and 16 Donors

3.2.2.7.1 Porphyrins and phthalocyanines

Compounds fall into a number of series, simple mono- derivatives, simple sandwich compounds
(both homogeneous and heterogeneous) and triple-decker sandwiches. In the case of the sandwich
compounds, both anionic species and neutral species are known, the latter containing the
tervalent lanthanide bound to one one-electron oxidized tetrapyrrole ligand. Reactions of Ln
(acac)3 with H2TPP and other porphyrins in boiling solvents like trichlorobenzene have been
reported to give products like [Ln(acac)(porph)] although for the earlier lanthanides
Ln(H)(porph)2 seems more usual. On extended reflux, the double-decker sandwiches
[Ln2(porph)3] tend to result. The initial synthesis gives a high yield but this is reduced consider-
ably on chromatographic purification.771 Thus refluxing [Eu(acac)3] with H2OEP in 1,2,4-
trichlorobenzene for four hours leads to a mixture of [Eu(OEP)2] and [Eu2(OEP)3] (along with
a small amount of [Eu(OEP)(OAc)]), the former being a good deal more soluble in organic
solvents, so that the mixture is separable by crystallization.772 [Eu(OEP)2], isomorphous with
[Ce(OEP)2] and similar compounds, has square antiprismatic coordination of Eu with staggered
porphyrin rings, Eu�N distances being in the range 2.473(4)–2.556(4) Å. [Eu(OEP)2] undergoes
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reduction to [Eu(OEP)2]
� using sodium naphthalenide. Similarly cerium triple-deckers Ce2(OEP)3

and double-deckers Ce(OEP)2 have been reported.773 The triple-decker is paramagnetic and
relatively insoluble, whilst the double-decker is more soluble and diamagnetic. It can be oxidized
to [Ce(OEP)2]

þ. Syntheses generally give a mixture of products, so that careful separations are
often the order of the day. Thus refluxing freshly-prepared [Sm(acac)(TPP)] with Li2OEP for
three hours leads to a mixture of various complexes including [SmH(OEP)(TPP)], [SmH(TPP)2],
and [Sm2(OEP)3], separable by chromatography.774 [SmH(OEP)(TPP)] has a sandwich structure
with square antiprismatic coordination of Sm, with mean Sm�N (tpp) distances of 2.538(4) Å and
Sm�N (oep) of 2.563(4) Å. Other, less forcing, methods have been described involving reaction of
homolytic alkyls and alkoxides with H2OEP.775,776 [LuR3] (R¼CH(SiMe3)2) react with H2OEP in
toluene forming [Ln(OEP)R]. [Lu(OEP)(CH(SiMe3)2)] has a square pyramidal structure with a
highly dished porphyrin skeleton; Lu�C is 2.374(8) Å and Lu�N bonds are in the range 3.236(7)–
3.296(7) Å; the lutetium atom is 0.918 Å above the plane of the porphyrin ring. Steric effects are
clearly important as this route does not work with the lanthanum or yttrium analogues, or with
more demanding porphyrins such as tetratolylporphyrin or tetramesitylporphyrin.
[Lu(OEP)(CH(SiMe3)2)] reacts with protic species, forming the aryloxide [Lu(OEP)(OAr)]
(Ar¼O-2,6-C6H3Bu

t
2). A more direct route is the reaction between [M(OAr)3] (M¼Lu, Y) and
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H2OEP, which yields [M(OEP)(OAr)]; these then can be reacted with LiCH(SiMe3)2 in a more
convenient route to the alkyls [M(OEP)(CH(SiMe3)2)] (M¼Lu, Y). These undergo hydrolysis forming
the dimers [(OEP)M(�-OH)2M(OEP)]. [Lu(OEP)(OAr)] reacts with MeLi forming [(OEP)Y(�-
Me)2Li(OEt2)] which in turn reacts with AlMe3 affording [(OEP)Y(�-Me)2AlMe2]; this activates
oxygen forming [(OEP)Y(�-OMe)2AlMe2].

775,776 An up-to-date high-yield route777 for later members
of the [Ln(TPP)Cl] series is provided by reaction of [LnCl3(THF)3] (Ln¼Ho, Er, Tm, Yb) with
Li2TPP(DME)2 in refluxing toluene. Use of the hydrocarbon solvent forces precipitation of LiCl,
reducing possibilities of –ate complexes; after removal of LiCl, [Ln(TPP)Cl(DME)] crystallizes from
the cold reaction mixture. Structures have been reported for the seven-coordinate Ho and Yb com-
pounds; the DME and Cl are coordinated to the metal on the same side of the porphyrin ring, which
takes on a saddle-shaped distortion. In [Ln(TPP)Cl(DME)], Yb�N¼ 2.324(2) Å, Yb�Cl¼ 2.605 Å,
and the Yb�O distances are 2.395 Å and 2.438 Å, with Yb 1.105(1) Å above the N4 plane of the ring;
corresponding values for the Ho compound are Ho�N¼ 2.357(2) Å, Ho�Cl¼ 2.603 Å, and the
Yb�O distances are 2.459 Å and 2.473 Å, with Ho 1.154(3) Å above the N4 plane. In situ prepared778

[Ln{(N(SiMe3)2}3�x(Li(THF)3)] reacts with H2(porph) (porph is, for example, TTP, TMPP) forming
[Ln(TMPP)(OH2)3]Cl (Ln¼Yb, Er, Y) and [Yb(TTP)(OH2)2(THF)]Cl. Using an excess of
[Ln(NR2}3�x(Li(THF)3)] the product depends upon the nature of both R and the porphyrin, giving
either mono or dinuclear complexes.779 Compounds studied structurally include [YCl(TTP)-
{(CH3OCH2CH2)2O}]; [YCl(TPP)2(H2O)][YCl(TPP)(H2O)(THF)].2THF.H2O; [{Yb(TMPP)(�-OH)}2];
[{Yb(TMTP)}2(�-OH)(�-OCH2CH2OCH3)]; and [YbCl(TPP)(H2O)(THF)] (TTP¼ tetrato-
lylporphyrin; TMPP¼ tetrakis(p-methoxyphenyl)porphyrin). [Yb(N(SiMe3)2)3�xLiCl(THF)3] reacts
with H2TPP in refluxing bis(2-methoxyethyl)ether forming the oxalate bridged dimer
[((TPP)Yb(MeO(CH2)2OMe))2(�-�

2:�2-O2CCO2)].
780

Syntheses of [Ln(TPP)Cl] (Ln¼Eu, Gd, Tm) and [Tm(TPP)(OAc)] have been given.781 Gadoli-
nium is eight-coordinate in [Gd(TPP)(acac)(H2O)2]�6H2O.3TCB.782 A achiral gadolinium porphyrin
complex extracts chiral amino acids from aqueous solution forming complexes that exhibit chirality-
specific CD activities.783 The structure of [Tb(�-Cl8tpp)(O2CMe)(Me2SO)2] shows a pronounced
saddle distortion of the porphyrin ring.784 The structures of two dilutetium cofacial porphyrin dimers,
in which each lutetium is bound to two(�-OH) groups as well as to four porphyrin nitrogens, have
been determined.785 Studies of [Ln(OEP)2] (La, Nd, Eu) indicate that the electron hole is delocalized
over both the porphyrin rings in the electronic and vibrational timescales;786 similarly studies by a
number of techniques on [Ln2(OEP)3] systems indicate strong intra-ligand interactions with electron
hole again being delocalized over all three rings.787 Proton NMR spectra of [Ln2(OEP)3] give evidence
for inter-ring steric crowding and concomitant limited rotation of the OEP ligands.788 NMR spectra
of the asymmetric double-decker sandwich compounds [LnH(oep)(tpp)] (Ln¼Dy, Lu) have been
analyzed.789 Synthesis of lipophilic lanthanide(III) bis(tetrapyridylporphyrinates) and their conver-
sion into water-soluble N-methylated systems are reported.790 Lanthanide porphyrazine complexes,
[Ln(OPTAP)2] (Ln¼Ce, Eu, Lu) and a triple-decker [Eu2(OPTAP)3] have �-radical electronic struc-
tures whilst the sandwich structure of the cerium compound has been confirmed by X-ray

Tb

N

CH2

P
CH3

O

O

N

CH2

C

N

O

N

H2C

P
H3C

O

O

O

O

H3C

P

CH2

N

N
H

CH3

(42)

Scandium, Yttrium, and the Lanthanides 155



diffraction.791 An investigation into complexes of general type LnxPcy shows that Ln2Pc3 mainly
obtained for La and Nd, becoming less plentiful for Eu and Gd; later on in the series [LnHpc2] is
become the norm for Dy, Yb, and Lu.792 Sandwich structures are reported for (Bu4N)[LnIII(pc)2]
compounds (Ln¼Nd, Gd, Ho, Lu). The skew angle between the two pc rings increases as the ionic
radius decreases, apparently depending upon the �—� interaction between the two rings. Syntheses of
the green [LnIII(pc)2] (Ln¼La–Lu except Ce, Pm; pc¼ phthalocyaninate) by electrochemical oxida-
tion of (Bu4N)[LnIII(pc)2] are reported;

793 one phthalocyanine ligand is present as a pc� �-radical, the
other as pc2�. The structure of 	1-[Er(pc)2] shows two equivalent, slightly saucer-shaped, pc rings and
distorted square antiprismatic coordination of erbium,794 whilst in [La(pc)2]�CH2Cl2 one pc is planar,
the other convex, again with square antiprismatic coordination.795 Spectroscopic and structural
information on [Na(18-crown-6)][Lupc2], [NBu4] [Lupc2], and [LuHPc2] has been published.796

[Lu(pc)2], presumably [Lu(pc)(pc
.
)] has a sandwich structure with staggered rings.797,798 A study of

the magnetic properties of the tert-butylphthalocyanine complexes [Lu(Bupc)2] concludes that the
green forms are H[Lu(Bupc)2].

799 The lanthanide ion has square antiprismatic coordination in the
isostructural series (PNP)[Lu(pc)2] (Lu¼La–Tm).800 Detailed characterization has been reported of
the compounds [Lu(2,3-nc)2] and [Lu(2,3-nc)(pc)] (2,3-nc¼ 2,3-naphthalocyaninate) in which the
unpaired electron is delocalized over the two macrocycles.801 Bis(phthalocyaninato) lutetium com-
plexes with long-chain alkyl groups substitutents on the pyrrole rings display three kinds of discotic
mesophase and also three primary colors of electrochromism.802A new sandwich bis(phthalocyanine)
complex of lutetium with eight hexylthio groups has been characterized.803 The synthesis has been
reported of the triple-decker sandwich, [Lu2(1,2-naphthacyaninato)3].

804 Reaction of Gd with 1,2-
dicyanobenzene under a nitrogen atmosphere leads to a bicyclic gadolinium phthalocyanine with a
trigonal prismatic GdN6 coordination geometry.805 Reaction of a metal salt with 1,2-cyanobenzene
affords K[M(pc2�)2] (M¼La, Ce, Pr, Sm), convertible into other salts Bu4N [M(pc2�)2] (M¼La, Ce,
Pr, Sm) and Pe4N [La(pc2�)2]. The metallic bronze [M(pc�)2]I2 (M¼ Sc, Y) have been made similarly
in the presence of NH4I; these react with Bu4NOH forming Bu4N[M(pc2�)2]�xMeOH (M¼ Sc, Y; 0
< x< 1). Crystal structures showM�N distances that increase monotonically with ionic radius of the
metal ion.806 [LnIII(pc)(tpp)] (Ln¼La, Pr, Nd, Eu, Gd, Er, Lu, Y) have been synthesized;807 their
spectroscopic properties are consistent with a one-electron oxidized �-radical phthalocyanine group,
Pc��. The structures of [La(pc)(tpp)] and [Gd(pc)(tpp)]þSbCl6

� were determined. The two rings in
these compounds adopt a staggered arrangement. In [La(pc)(tpp)], the average La�N distances are
2.520(3) Å for the porphyrin ring and 2.590(3) Å for the phthalocyanine ring, the corresponding
values for [Gd(pc)(tpp)]þSbCl6

� being 2.452(7) Å and 2.450(7) Å repectively. A one-pot synthesis
has been reported808 for [Ln(Nc)(TBPP)] (Ln¼La, Pr, Nd, Sm–Tm) from the reaction of Ln-
(acac)3.nH2O with the free naphthalocyanines and porphyrins in the presence of 1,8-diazabicyclo
[5.4.0]undec-7-ene in n-octanol. Dilanthanide triple-decker porphyrin and phthalocyanine com-
plexes have excited interest for some time, not least because of their potential in molecular
information storage applications. Originally, methods for making homoleptic triple-decker
porphyrin complexes relied on refluxing a lanthanide acetylacetonate with a porphyrin in 1,2,4-
trichlorobenzene, forming a lanthanide acetylacetonate porphyrin complex, which was subse-
quently reacted with a lithiated phthalocyanine.809 Previous synthetic routes have tended to yield
mixtures of [(Pc)Ln(Por)Ln(Pc)], [(Pc)Ln(Pc)Ln(Por)], and [(Por)Ln(pc)Ln(Por)]. Sandwich
compounds result from the action of Li2Pc on [Ln(acac)(TPP)], of the types
[(TPP)Ln(pc)Ln(TPP)] and [(pc)Ln(pc)Ln(TPP)] along with [(pc)Ln(TPP)].810 New routes
have been described to unsymmetrical [Ln(pc)(pc0)] and [Ln(pc)(por)] systems.811,812 Hetero-
leptic triple deckers [Eu2(pc)2(por)] and [Eu2(pc)(por)2] have also been synthesized.813

[CeI((N(SiMe3)2)2] with a porphyrin to form a half-sandwich [(Por)EuX] or [(Por)CeX0]
(X¼Cl, N(SiMe3)2; X0 ¼ I, N(SiMe3)2); this on reaction with Li2Pc gives a double-decker
([(Por)Ln(Pc)]. [(Por0)EuX] react with [Eu(pc)2] to form a triple-decker; similarly, [(Por1)CeX0])
reacts with europium double deckers to give triple deckers [(Por1)Ce(tBPc)Eu(Por2)] and
[(Por1)Ce(tBPc)Eu(tBPc)].814 In the triple-decker [(T4-OMePP)Nd(Pc)Nd(Pc)], the three rings
are exactly parallel and perpendicular to the Nd�Nd axis. The Nd�Nd separation is 3.688(9) Å,
the Nd�N (porphyrin) distance is 2.47(2) Å, the Nd�N(Pc) distance being 2.43(2), 2.57(2), and
2.74(2) Å, the latter being that involving the neodymium also bound to the porphyrin. The longest
Nd�N distances are those involving the shared phthalocyanine ring. The neodymium sandwiched
between the two phthalocyanines has square antiprismatic coordination, whilst the environment of the
other neodymium is described as a distorted cube;

815 (T4-OMePP¼ tetrakis(4-methoxyphenyl)por-
phyrin). Reaction of [Ce(acac)3(H2O)2] with H2TPP, followed by further reaction with Li2Pc (and
correspondingly with other prophyrins and phthalocyanines) led to a mixture of [CeIV(TPP)(Pc)],
[(TPP)CeIII(Pc)CeIII(TPP)], and [(Pc)CeIII(TPP)CeIII(Pc)]. The structures of the compounds show
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distorted cubic coordination of cerium.816 In [(TPP)CeIII(Pc(OMe)8)Ce
III(TPP)], Ce�N

(porphyrin)¼ 2.469(3) Å, and Ce�N (pc) 2.721(3) Å, with Ce�Ce 3.844(3) Å; in [(Pc)CeIII(TP(MeO)P)-
CeIII(Pc)] Ce�N(porphyrin)¼ 2.727(2) Å, andCe�N(pc) 2.473(2) Å, withCe�Ce3.664(2) Å.As seems
to be general, the bigger bond lengths involve the ‘‘shared’’ ring. Pc(OMe)8¼ 2,3,9,10,12,13,17,18-
octamethoxy(phthalocyaninate); TP(MeO)P¼mesotetra (anisyl)porphyrinate. [SmIIIH(oep)(tpp)] has
a sandwich structure, again with square antiprismatic coordination;817 there is evidence to suggest that it
is best represented by [SmIII(oepH)(tpp)]. The first yttriumporphyrinogen complex has been prepared.818

Remarkably, porphyrinogen complexes of neodymium and praseodymium fix N2 and reduce it to the
N2

2� anion in dimeric �-N2 complexes.819 Ln(acac)3 react with (tpyp)H2 forming [Ln(tpyp)(acac)]
(tpypH2¼meso-tetrakis(4-pyridyl)porphyrin; Ln¼ Sm, Eu, Gd, Tb);820 on methylation, they are con-
verted into the cationic monoporphyrinates [Ln(tmepyp)(acac)].

3.2.2.7.2 Texaphyrins

A new type of complex is provided by the texaphyrins, compounds of ‘‘extended’’ porphyrins
where the ring contains five donor nitrogens. These have attracted considerable interest because
of their possible medicinal applications.821–825 Two texaphyrin complexes are undergoing clinical
trials; a gadolinium compound ((43); Gd-tex; XCYTRIN) is an effective radiation sensitizer for
tumor cells. It assists the production of reactive oxygen-containing species, whilst the presence of
the Gd3þ ion means that the cancerous lesions to which it localizes can be studied by MRI; it was
undergoing Phase III clinical testing in 2002. The lutetium analogue ((44); Lu-Tex)826,827

selectively absorbs light in the far-infrared (�max of 732 nm), localizes preferentially to cancerous
tissue (like the Gd analogue), is water soluble (again like the Gd analogue), and generates singlet
oxygen in high quantum yield. One form (LUTRINTM) is being developed for photodynamic
therapy for breast cancer, where it is in Phase II trials, and another, (ANTRINTM) is being
developed for photoangioplasty, where it has potential for treating arteriosclerosis, for example as
an imaging agent for the study of retinal vascular disease,828 since it photosensitizes human or
bovine red blood cells on irradiation at 730 nm.829

One report indicates Gd-texaphyrin to be a tumor sensitive sensitizer detectable at MRI,830 but
another study casts doubt on its potential as a radiosensitizing agent.831 The effect of axial
ligation by nitrate and phosphate on the NMR spectra of paramagnetic lanthanide texaphyrins
has been studied;832 the structure of [Dy(tx)(Ph2PO4)2] shows approximately pentagonal bipyramidal
coordination (tx¼ texaphyrin). A 13C-NMR study of [Ln(tx)(NO3)2] has been reported833 and
spectroscopic studies have been reported on texaphyrin complexes for a wide range of lanthanides,
examining the influence of the metal ion and its spin state.834 Phosphoramidite derivatives of
dysprosium texaphyrin have been used to prepare ribozyme analogues.835

3.2.2.7.3 Crown ethers and other macrocycles

The ability of lanthanides to form stable crown ether complexes was first developed in the 1970s.
Two types of complexes are known, those where the crown ether is directly bonded to the
lanthanide and those where the crown ether hydrogen-bonds to a coordinated water molecule.
The choice is determined by the match between the size of the central cavity in the crown ether
ring and the size of the lanthanide ion. A striking comment on the developments in crown ether
chemistry is the synthesis of the first structurally characterization of cationic lanthanide alkyl
complexes.155 [Ln(CH2SiMe3)3(THF)2] (Ln¼Y, Lu) react with B(C6X5)3 (X¼H, F) in the pre-
sence of crown ethers forming [Ln(CH2SiMe3)2(CE)(THF)n]

þ[B(C6X5)3(CH2SiMe3)]
� (CE¼ [12]-

crown-4, n¼ 1; CE¼ [15]-crown-5, [18]-crown-6, n¼ 0). In all these complexes, the crown ethers
utilize all their donor atoms. In THF, but in the absence of crown ether, [Lu(CH2SiMe3)3(THF)2]
reacts with B(C6F5)3 forming [Lu(CH2SiMe3)2(THF)3]

þ[B(C6X5)3(CH2SiMe3)]
�.

The first crown ether complexes to be made were usually with lanthanide nitrates; when crown ethers
complex with lanthanide nitrates, the two ligands generally combine to saturate the coordination
sphere, but since chloride is a monodentate ligand, coordinative saturation is not always achieved that
way and indeed chlorides are frequently displaced from the coordination sphere by water. This account
therefore begins with lanthanide chloride complexes. 12-crown 4 tends to give complexes of the type
[Ln(H2O)5(12-C-4)]Cl3�2H2O and [LnCl2(H2O)2(12-C-4)]Cl�2H2O but coordinating ability is
affected by the presence of water and other solvents.836 The crown ether does not coordinate to the
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lanthanide at all in [Lu(H2O)8]�11⁄2 (12-C-4).2H2O, instead forming hydrogen bonds to coordinated
water molecules.837 With the larger lanthanum ion, [LaCl3(12-crown-4)(MeOH)] is eight-coordinate,
owing to a molecule of solvent coordinating.838 By modifying conditions, different complexes can be
obtained. Thus in MeCN or MeOH, normal syntheses from NdCl3 and 15-crown-5 get complexes
where [Nd(H2O)9]

3þ and [NdCl2(H2O)6]
þ ions are hydrogen-bonded to the crown ether, without direct

lanthanide-crown ether bonding. However by electrocrystallization, you get eight-coordinate
[Nd(15-crown-5)Cl3].

839 Similarly, in the eight-coordinate [Pr(15-crown-5)Cl3], Pr�Cl distances
are 2.707, 2.724, and 2.736 Å, averaging 2.722 Å.840 Further structures determined include
[Er(H2O)8]Cl3.15-crown-5.

841 The structures of [LaCl3(15-crown-5)] and [LaCl2(phen)(OH2)2(�-
Cl)]2(15-crown-5�MeCN] show lanthanum-crown ether coordination in the former but not the
latter.842 Ytterbium is not bound to the crown ether in [[Yb(OH2)8]Cl3�15-crown-5].843 18-Crown-6
forms two series of complexes with lanthanide chlorides [LnCl(H2O)2(18-crown-6)]Cl2.2H2O
(Ln¼Pr-Tb) and [LnCl2(H2O)(18-crown-6)]Cl.2H2O (Ln¼La, Ce) although, depending upon
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conditions, [LnCl3(18-crown-6)] can also be made. Its inability to form complexes with the
chlorides of the smaller lanthanides is ascribed to a lack of flexibility found in polyethylene
glycols, which can form such complexes.844 New oxonium complexes (H9O4)[LaCl2(H2O)-
(18-crown-6)]Cl2 and (H3O)[EuCl(H2O)2(18-crown-6)]Cl2 have been reported.845 Unusually, chloride
is found in the first coordination sphere of lanthanum as well as nitrate in the serendipitously
discovered mixed anion complexes [LaCl2(NO3)(12-crown-4)]2 and [LaCl2(NO3)(18-crown-6)]; the
structure of [La(OH2)4(NO3)(12-crown-4)]Cl2.MeCN has also been reported.846. Structures have
been determined for the in-cavity complex [SmI3(dibenzo-18-crown-6)]

847 (tricapped trigonal
prismatic) and the out-of-cavity complex [LaBr3(12-crown-4)(acetone)]

848 (distorted square anti-
prismatic). The complex [La2I2(�-OH)2(dibenzo-18-crown-6)2](I3)I was isolated from the reaction
of LaI3 with the crown ether in MeCN; evidently a hydrolysis product, it contains nine-coordinate
lanthanum849 with the lanthanide sitting in the cavity. The out-of cavity hydroxide-bridged
cationic complex [[Y(OH)(benzo-15-crown-5)(MeCN)]2]I2 results from the reaction of YI3 and
the crown ether in MeCN.850 In the presence of SbCl5, halide abstraction reactions of LnCl3
(Ln¼La, Y) form [Ln(MeCN)3(18-crown-6)](SbCl6)3 and [Ln(MeCN)5(12-crown-4)](SbCl6)3.

851

The crown ether dibenzo-18-crown-6 forms [Pr(dibenzo-18-crown-6)Cl2(H2O)]SbCl6 containing
nine-coordinate praseodymium.852 [GdCl2(dibenzo-18-crown-6)(MeCN)]SbCl6 similarly has nine-
coordinate gadolinium, with a roughly planar hexadentate crown ether giving a 2:6:1 coordination
geometry:853 in contrast, [Dy2(dibenzo-18-crown-6)2Cl4]2[Dy2(MeCN)2Cl8] contains dimeric cations
(and anions) linked by double chloride bridges.854 Many nitrate complexes continue to be
characterized. [La(NO3)3(12-crown-4)(H2O)] and [Yb(NO3)3(12-crown-4)] have 11 and 10-coordin-
ate lanthanides respectively.855 Yttrium is not bound to the crown ether in [Y(NO3)3-
(OH2)3.(Me2-16-crown-5)(H2O)].856 The crown ether is nonbonded in [Ln(NO3)3(OH2)3]
(NO3).2(15-crown-5) (Ln¼Y, Gd, Lu).857 Structural characterization has been achieved for
[Pr(NO3)3(18-crown-6)] and [Ln(NO3)3(H2O)3].18-crown-6.

858 (Ln¼Y, Eu, Tb-Lu). The complex
[La(NO3)3(H2O)2(MeOH)(bipy)].15-crown-5 features an unbound crown ether and simultaneous
coordination of both water and methanol.859 Crown ethers are well known to encapsulate many
lanthanide salts. When heavier lanthanide nitrates are recrystallized in the presence of 18-crown-6,
[Ln(NO3)3(H2O)3] molecules are encapsulated into the crown ether (Ln¼ Sm, Eu, Yb).388 The
tosylates [Ln(tos)3(H2O)6] cannot be incorporated.860 4-t-Butylbenzo-15-crown-5 (L) forms
[La(NO3)3.L.0.5MeCN] in which [La(NO3)3.L] molecules have 11-coordinate lanthanum,861

broadly similar in geometry to the benzo-15-crown-5 and cyclohexyl-15-crown-5 analogues.
Europium is 10-coordinate862 in [Eu(NO3)2(16-crown-5)(MeCN)]þ (in contrast to 11-coordinate
La in [La(NO3)3(16-crown-5)]; however, the smaller lutetium does not coordinate to 16-crown-5,
for [Lu(NO3)3(H2O)3] molecules hydrogen-bond to the crown ether. Benzo-15-crown-5 has been
used to extract europium in the presence of picrate with a diaphragm electrolyser.863

Comparative studies between crown ethers and the noncyclic glymes (linear polyethers) suggest
that glyme complexes are favored — the chelate effect is thus more important than the macro-
cyclic effect. The more flexible glymes may accommodate water molecules and other small ligands
(e.g., anions) more easily. Solubility effects may play a part too!864

The factors affecting the complexes formed by LnX3, Ln(NCS)3, and Ln(NO3)3 with poly-
ethylene glycols have been examined.865 The chain length is the main factor controlling the
coordination sphere and thus the number of additional inner sphere ligands present. Hydrogen
bonding involving the terminal OH groups and water molecules generates supermolecular struc-
tures. Solubility of hydrated lanthanide chlorides in diethylene glycol and triethylene glycol (teg)
has been studied;866 the structure of nine-coordinate [Nd(teg)3]Cl3 has been determined. Three
yttrium polyalcohol complexes have been synthesized. [Y{(HOCH2)3CMe}2Cl2]Cl.MeOH and
[Y{(HOCH2)3CN(CH2CH2OH)2}Cl2.MeOH]Cl both have eight-coordinate yttrium; in
[Y{(HOCH2)3CMe}2(NO3)(H2O)](NO3)2 yttrium is nine-coordinate, with one bidentate nitrate.867

Structures have been reported for [Pr(NO3)3(stilbeno-15-crown-5)] and [Nd(NO3)3(EO5)]
(EO5¼ tetraethyleneglycol);868 the lanthanide is 11-coordinate in both. Unlike [Pr(NO3)3 (stil-
beno-15-crown-5)], the Nd analogue is unstable and reacts with formic acid forming
[Nd(NO3)3(EO5)]. Lanthanides are nine-coordinate in [Ln(EO2)3](ClO4)3.3H2O (Ln¼Nd, Ho;
EO2¼ diethylene glycol). Europium triflate complexes of homochiral polyether and polyethylene-
glycol ligands have been characterized.869

Complexes of lanthanide triflates with polyethene glycol (HO (CH2CH2O)nH; n¼ 2,3,4) and
polyethene glycol dimethyl ether (MeO(CH2CH2O)nMe; n¼ 2,3,4) are effective Lewis acid cata-
lysts for the Diels–Alder reaction and for the allylation of aldehydes with allyltributyltin.870

Structures have been reported for [La(OTf )3(THF)(HO(CH2CH2O)4H)], [DyOTf)2(MeO(CH2-
CH2O)4Me)(H2O)2](OTf ), and [Eu(OTf )3(MeO(CHPhCHPhCH2(OCH2CH2)2OCHPhCH-
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PhOMe)].871,872 2,20-Bipyridyl complexes of Eu3þ and Tb3þ bound to (poly)ethylene glycol are
strongly luminescent.873 In [La(NO3)3(triethyleneglycol)(H2O)], lanthanum is 11-coordinate874

[CeCl(tetraglyme)(H2O)3]Cl2.H2O has nine-coordinate cations.875 [PrCl3(tetraethyleneglycol)]2
has nine-coordinate praseodymium.876 Pentaethylene glycol (EO5) forms two series of nine-
coordinate complexes with lanthanide chlorides, [LnCl2(H2O)(EO5)]Cl.2H2O (Ln¼La-Pr) and
[Ln(H2O)3(EO5)]Cl3.H2O (Ln¼ Sm-Lu, Y).877 The ability of polyethylene glycols to wrap them-
selves round a lanthanide ion irrespective of size, makes them more flexible coordinating agents
than crown ethers. The serendipitous synthesis of the 10-coordinate [NdCl(NO3)2(tetraglyme)] has
been reported.878 Cerium is nine-coordinate in [Ce(NCS)3(tetraethyleneglycol)(H2O)].879

The study of lanthanide thiocyanate complexes of crown ethers and other macrocycles com-
menced during the mid-1990s. Nine-coordinate europium is found in [M(NCS)3L] (M¼La, Eu;
L¼ (2,3,7,18-tetramethyl-3,6,14,17,23,24-hexaazatricyclo-[17.3.1.18,12]-tetracosa-1(23),2,6,8(24),9,
11,13,17,19,21-decaene-N3,N6,N14,N17,N23,N24))880,881 and in [M(NCS)3(tdco)]

882 (M¼Eu, Yb;
tdco¼ 1,7,10,16-tetraoxo-4,13-diazacyclooctadecane). Several thiocyanate complexes of the tetra-
dentate 13-crown-4 have been isolated in [Ln(NCS)3(13-crown-4)(H2O)2] (Ln¼La, Pr-Tb, Er-
Yb)883 whilst lanthanum is 10-coordinate in [La(NCS)3(18-crown-6)(DMF)].884 In the compounds
[Ln(dibenzyldiaza-18-crown-6)(NCS)3] (Ln¼Ce, Nd, Eu),885,886 the lanthanide is bound to two
nitrogens and four oxygens in the crown ether as well as three N-bonded thiocyanates. Thus in
the cerium complex, Ce�N(NCS) distances are 2.496(3), 2.523(3), and 2.544(3) Å; Ce�O 2.565(2),
2.574(2), 2.603(2), and 2.635(2) Å; Ce�N(ring) distances are 2.782(3) Å and 2.810(3) Å. The
CeN3(NCS) moiety exists as a trigonal planar arrangement at the center of the macrocycle cavity
with the trigonal plane perpendicular to the plane of the macrocycle. A number of complexes
involve the lanthanide bonding to nitrogens in rings, either in aza crowns or in more classic
macrocycles like cyclen. 1,4,7,10,13-Pentaazacyclopentadecane (L) forms nitrate complexes
[Ln(L)(NO3)3] (Ln¼Y, La-Yb except Ce, Pm, Ho); the structure of [La(L)(NO3)3] shows it to
have 11-coordinate lanthanum.887 As another example of structurally characterized complex of a
N-donor macrocycle, [Nd([18]aneN6)(NO3)3] has two monodentate and one bidentate nitrate
giving 10-coordination.888 Schiff base complexes can be synthesized by reaction of a lanthanide
salt with a diamine and a suitable carbonyl derivative such as 2,6-diacetylpyridine.889 A number
of complexes of Schiff base and aminephenol ligands have been reported,890–892 including a
dinuclear complex where two Schiff base ligands bridge two lanthanums in a sandwich.892

Polymeric complexes of the 1,5,9,13-tetraazacyclohexadecane ligand are reported.893 Several
studies of hexaaza macrocycle complexes have appeared,894–896 typically reporting structures of
10- and 12-coordinate lanthanum complexes, whilst a nine-coordinate N6 macrocycle Gd complex
[GdL(H2O)2]

3þ studied as possible MRI agent,897 and another series of complexes is believed to
have a N3O3 macrocycle coordinating to the lanthanides.898 A �-bonded organometallic of a
deprotonated macrocycle (HMAC¼ aza-18-crown-6) [Y{CH(SiMe3)2}(MAC)] has been synthe-
sized.899 [Er(CF3SO3)3(cyclen)(MeCN)] has an eight-coordinate structure with monodentate tri-
flates.900 A number of complexes of a cyclen-based ligand system bearing four amide arms
attached to the ring have been examined.901 Three EuIII complexes (R¼Ph, 4-NO2Ph, CH2(4-
NO2Ph)) have been synthesized and their structures determined; the twist angle between the O4

and N4 planes is mainly determined by the flexibility of the pendant arms. In a study of the
luminescence properties of LnIII complexes (Ln¼ Sm, Eu, Tb), it was found that the efficiency of
L!Ln intramolecular energy transfer is affected by both the gap between the ligand triplet state
and the excited state and the donor–acceptor distance and the orientation of the chromophore.
There is interest in lanthanide complexes capable of cleaving DNA continues. Dimeric Y and Nd
macrocycle complexes are active catalysts for the degradation of double-stranded DNA, whereas
the corresponding monomeric complexes are inactive. The mechanism probably involves random
attack at single strands in which closed circular plasmid DNA is converted to a nicked inter-
mediate, followed by attacks on this.902 The hydrolysis of phosphate esters by yttrium complexes
with bis-trispropane and related ligands has also been studied.903

Cryptands have attracted steady interest, partly because of their applications. Ln3þ ions are not
complexed by them under conditions where Ln2þ ions, such as Eu2þ and Sm2þ are, and thermo-
dynamic functions have been evaluated.904 The application of europium cryptate complexes to
bioassays has become significant;905,906 this principle has been extended to diagnosis of muta-
tions.907 Such compounds have used cryptate ligands containing three bipy units,908,909 in which
the Ln3þ ion is contained within a ligand cavity; though bis(isoquinoline dioxide) within the
cryptate has been used to ligate.910–912 The Nd and Yb complexes of the cryptate ligands
containing three bipy units have also been shown to luminesce in the near-IR.913 Another
application has been the use of lanthanide cryptates of the early lanthanides (La, Ce, Eu) as
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catalysts in the hydrolysis of phosphate monoesters,914 diesters,915 and trimesters.916 The structure
of [La(3.2.1)Cl2]Cl. MeOH shows lanthanum to be nine-coordinate, though luminescence meas-
urements on the europium complex of (3.2.1) show three water molecules to be coordinated in
solution. The dissociation kinetics of the Eu complex of 4,7,13,16,21-pentaoxa-1,10-diaza-
bicyclo[8.8.5]tricosane has been studied by monitoring its absorption spectrum.917 The electro-
chemistry of Sm, Eu, and Yb complexes of the cryptates (3.2.2), (3.2.1), and (2.1.1) has been
studied; stability constants have been determined from the redox potentials.918 The LnII cryptate
complexes were found to be more stable in DMF than the LnIII analogues. A one-pot synthesis of
yttrium and lanthanum cryptates has been described.919 Cryptands have been described that have
phenolic and amine donor sets and can accommodate one or two lanthanide ions.920 A euro-
pium(III) complex of a N6-donor cryptate that includes two bipy units has nine-coordination
completed by three chlorides.921 Its luminescence is modulated by pH, owing to protonation of
the amine groups in the backbone. A combinatorial approach922 has been applied to the forma-
tion of a yttrium-containing molecular capsule [{18-crown-6}({Y(H2O)7

3þ)1.33(p-sulfatocalix[4]
arene4�)}2]. The first d–f heteronuclear cryptate, involving nine-coordinate dysprosium and six-
coordinate copper, has been reported.923 The europium complex of a novel podand ligand has
N3O6 coordination of europium.924 Other structures of two 10-coordinate lanthanum complexes
were reported.925 Eight- and nine-coordinate gadolinium cryptates have been described.926

3.2.2.7.4 Calixarenes

The large But-calix[8]arene (LH6) can accommodate a metal at both end, forming complexes
[Ln2(H6L)(DMSO)5] (Ln¼La, Eu, Tm, Lu; L¼ p-t-Butylcalix[8]arene).927,928A calix[4]arene, p-t-
butylcalix[4]arene (H4L), forms a dimeric europium complex [Eu2(HL)2(DMF)4].7DMF, in which
the Eu3þ ion is seven-coordinate, bound to two DMF molecule, two bridging oxygens and three
terminal oxygens from the macrocycle. The Eu�O (calixarene) bonds are very short, around
2.15 Å.929 When an ‘‘expanded’’ calixarene containing another donor atom in the ring (H4L

0) was
employed, a similar binuclear complex [Eu2(HL0)2(DMSO)2] was obtained, with seven-coordination
of europium again, being just bound to one coordinated DMSO molecule.930 p-t-Butylcalix[8]arene
(H8L) forms a 1:1 complex with EuIII. The calixarene is bidentate in
[Eu(H6L)(NO3)(DMF)4].3DMF.931 p-Butylcalix[5]arene (H5L) forms dimeric lanthanide complexes
[Ln2(H2L)2(DMSO)2] (Ln¼Eu, Gd, Tb).932 The larger p-butylcalix[8]arene and p-nitrocalix[8]arene
(H8L) rings each incorporate two lanthanides, forming [Ln2(H2L)(DMF)5] (Ln¼Eu, Lu). The
structures of europium complexes of both p-butylcalix[5]arene and p-nitrocalix[8]arene both contain
eight-coordinate europium.933 p-Chloro-N-benzylhexahomotriazacalix[3]arene forms a 1:1 complex
with neodymium nitrate in which neodymium is bound to three bidentate nitrates and to three
phenolic oxygens in the calixarene.934 Much of the work with calixarenes has been prompted by
their potential in separating lanthanides for uranium and other metals. A calixarene ligand with two
amide substituents has been synthesized as an extractant for lanthanides; dimeric Sm and Eu and
monomeric Lu complexes have been prepared;935,936 similarly an erbium complex of a calixarene
ligand with four amide substituents, [Er(L1-2H)(picrate)] (L1¼ 5,11,17,23-Tetra-t-butyl-25,27-bis
(diethylcarbamoylmethoxy)calix[4]arene) has been reported.937 Syntheses and structures are
reported for [Tm(L-2H)(A)], [Ce(L-2H)(A)(HOMe)2].HA, [PrLA3], and L.2HA. (L¼ 5,11,17,23-
tetra-t-butyl-25,27-bis(diethylcarbamoylmethoxy)-26,28-dihydroxycalix[4]arene, HA¼ picric acid).938

Hexahomotrioxacalix[3] arene macroycles selectively bond Sc3þ, Y3þ, and lanthanides, forming
�-aryloxobridged dimers.939 Calix[4]arenes substituted by acetamidophosphine oxide groups at the rim
show selectivity, not just to trivalent ions but also to light lanthanides and actinides.940Calix[4]arene
podands and barrelands incorporating bipy groups form lanthanide complexes; their Eu3þ and Tb3þ

complexes have high metal luminescence quantum yields.941 A calixarene with four phosphine oxides
attached has been fixed to silica particles and the resulting system has been found to give very efficient
extraction of Eu3þ and Ce3þ from simulated waste.942 A calix[4]arene complex of Gd3þ binds
noncovalently to human serum albumin and is a potential contrast agent.943

3.2.2.8 Group 16 Ligands Involving Sulfur, Selenium, and Tellurium

Complexes of lanthanides of neutral S-donors were unprecedented until 2002. Reaction of
LaI3(THF)3 with 9S3 (9S3¼ 1,4,7-trithiacyclononane) affords eight-coordinate [LaI3(9S3)
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(MeCN)2]; the Ce analogue has been studied in solution by NMR. La�S distances are 3.064, 3.089,
and 4.126 Å; La�I are 3.114, 3.177, and 3.186 Å and La�N2.641 and 2.672 Å.944Anumber of studies
have concerned bidentate thiolates, especially dithiocarbamates. Their adducts, especially with phen
or bipy, seemmore stable than the parent complexes, possibly because of coordinative saturation (and
are discussed in Section 3.2.2.3.3) Another way in which this can be achieved is by forming an ionic
complex. These points are illustrated by the first lanthanide chalcogenocarboxylate complexes
[Sm(RCOS)3(THF)2] and [Na(THF)4][Sm(RCSS)4] (R¼ 4-MeC6H4)

945 and by monoalkyldithiocar-
bamates (RNH3)[Ln(S2CNHR)4] (Ln¼La-Nd, Sm-Gd; R¼Me, Et), which have been synthesized
for the lighter lanthanides.946 The structure and luminescence of Na[Eu(S2CNMe2)4] have reported,
europium having dodecahedral eight-coordination. The two slightly different types of europium
coordination sites in the lattice are reflected in the multiplicity of signals in the luminescence
spectrum.947 Europium is also eight-coordinate in (Ph4P)[Eu(S2P(OEt)2)4]

948 and in
[Me2NH2][Nd(S2CNMe2)4],

949 a member of a series [Me2NH2][Ln(S2CNMe2)4] (Ln¼La, Pr-Nd,
Sm–Ho). [Me2NH2][Ln(S2CNMe2)4], [MeNH3] [La(S2CNHMe)4], [EtNH3][La(S2CNHEt)4], and
[Ln(S2CNMe2)3(DMSO)2] exhibit wide antibacterial activity.

950

The first monomeric lanthanide thiolates, [Ln(SBut)3] (Ln¼La, Ce, Pr, Nd, Eu, Yb, Y) have been
made951 from [Ln{(N(SiMe3)2}3] and HSBut. They are intensively reactive, doubtless owing to
coordinative unsaturation, and the adducts [(BuSt)2(bipy)Ln(�-SBu

t)2Ln(bipy)(SBu
t)2] (Ln¼Y,

Yb) have been isolated. Transmetallation of Sm with Hg(SC6F5)2 affords Sm(SC6F5)3; this has the
solid-state structure [(THF)2Sm(�2-SC6F5)(SC6F5)2]2. It undergoes thermal decomposition to
SmF3.

952 Use of SC6F5 as a ligand gives stabler and more hydrocarbon-soluble products, which
have been isolated as Lewis base adducts. The large Ce3þ ion forms the seven-coordinate dimer
[Ce(SC6F5)3(THF)3]2 with thiolate bridges, whilst Ho and Er give monomeric [Ln(SC6F5)3(THF)3]
(Ln¼Ho, Er). Other adducts [Ln(SC6F5)3(py)4] (Ln¼ Sm, Yb) and [Er(SC6F5)3(DME)2] have also
been isolated.Many of these compounds feature Ln���F interactions.953Lanthanide metals react with
organic disulfides forming thiolates like [Yb(SAr)3(Py)3] (Ar¼ 2,4,6-triisopropylphenyl).954 A series
of thiophenolates and their selenium analogues have been synthesized and examined. [Ln(SPh)3(Py)3]2
(Ln¼Ho, Tm) have two thiolate bridges with seven-coordinate lanthanides; [Sm(SPh)3(Py)2]4 has a
linear arrangement of four seven-coordinate samariums with three, two, and three �2-bridging
thiolates and [Sm(SPh)3(THF)]4n is a polymer. [Ln(SePh)3(THF)3] (Ln¼Tm, Ho, Er) have mono-
meric fac-octahedral structures; [Sm(SePh)3(Py)3]2 has two selenothiolate bridges with seven-coordin-
ate samarium; and [Ln3(SePh)9(THF)4]n (La¼Pr, Nd, Sm) are polymeric wiith three doubly
bridging selenothiolates.955 The thiolate [{(Et3CS)2Y(�-SCEt3)Py2}2] is dimeric with a planar Y2S2
core.956 THF solutions of thiolates Ln(SPh)3 react with S forming octanuclear clusters
[Ln8S6(SPh)12(THF)8] (Ln¼Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er), their structure is based on a
cube of lanthanides, edge bridged by mercaptides and face-bridged by sulfur;957 analogous pyridine
clusters [Ln8S6(SPh)12(Py)8] (Ln¼Nd, Sm, Er) have also been isolated.958 Clusters are also found in
[Yb4Se4(SePh)4(Py)8] and in [Yb6S6(SPh)6(Py)10].

959 Ph2Se2 reacts with lanthanide amalgams960 and
pyridine forming Ln(SePh)3Py3 (Ln¼Ho, Tm, Yb); these are dimeric with seven-coordinate lantha-
nides. In contrast, [Yb(SPh)3Py3] has a monomeric meridional structure. Thermolysis of the seleno-
lates gives Ln2Se3 (Ln¼Tm, Yb) and a mixture of MSe and MSe2 (M¼Ho). In addition to the
mononuclear [Yb(SePh)3(THF)3], the tetranuclear [Yb4(SePh)8O2(THF)6] and ionic [Yb3(SePh)6-
(DME)4][Yb(SePh)4(DME)] are reported.961Reaction of Smwith PhSeSePh in THF gives962 a cluster
[Sm8Se6(SePh)12(THF)8] whilst Sm(SePh)3 reacts with S in DME affording [Sm7S7(SePh)6-
(DME)7]

þ[Hg3 (SePh)7]
�[Ln8E6(EPh)12L8] clusters (E¼ S, Se; Ln¼ lanthanide; L¼Lewis base) can

be prepared by reduction of Se�C bonds by low-valent Ln or by reaction of Ln(SePh)3. Structures
reported include [Sm8E6(SPh)12(THF)8] (E¼ S, Se) and [Sm8Se6 (SePh)12(Py)8]. They contain cubes
of lanthanide ions with E2� ions capping the faces and EPh bridging the edges of the cube. Reaction of
Nd(SePh)3 with Se to form [Nd8Se6(SePh)12(Py)8] shows that this series is not restricted to redox-
active lanthanides.963 La(SeSi(SiMe3)3)3 is thought to be a three-coordinate monomer in toluene964

but the Y analogue is postulated to be dimeric {Y(SeSi(SiMe3)3)2(�-SeSi(SiMe3)3}2 (a surprise, in view
of the smaller size of yttrium). Lewis base adducts such as Ln(SeSi(SiMe3)3)3(THF)2 (Ln¼La, Sm,
Yb) have been made. Tellurolate analogues Ln(TeSi(SiMe3)3)3 (Ln¼La, Ce, Y) have been prepared
and the structure of the dmpe adduct [La(TeSi(SiMe3)3)3(dmpe)2] determined, the latter having a
distorted pentagonal bypyramidal structure with two axial tellurolates. A number of pyridinethiolate
(Spy; 2-S-NC5H4) complexes have been characterized. Ce(SPy)3 reacts with Et4P[SPy] forming
[Et4P][Ce(SPy)4], in which cerium is eight-coordinate; [Et4P][Ln(SPy)4] (Ln¼Ho, Tm) were also
reported. [Yb(SPy)3] crystallizes from pyridine as eight-coordinate [Yb(SPy)3(py)2].

965 The europiu-
m(III) pyridinethiolate [PEt4][Eu(SPy)4] have been synthesized966 as well as some EuII compounds.
Pyridine 2-thiolates [Ln(SC5H4N)2(HMPA)3]I (Ln¼Pr, Nd, Sm, Eu, Er, Yb), formed by a cleavage
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reaction of 2,20-dipyridyl disulfide in HMPA with iodine and Ln, have pentagonal bipyramidal
coordination of the lanthanides.967 A number of heterometallic Lanthanide-Group 12 chalcogen-
olates have been reported968 including [Py3Eu(�2-SePh)2(�3-SePh)Hg (SePh)2], [(THF)4Eu(�2-
SePh)3Zn(SePh)], [Sm(THF)7][Zn4(�2-SePh)6(SePh)4], and [Yb(THF)6][Hg5(�2-SePh)8
(SePh)4].2THF. Reaction of later lanthanides with mixtures of I2 and PhSeSePh in THF, followed
by reaction with Se in pyridine affords [(THF)6Ln4I2(SeSe)4(�4-Se)].THF (Ln¼Tm, Ho, Er, Yb).
These are clusters containing a square array of LnIII ions connected through a single (�4-Se) ligand.
There are two I� ligands coordinating nonadjacent LnIII ions on the side of the cluster opposite the
(�4-Se), and the edges of the square are bridged by �2-SeSe groups. With a 1/1/1/1 Yb/I/Ph2S2/Se
stoichiometry, the product is [Yb6Se6I6(THF)10] which contains a Yb4Se4 cubane fragment, with an
additional Yb2Se2 layer capping one face of the cube. Upon thermolysis, the selenium rich compounds
give iodine-free Ln2Se3.

969

3.2.2.8.1 Group 17 ligands

The structure of LiKYF5 has been determined.970 NH4LnF4 (Ln¼La-Dy) have been synthesized;
the structure of NH4DyF4 was reported.

971 Pentagonal bipyramidal coordination of Y is found in
two tetrafluorometallates.972,973 NaMCl4(M¼Eu–Yb, Y) have the 	-NiWO4 structure at room
temperature with six-coordinate lanthanides;974 at high temperatures, they change to the seven-
coordinate NaGdCl4 structure. Na2MCl5 (M¼ Sm, Eu, Gd) adopt the Na2PrCl5 structure, again
with seven-coordination.975 Gadolinium is eight-coordinate in BaGdCl5.

976 Na2EuCl5 reacts with
Eu to form977 the mixed valence compound NaEu2Cl6.Cs2K[LnCl6] (Ln¼Eu, Tb) have the cubic
elpasolite structure.978

Rb3MCl6.2H2O (M¼La–Nd) contain eight-coordinate lanthanides979 in anionic trimers
[Ln3Cl12(H2O)6]

3�. Cs3LnCl6.3H2O (Ln¼La–Nd) contain slightly distorted capped trigonal pris-
matic coordination of Ln in edge-linked [LaCl2Cl4/2(H2O)3]

�
1 units; on dehydration, Cs3LnCl6

are formed, with two structural types.980 On thermal decomposition,981 (NH4)3YCl6 first forms
(NH4)Y2Cl7 then YCl3. MCl3 (M¼ all Ln except Pm; Y) react with PyHCl in THF forming
(PyH)3MCl6.THF, whose THF is lost in vacuo.982 Reaction of RbCl and LnCl3 at 850

�C leads to
hexachlorometallates, and the structure of Rb3[YCl6] has been determined.983 Li3[YCl6] is an ionic
conductor.984 (NHMe3)4[YbCl7] has six-coordinate Yb.985 Ba2[EuCl7] is isostructural with
Ba2[LnCl7] (Ln¼Gd-Lu, Y), but not with Ba2[ScCl6]Cl, containing capped trigonal prismatic
[EuCl7]

2� ions.986 [Cs4YbCl7] contains discrete [YbCl6]
3� octahedra.987 Complex holmium chlor-

ides synthesized988 include Cs4HoCl7 and Cs3HoCl6. Enthalpies of formation have been deter-
mined for LaX3 as �258.5� 0.8 kcalmol�1 (X¼Cl); �218.7� 1.7 kcalmol�1 (X¼Br); and
�166.9� 2.0 kcalmol�1 (X¼ I);989 values have also been calculated for (NH4)2LaX5,

989

(NH4)Y2Cl7, and (NH4)3YX6.
990 Structural and magnetic properties are reported for

[Me2NH2][MCl4(H2O)2] (M¼Nd, Pr), which contain edge-connected [MCl4/2Cl2(H2O)2] trigon-
dodecahedra.991,992 Cs3Lu2Cl9 is isostructural with Cs3Tb2Cl9.

993

Cs3[Yb2Cl9] and Cs3[Yb2Br9] have been synthesized and studied by high resolution inelastic
neutron scattering.994 Polymeric species such as [Ln2Cl11]

5� are indicated in conductivity studies
on LnCl3 and M3LnCl6 (M¼K, Rb, Cs; Ln¼La, Ce, Pr, Nd).995

(NH4)2PrBr5 is isostructural with K2PrBr5, where edge sharing between the PrBr5 units gives
capped trigonal prismatic seven-coordinate praseodymium.996 Li3LnBr6 (Ln¼ Sm-Lu,Y) have
been synthesized and the structure of Li3ErBr6 determined (Er-Br 2.767 Å).997

Rb2Li[DyBr6] has a tetragonally distorted elpasolite structure.998 MCl3 (M¼Tb, Dy) react with
PPh4Cl in MeCN forming Ph4P[MCl4(MeCN)] which contain dimeric [(MeCN)Cl3M(�-
Cl)2MCl3(MeCN)]2� anions.999

3.2.2.9 Complexes of the Ln
2+

ion

3.2.2.9.1 Group 14 ligands

A number of simple alkyls and aryls have been made. The use of a bulky silicon-substituted
t-butyl ligand permitted the isolation1000,1001 of simple monomeric (bent) alkyls [Ln{C(SiMe3)3}2]
(Ln¼Eu, Yb) which are sublimeable in vacuo. Other compounds include [Yb{C(SiMe3)2(Si-
Me2X)] (X¼CH¼CH2; CH2CH2OEt) and Grignard analogues [Yb{C(SiMe3)2(SiMe2X)}I.OEt2]
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(X¼Me, CH¼CH2, Ph, OMe), synthesized from RI and Yb. The alkyl ytterbium iodides have
iodo-bridged dimeric structures, containing four-coordinate ytterbium when X¼Me, but five-
coordinate for X¼OMe, due to chelation. When R¼CH¼CH2, Ph, OMe (but not Me), the
equilibrium can be displaced to the right on heating

2YbRI Ð YbR2 þYbI2 ð17Þ

Reaction of powdered Ln (Ln¼Eu, Yb) and Ph2Hg in the presence of catalytic amounts of
LnI3 affords the compounds LnPh2(THF)2.

148,149 [YbPh2(THF)2] has been used as a synthon in
the preparation of [Yb(GePh3)2(THF)4].

1002 Structural characterization of lanthanide(II) aryls has
been achieved by two groups. One approach has been to use a very bulky aryl ligand; compounds
[Ln(Dpp)I(THF)3] and [Ln(Dpp)2(THF)2] (Ln¼Eu, Yb) have been made, with structures deter-
mined for [Yb(Dpp)I(THF)3] and [Eu(Dpp)2(THF)2] (Dpp¼ 2,6-Ph2C6H3).

1003 Similarly in
[Yb(Dpp)2(THF)2] the geometry is a strongly distorted tetrahedron, with Yb�C bonds averaging
2.520 Å and Yb�O bonds averaging 2.412 Å.

1004 There are additionally two weak �1-�-arene
interactions (Yb�C 3.138 Å) involving 	-carbons of the terphenyl groups. The pentafluorophenyl
[Eu(C6F5)2(THF)5] has the pentagonal bipyramidal coordination geometry familiar for simple
coordination compounds.1005 Homoleptic YbII aluminates YbAl2R8 (R¼Me, Et, Bui) have been
made by a silylamide elimination reaction between [Yb(N(SiMe3)2)2(THF)2] and excess AlR3. The
methyl compound is an involatile and insoluble oligomer, but hexane-soluble YbAl2Et8 has a
three-dimensional network based on [Yb(AlEt4)]

þ and [Yb(AlEt4)3]
� fragments linked by bridg-

ing 	-carbons and secondary Yb���H�C agostic interactions.1006

3.2.2.9.2 Group 15 ligands involving nitrogen

[SmI2(THF)2] reacts with N-methylimidazole (N-Meim) forming [SmI2(N-Meim)4]. On recrystal-
lization from hot THF, this loses a molecule of N-Meim and dimerizes, forming [{SmI(�-I)-
(N-Meim)3}2]. This contains six-coordinate Sm, with Sm�I¼ 3.237(1) Å (terminal) and
3.280(1)–3.307(1) Å (bridging); Sm�N distances are 2.621(7)–2.641(6) Å. On slow crystallization,
this tends to oxidize to SmIII complexes. Eu behaves similarly in forming [EuI2(N-Meim)4] and
[{EuI(�-I)(N-Meim)3}2].

1007 LnI2 (Ln¼ Sm, Yb) reacts with substituted pyridines in THF forming
[LnI2(pyridine)4]; the structures of [LnI2(3,5-lutidine)4] (Ln¼ Sm, Yb) and [YbI2(4-t-Butpy)4] were
determined, all have trans- structures.1008 Deacon et al. have reported1009 a rich and extensive
chemistry of the ytterbium(II) complex [Yb(NCS)2(THF)2], which undergoes a range of oxidative
addition reactions affording complexes such as Yb(NCS)3(THF)4, Yb(NCS)3(Odpp)(THF)3
(HOdpp¼ 2,6-diphenylphenol), and Yb(NCS)2(Cp)(THF)3. The THF ligands in
Yb(NCS)2(THF)2 can be replaced by DME forming eight-coordinate Yb(NCS)2(DME)3.
Yb(NCS)2(THF)2 reacts with CCl3CCl3 forming Yb(NCS)2Cl(THF)4, which turns out to have
the solid-state structure [YbCl2(THF)5]

þ[Yb(NCS)4(THF)3]
� in contrast to the monomer

Yb(NCS)3(THF)4. Oxidation of Yb(NCS)2(THF)2 with TlO2CPh initially affords a solvated of
Yb(NCS)2(O2CPh) which then gives a mixture of Yb(NCS)3(THF)4 and dimeric [[Yb(NCS)
(O2CPh)2(THF)2]2], the latter having a [Yb(�-O2CPh)4Yb] core with both bi- and tridentate
bridging benzoates. Ph2CO reacts with Yb(NCS)2(THF)2 producing another dimer,
[[Yb(NCS)2(THF)3]2(�-OC(Ph)2C(Ph)2O)], where two benzophenones have coupled together. In the
area of amides, [SmI2(THF)2] reacts with KNPh2 to form [Sm(NPh2)2(THF)4] where the coordination
geometry approximates to trigonal prismatic.295 New syntheses are reported for [Ln{N(Si-
Me3)2}2(THF)2] (Ln¼ Sm, Yb).1010 New amides [Ln{N(SiMe3)(2,6-Pr

i
2C6H3)}2(THF)2] have been

reported to have distorted tetrahedral structures1011 [Yb{N(SiMe3)(2,6-Pr
i
2C6H3)}2(THF)2] partially

desolvates in vacuo forming [Yb{N(SiMe3)(2,6-Pr
i
2C6H3)}2(THF)]; [Yb{N(SiMe3)2}2(THF)2] deso-

lvates completely to [Yb{N (SiMe3)2}2] on heating in vacuo. The structures have been determined
of [Sm(N(SiMe3)2)2(THF)2] and of the dimer [Sm2{N(SiMe2)2}(DME)2(THF)2(�-I)2], in the latter,
Sm�O (THF) is 2.592 Å; Sm�O (DME) 2.685 Å; and Sm�I 3.847 Å. The former contains significant
short-Sm���C distances, evidence for agostic interactions.

1012 The SmII amide [Sm(N(SiH-
Me2)2)2(THF)x] (x< 1) crystallizes from hexane as a remarkable trimeric [Sm[[�-N(SiH-
Me2)2]2Sm[N(SiHMe2)2](THF)2], in which coordinative saturation involves multiple metal���SiH
�-agostic interactions.1013 [KSm{N(SiMe3)2}3], which is oligomeric, has been reported.1014 A large
number of europium (II), samarium(II), and ytterbium(II) �2-pyrazolides have been synthesized;
[Ln{(Me2pz)3}(THF)] (Ln¼La, Er) are considered to be1015 a centrosymmetric dimer with four
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chelating and two bridging pyrazolides and two bridging THF ligands. Compounds
[Ln{(Ph2pz)3}(THF)x] (Ln¼ Sc, Y, Gd, Er, n¼ 2; Ln¼Lu, n¼ 3) are also reported;
[Ln{(Ph2pz)3}(THF)2] are believed to be eight-coordinate. [Er{(Ph2pz)3}(DME)2] has nine-coordinate
erbium, with three chelating pyrazolates,1016 one chelating and one �1-dme; [Nd{(But2pz)3}(DME)]
has a structure based on chains of Nd{(But2pz)3 units bridged by DME.1016 [Yb(Ph2pz)2(DME)2] has
two chelating dimethoxyethane ligands and two �2 3,5-diphenylpyrazolates.1017 [Ln(�2-
Ph2Pz)2(OPPh3)2] (Ln¼Er, Nd) are eight-coordinate; [Ln(�2-Ph2Pz)2(THF)3] (Ln¼La, Nd) are
nine-coordinate.1018 Syntheses are reported of [Ln(But2pz)3(THF)2] and [Ln(But2pz)3(Ph3PO)2]
(But2pz¼ 3,5 di-t-butylpyrazolato). The compound [Er(But2pz)3(THF)2] has eight-coordinate erbium
with chelating pyrazole ligands.1019 Structures have been reported for [Ln(�2-Ph2pz)2(DME)2]
(Ln¼ Sm, Eu), [Eu(�2-But2pz)2(dme)2], and for some analogous 7-azaindolides. (Me2pz¼ 3,5-
dimethylpyrazolide; Ph2pz¼ 3,5-diphenylpyrazolide; But2pz¼ 3,5-di-t-butylpyrazolide).297 Reaction
of But2pzH with lanthanide metals and mercury at 220 �C affords [Eu(�2-But2pz)2]; and [Yb2(�

2-
But2pz)5], the latter having the structure [(�2-But2pz)YbII(�-�2: �2-But2pz)2YbIII(�2-But2pz)2].

1020

Several carbazolyl complexes have been synthesized; in all cases so far, it behaves as a monohapto-
amide. [Eu(carbazolyl)2(THF)4] is cis-,1021 as [Yb(carbazolyl)2(THF)4] is presumed to be. On dissolu-
tion in DME/THF, [Yb(carbazole)2(THF)4] forms all cis-[Yb(carbazolyl)2(DME)(THF)2]. This has
Yb�N¼ 2.43(3)–2.45(2) Å; Yb�O (THF)¼ 2.41(2)–2.48(2) Å and Yb�O (DME)¼ 2.44(2)–
2.46(1) Å.1022 [SmI2(THF)2] reacts with potassium carbazolyl forming cis-[Sm(carbazolyl)2(THF)4];
this has Sm�N of 2.565(13) Å and Sm�O of 2.582(7) Å. cis-[Sm(carbazolyl)2(THF)4] reacts
with N-methylimidazole to form trans-[Sm(carbazolyl)2(N-Meim)4], which has Sm�N
(carbazolyl)¼ 2.591(3) Å and Sm�N (N-Meim)¼ 2.685(14) Å.

1023 Some LnII �-diketiminates have
also been made, [Ln(L-L)2(THF)2] (Ln¼ Sm, Yb), [Ln(L-L)2] and [Ln(L-L0)2] (L-
L0 ¼ (R)NC(Ph)C(H)C(But)NR). LnCl3 reacts with [{Me2SiN(R)Li2] (R¼Ph, But) forming1024 chlor-
ide bridged dimers [{(R)NSiMe2SiMe2N(R)}Ln(�-Cl)(THF)}2] (Ln¼Nd, Gd, Yb) which can be
converted into trifluoracetates [{(But)NSiMe2SiMe2N(But)}Ln(�-OCOCF3)(THF)}2]. The benzami-
dinate [(PhC(N(SiMe3)2)2)Yb(THF)2] has been made.1025

Polypyrazolylborates have been very extensively investigated. SmCl2 reacts with one mole of
KTp in THF forming [SmCl(Tp)2(Hpz)] which has square antiprismatic coordination of samar-
ium.1026 [Sm(Tp)Cl(L)] (L¼Hpz, N-Mepz) react with sodium �-diketonates forming [Sm(Tp)-
(ACAC)], [Sm(Tp)(tfac)] and [Sm(Tp)(hfac)]. [SmCl(Tp)(Hpz)] reacts with K[BH2pz2] forming the
bicapped trigonal prismatic [SmCl(Tp)(BH2pz2)] whilst [SmCl(Tp)(Hpz)] is square-antipris-
matic.1027 [Ln(Tp)2(THF)2] and [Ln(TpMe2)2] (Ln¼Eu, Sm and Yb) have been synthesized;1027

the latter are very insoluble and are usually purified by sublimation in the cases of the Eu and Yb
compounds.318,1029 Using TpMe2, a very wide range of compounds has been synthesized.
[Ln(TpMe2)2] (Ln¼ Sm, Yb, Eu) tend to be insoluble, but introduction of an additional 4-ethyl
group increases solubility in [Ln(TpMe2,4Et)2] (Ln¼ Sm, Yb, Eu), whilst [Ln(TpPh2)2] (Ln¼ Sm,
Yb) and [Ln(TpTh2)2] (Ln¼ Sm, Yb, Eu) have also been made. These compounds tend to have
six-coordinate trigonal antiprismatic coordination of the lanthanide.320 The THF molecules in
[Ln(Tp)2(THF)2] can be replaced by other donors, as seen in the structures1030 of [Eu(Tp)2(L)2]
(L¼Ph2SO, (Me2N)2C¼O). [Sm(TpMe2)2] undergoes a range of one electron transfer reactions,
whilst complexes of the sterically demanding TpBut,Me ligand [Sm(TpBut,Me)R] are resistant to
redistribution reactions.1031 [Sm(TpMe2)2] has six-coordinate samarium. In its wide range of
oxidations,318,1032 it forms [Sm(TpMe2)2X] (X¼Cl, Br, F) by halogen abstraction from organic
compounds, and [Sm(TpMe2)2]I by iodine oxidation. Reaction with TlBPh4 gives
[Sm(TpMe2)2]BPh4. [Sm(TpMe2)2] cleaves dichalcogenides REER forming [Sm(TpMe2)2(ER)]
(R is, for example, Ph, E¼ S, Se).1033 [Sm(TpMe2)2] reacts with azobenzene forming
[Sm(TpMe2)2(N2Ph2)] where the TpMe2 ligands remain tridentate.1034 [Sm{TpMe2}2] reacts with
dioxygen forming the first lanthanide superoxo complex [Sm{TpMe2}2(�

2-O2)];
1035 isotopic sub-

stitution confirmed this assignment. X-ray diffraction shows that O2 is bound side-on. The
samarium(II) poly(pyrazolyl)borate [Sm(TpMe2)2] undergoes a one-electron oxidation with
[Hg(C�CPh)2] forming monomeric seven-coordinate [Sm(TpMe2)2(C�CPh)].321 This undergoes
a remarkable rearrangement at 105 �C in benzene solution with the exchange between a pyrazole
ring and a alkynyl group, forming [Sm(TpMe2)((HB(Me2pz)2(C�CPh))(Me2pz)]. The insolubility
of [Ln(TpMe2)2] makes it difficult to obtain mono(TpMe2) complexes, as the equilibrium gets
driven to the right, even with a 1:1 stoichiometry in reaction mixture

2½LnðTpMe2ÞIðTHFÞx� Ð ½LnðTpMe2Þ2� þ LnI2ðTHFÞn ð18Þ
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This can be obviated by using a bulky hydrotris(3-t-butyl-5-methylpyrazolyl) borate ligand
(TpBut,Me), which affords monomeric ytterbium(II) compounds with just one pyrazolylborate
bound to ytterbium such as [Yb(TpBut,Me)I(L)n] (L¼THF, ButNC, n¼ 1; L¼ 3,5-lutidine,
n¼ 2), [Yb(TpBut,Me)(N(SiMe3)2)], and [Yb(TpBut,Me)(CH(SiMe3)2)].

318,1036

It is still possible to obtain bis complexes with TptBu,Me, but [Ln(TptBu,Me)2] (Ln¼ Sm, Yb)
shows1037 two different mode of ligand bonding; one is a conventional �3-ligand, the other is
bound via two nitrogen atoms and an agostic B�H���Sm interaction. The NMR spectrum of
[Yb(TptBu,Me)2] shows182 Yb–HB coupling, confirming that the agostic interaction persists in
solution. Use of a bulky ligand stabilizes the dimeric hydride [(TpBut,Me)Yb(�-H)2Yb(TpBut,Me)]
which does have a rich chemistry,1038,1039 forming an ene-diolate by CO insertion and reacting
with alkynes. In [Eu(B(pz)4)2(THF)2], (pz¼ pyrazolyl) europium has the expected eight-coordin-
ation.334 Analogous [Ln(B(pz)4)2(THF)2] (Ln¼ Sm, Yb) react with alkyl halides forming
[Ln(B(pz)4)3] by oxidative disproportionation. A europium(II) poly(pyrazolyl)borate complex
(45) exhibits an orange electroluminescence.1040
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[SmI2(THF)2] reacts
1041 with a dipyrrolide dianion under N2 forming a remarkable tetranuclear

dinitrogen complex [((�-Ph2C(�
1:�5-C4H3N)2)Sm)4(�-�

1:�1:�2:�2-N2)].

3.2.2.9.3 Group 15 ligands involving phosphorus

A number of organophosphides of divalent lanthanides have been reported, with structures of
[Yb(PPh2)2(THF)4],

1042 [Sm(PPh2)2(N-Methylimidazole)4],
1043 and [Yb(P(mesityl)2)2(THF)4],

1043

all having trans-octahedral structures. Both [YbI2(THF)2] and [Yb{(N(SiMe3)2}2(THF)2] react
with KPPh2 forming [Yb(PPh2)2(THF)4]; the THF can be displaced by N-methylimidazole form-
ing trans-[Yb(PPh2)2(N-mim)4].

1044 The structures of the compounds [Sm(P(mesityl)2)2(THF)4] and
[Sm(As(mesityl)2)2(THF)4] have been reported.1045 [Ln(P(H)(mes*))2(THF)4] (Ln¼Eu, Yb;
mes*¼ 2,4,6-But3C6H2) are the first lanthanide complexes with primary phosphide ligands;1046

they feature distorted octahedral coordination of the lanthanide. The three isostructural phos-
phides [(THF)2Li(�-PBu

t
2)2M(�-PBut2)2Li(THF)2] (M¼ Sm, Eu, Yb) have tetrahedrally coordin-

ated lanthanides.1047 The structure of trans-[Eu(PPh2)2(N-mim)4] has been determined.1048 A
monomeric four-coordinate phosphide complex, [Sm(P(CH(SiMe3)2)(C6H4-2-NMe2)2)] has been
reported.1049 [SmI2(THF)2] reacts with KP(SiMe3)2 forming Sm2{P(SiMe3)2}4.(THF)3, which has
the unsymmetrical structure [((Me3Si)2P)Sm(�-P(SiMe3)2)3Sm(THF)3].

1050 SmII and YbII com-
plexes of chelating secondary phosphide ligands have also been reported.1051

3.2.2.9.4 Group 16 ligands involving oxygen

The rate of water exchange at the europium(II) aqua ion, believed to be [Eu(OH2)8]
2þ, is the

fastest ever measured for a non Jahn–Teller ion.1052 YbI2.H2O has six-coordinate Yb (5 I, 1O).1053

KEu(CH3COO)3 is the first ternary EuII carboxylate, with eight and nine-coordinate Eu.1054
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[Ln(O3SCF3)3] have been widely used for years; now [Ln(O3SCF3)2] (Ln¼ Sm, Yb) have been
prepared1055 by reduction of the LnIII analogues and used as pinacol coupling catalysts. A large
number of complexes of O-donors, particularly of SmI2 have been examined, because of the
importance of SmI2 as a one-electron reductant in organic synthesis, much of which has been
carried out using hexamethylphosphoramide (HMPA) as a solvent.1056–1060 The addition of
HMPA to THF solutions of SmI2 brings considerable rate enhancement; HMPA is a suspected
carcinogen so certain alternative ligands have been investigated. The structures of a number of
complexes, both of HMPA and other O-donors, have been investigated, shedding light on SmI2-
promoted reactions. In general these compounds of amide ligands have a coordination number of
six, suggesting steric effects at work, in addition to pointing to strong electron-donating power of
the ligands, as the CN of SmII complexes is usually in the range seven to nine. [LnI2(THF)2]
(Ln¼ Sm, Yb1061 and Eu1062,1063) are useful starting materials, conveniently made by reaction of
Ln with ICH2CH2I. Under other circumstances, different complexes result. The initial product of
crystallization of SmI2 from THF is pentagonal bipyramidal [SmI2(THF)5];

1064 other seven-
coordinate complexes obtained using mixtures of THF and dimethoxyethane are
[SmI2(THF)3(DME)] and [SmI2(THF)(DME)2]. In [SmI2(DME)2(THF)] Sm�O (DME)
is 2.618 Å; Sm�O (THF) is 2.530 Å; and Sm�I is 3.246 Å, whilst in [SmI2(DME)(THF)3]
Sm�O (DME) is 2.641 Å; Sm�O (THF) is 2.571 Å; and Sm�I is 3.323 Å. YbI2 reacts with
4.5moles HMPA in THF forming [Yb(HMPA)4(THF)2]I2; a similar reaction with SmI2 affords
[Sm(HMPA)4I2]. Excess HMPA gives [Sm(HMPA)6]I2. These compounds all have six-coordinate
LnII. In SmI2(HMPA)4, average bond lengths of Sm�O are 2.500 Å and Sm�I are 3.390 Å,
whereas in [Sm(HMPA)6]I2 the Sm�O distances average 2.53 Å.1065 For comparison, in
[SmI2(Ph3PO)4], Sm�O is 3.27(1) Å.1066 SmI2(THF)2 reacts with two moles of tetramethylurea (tmu)
forming1067 [SmI2(tmu)2(THF)2] (tmu¼ -tetramethylurea) has an all trans-geometry, with Sm�O
(tmu) of 2.446 Å, Sm�O (THF) of 2.528 Å, with Sm�I of 3.061 Å and 3.317 Å. Using excess tmu
did not result in the isolation of a complex where the other THF ligands had been replaced.
Another complex to be isolated is trans-[SmI2(dmi)4] (dmi¼ 1,3-dimethyl-2-imidazolidione, N,N-
dimethylacetamide); here all the THF groups have been substituted. The average Sm�O distance
here is 2.48 Å whilst the Sm�I distances are even longer, at 3.345 Å and 3.579 Å. trans-
[SmI2(dma)4] (dma¼ dimethylacetamide) has similar Sm�O distances, averaging 2.45 Å and
Sm�I 3.309 Å. Use of four moles (i.e., a deficit on the stoichiometric amount) of dimethylpropy-
lene urea (dmpu) causes displacement of the iodides from SmI2(THF)2 forming [Sm(dmpu)6]I2
where the cation has a distorted trigonal antiprismatic geometry; Sm�O distances are 2.475–
2.488 Å; however if just two moles of dmpu are used in the reaction, [SmI2(dmpu)3(THF)] results,
in which the iodides are trans- and the dmpu ligands have a mer-arrangement.

The developing coordination chemistry of SmII has thrown up some interesting cases of
isomerism. Reaction of SmI2(THF)2 with diglyme results in the isolation of trans-[SmI2{O(CH2-
CH2OMe)2}2], whilst the cis-isomer was obtained as a by-product in the reaction of SmI2 with
t-BuOK in diglyme. These were the first examples to be isolated of geometric isomers in an eight-
coordinate complex.1068,1069 The Sm–O distances in cis-[SmI2{diglyme}2], fall into the range
2.653–2.699 Å, averaging 2.68 Å, which is slightly shorter than the value for the trans-isomer.
The Sm–I distances in the cis-isomer, however, at 3.332–3.333 Å, are significantly longer than
those in trans-[SmI2{diglyme}2] (3.265 Å). In another interesting study,1070 reaction of SmI2 with
1,2-diiodoethane at 50 �C yields [SmI2(DME)3]. Crystallization at �20 �C affords racemic
[SmI2(DME)3], whilst crystallization from solution at ambient temperature yields a mixture of
crystals of the two different enantiomers. Sm–I distances are 2.3550(8) Å and 2.3832(8) Å and
Sm–O distances range from 2.656(7) Å to 2.681(6) Å. It was suggested that interactions between
methyl groups prevent ready interconversion. The samarium(II) complex [(DME)2BrSm(�-
Br)2SmBr(DME)2] has been synthesized.1071 A number of solvated YbII and SmII complexes,
mainly with diethylene glycol dimethylether(dime), have been characterized,1072 notably
[Yb(dime)3]

2þ, [Yb(dime)2(MeCN)2]
2þ, [Yb(dime)(MeCN)5]

2þ, and [Yb(py)5(MeCN)2]
2þ; these

have tricapped trigonal prismatic, square antiprismatic, and pentagonal bipyramidal coordination
respectively.

Reaction of Nd and Dy with I2 at 1,500 �C followed by dissolution of the product affords
[LnI2(DME)3] and [LnI2(THF)5] (Ln¼Nd, Dy).1073 [NdI2(THF)5] has the familiar pentagonal
bipyramidal structure with axial iodines.1074 [TmI2(DME)2(THF)] has a similar coordination
geometry. [TmI2(DME)2] is the first molecular TmII compound;1075 one DME is monodentate,
the iodides occupy axial positions in a pentagonal bipyramidal geometry. Another TmII complex,
this time with a calixarene, has been made.1076 The first lanthanide(II) diketonate,
[Eu(tmhd)2(DME)2], has been made, by reaction of [EuI2(THF)2] with Kthd in THF, evaporation
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and crystallization from DME. The Sm analogue, [Sm(tmhd)2(DME)2] has also been synthesized
by a similar route; it decomposes to [Sm(tmhd)3(DME)] on keeping a solution at �34 �C for two
weeks (tmhd¼Me3CCOCHCOCMe3; dme¼ dimethoxyethane).1077 The EuII crown ether complex
[Eu(benzo-15-crown-5)2] (ClO4)2 has been synthesized by electrochemical reduction of a solution
of Eu(ClO4)3 and benzo-15-crown-5 in MeOH/H2O. It contains 10-coordinate europium, with
Eu�O distances in the range 2.662(3)–2.728(4) Å. This compound exhibits strong luminescence,
taking on a violet hue in daylight.1078 The EuII EDTA complex Na3[Eu(EDTA)]Cl.7H2O is in fact
polymeric in the solid state with europium bound to two nitrogens and to six carboxylate
oxygens.1079 [(NH2)3]3[Eu

II(dtpa)(H2O)].8H2O is isostructural with the Sr analogue.1080 In solu-
tion, [EuII(dtpa)(H2O)]3� is less stable to oxidation than Eu2þ(aq).1081

The redox stability of complexes of two other ligands, ODDA2� and ODDM4� have been
studied; both [EuII(ODDA)(H2O)] and [EuII(ODDM)]2� are more stable1082 and the ODDM
complex has a significantly greater stability constant than [EuII(dtpa)(H2O)]3� (log K values of
13.07 vs. 10.08 respectively) (ODDM4�¼ 1,4,10,13-tetraoxa-7,16-diaza-cyclooctadecane-7,16-
dimalonate; ODDA2�¼ 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane-7,16-diacetate). A number
of LnII aryloxides have been reported including [Eu(OC6H2Bu

t
2-2,6-Me-4)2(THF)3].

1083

[Yb(OC6H2Bu
t
2-2,6-Me-4)2(Et2O)2] and dimeric [Yb(OC6H2Bu

t
2-2,6-Me-4)2]

1084 [Sm{N(Si-
Me3)2}2(THF)3] reacts with HOC6H3Bu

t
2-2,6-Me-4 forming1085 five-coordinate [Sm(OC6H3Bu

t
2-

2,6-Me-4)2(THF)3]; {KSm{N(SiMe3)2}3} reacts with HOC6H3Bu
t
2-2,6-Me-4 forming

[KSm(OC6H3Bu
t
2-2,6-Me-4)3(THF)]1 which has tetrahedral coordination of SmII and in which

potassium ions act as bridges with K-arene interactions. [Sm{N(SiMe3)2}2(THF)2] reacts with
HOC6H3Bu

t
2-2,6-Me-4 forming the five-coordinate aryloxide [Sm{OC6H3Bu

t
2-2,6-Me-4}2(THF)3]

which is a convenient synthon for a number of SmII and SmIII compounds.1086

Eu reacts with 2-methoxyethanol1087 forming the hydrocarbon-soluble oligomer [Eu(OCH2-
CH2OMe)2]n (n> 10 in toluene). This reacts with 2,6-dimethylphenol or 2,6-diisopropylphenol
forming the tetrametallic [[Eu(�3-�2-OCH2CH2OMe)(�2-OCH2CH2OMe)(OC6H3R2-2,6)][H

þ]4
(R¼Me, Pri). These have a tetrahedron of seven-coordinate europium atoms, each bound to
one terminal bidentate alkoxide, one bridging bidentate alkoxide, a terminal aryloxide, and two
bridging oxygens from other aryloxides. [Eu(OCH2CH2OMe)2]n reacts with Me3Al forming the
hexametallic [Me3Al(�:�2-OCH2CH2OMe)Eu(�:�2-OCH2CH2Me)2(AlMe2]2. 2,6-Disubstituted
phenols react with Eu in liquid NH3 forming [Eu(OC6H3Bu

t
2-2,6)2(NCMe)4] and [Eu4(�-

OC6H3Pr
i
2-2,6)4(OC6H3Pr

i
2-2,6)2(�3-OH)2(NCMe)6].

1088 An interesting variety of phenoxides
with a range of europium polyhedra have been reported. Eu reacts with PriOH forming1089

arene-soluble [Eu(OPri)2(THF)x]n which is a synthon for a trimetallic dimethylphenoxide
[Eu(OC6H3-2,6-Me2)2]3 that reacts with isopropanol vapor forming a cluster H10[Eu8O8(OC6H3-
2,6-Me2)2(OPri)2(THF)6], containing a cubic arrangement of europiums. Other clusters have been
formed by direct reaction between Eu and phenols, such as Hx[Eu8O6(OC6H3-2,6-Me2)12(OPri)8]
and H5[Eu5O5(OC6H3-2,6-Pr

i
2)6(MeCN)8]. H18[[Eu9O8(OC6H3-2,6-Me2)10(THF)10] [Eu9O9-

(OC6H3-2,6-Me2)10(THF)6]] was also synthesized. 2,6-diphenylphenol (dppOH) reacts with Eu
or Yb on heating in the presence of mercury1090 forming [Ln(Odpp)2]. These have the structures
[Eu2(Odpp)(�-Odpp)3] and [Yb2(Odpp)(�-Odpp)3] whilst small amounts of the mixed-valence
[Yb2(�-Odpp)3]

þ[Yb(Odpp)4]
� were also obtained. All three compounds have additional Ln–aryl

interactions. Europium in liquid ammonia reacts with 2,6-dimethylphenol forming the asymmetric
[(DME)(RO)EuII(�-RO)3Eu

II(DME)2] (R¼ 2,6-Me2C6H3).
1091 Reduction of [Yb(OC6H3Ph2-2,6)3-

(THF)2] leads to the isolation of [Yb(OC6H3Ph2-2,6)2(THF)3] and [Yb(OC6H3Ph2-2,6)2(DME)2];
the former has a tbp structure with axial aryloxides.624

Another divalent compound is1092 tbp[Sm(OAr)2(THF)3].THF (Ar¼ 2,6-But2-4-Me-C6H2).
[Sm(OAr)2(THF)4] (Ar¼ 2,6-But2C6H3) catalyzes1093 the polymerization of phenyl isocyanate.
Three-coordinate YbII exists in [{YbX(�-X)}2](X¼OAr, OC(But)3) and [{Yb(NR2)(�-X)}2]
(X¼OAr, OC(But)3) where Ar¼ 2,6-But2-4-Me-C6H2; R¼ SiMe3).

1094 The first LnII siloxide to
be characterized1095 structurally is [{Yb(OSiMe2Bu

t)(�2-DME)(�-OSiMe2Bu
t)}2].

3.2.2.9.5 Group 16 ligands involving sulfur, selenium, and tellurium

Ytterbium reacts with organic disulfides forming [Yb(SAr)2(Py)2] (Ar¼ 2,4,6-triisopropyl-
phenyl).954 Transmetallation of Sm and Eu with Hg(SC6F5)2 affords Sm(SC6F5)3 and
Eu(SC6F5)2 respectively; these have the solid-state structures [(THF)2Sm(�2-SC6F5)(SC6F5)2]2
and [(THF)2Eu(�2-SC6F5)2]n, the latter being a one-dimensional polymer.952 These undergo
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thermal decomposition to LnF3. Some remarkable LnII thiolates have been reported, in the form
of [Ln(SAr)2] (Ar¼ 2,6-Trip2C6H3; trip¼ 2,4,6-Pri3C6H2). Though formally two-coordinate (and
though in the case of the europium compound, uncoordinated THF is present in the lattice), there
are �6-�-interactions present. Structures are also reported of six-coordinate [Yb(SAr)2(DME)2]
and the YbIII compound [YbI(SAr)2(THF)3].

1096 A sterically crowded YbII thiolate
[Yb(SAr*)2(THF)4] (Ar*¼ 2,6-Trip2C6H3, where Trip is 2,4,6-iPr3C6H2) has the trans- structure
now becoming familiar for these LnII sytems.1097 The overcrowding caused by the sterically
encumbered Ar* ligands is reflected in the large Yb�S�C angle of 151.16. A number of
pyridinethiolate (Spy; 2-S-NC5H4) complexes have been characterized.965 [Yb(SPy)2] crystallizes
from pyridine as seven-coordinate [Yb(SPy)2(Py)3]. Europium pyridinethiolates [Eu(SPy)2(Py)4]
and [Eu(SPy)2(bipy)(THF)2] have been synthesized.966 Heterometallic chalcogenides
[(THF)2Eu(�2-SePh)6Pb2], [Yb(THF)6][Sn(SePh)3]2, and [Py2Eu(2-S-NC5H4)2Sn(2-S-NC5H4)2]n
have been characterized.1098 Ln(SePh)2 reacts with selenium in DME forming heterovalent clusters
[Ln4Se(SePh)8(DME)4] (Ln¼ Sm, Yb, NdIII/YbII, SmIII/YbII) which contain a square of lanthanide
ions with a capping selenide.1099 Lanthanide(II) selenolate and tellurolate complexes,1100–1102 usually
obtained as etherates, are possible precursors to lanthanide monochalcogenides. M(TePh)2
(M¼Yb, Eu) crystallize as one-dimensional polymers like [(THF)2Eu(TePh)2]1 and [(THF)2Yb-
(TePh)2.1/2 (THF)]1. [Ln(ESi(SiMe3)3)2 (tmeda)2] (Ln¼Eu, Yb; E¼ Se, Te) have been reported
and the structures of [Yb(SeSiMe3)3)2(tmeda)2] and [{Eu(SeSiMe3)3)2(dmpe)2}2] determined; the
ytterbium tmeda complexes eliminate E(Si(SiMe3)3)2 at 200

�C affording YbSe and YbTe.

3.2.2.9.6 Group 17 ligands

Rb4TmI6, synthesized by heating a mixture of RbI, Tm, and HgI2, has the K4CdI6 structure with
trigonal antiprismatic coordination of Tm.1103 RbYbI3 has a structure based on edge-sharing
[YbI6] octahedra.

1104 M2EuI6 (M¼Cs, Rb) have isolated [EuI6]
2� ions,1105 similarly Rb2YbI6 has

octahedral [YbI6]
2� ions.1106 Reduction of MX3 (M¼ Sm, Dy, Tm, Yb; X¼Br, I) with alkali

metals, In, and Tl (A) leads generally to the ternary compounds AMX3 and AM2X5; some similar
compounds with divalent metals (Ca, Sr, Ba) have also been made.1107 LiDy2Br5, prepared by
reduction of DyBr3 with Li metal at 700 �C, is isostructural with LiDy2Cl5, LiYb2Cl5, and
LiLn2Br5 (Ln¼ Sm, Tm).1108,1109

3.2.2.10 Complexes of the Ln4+ ion

There have been fewer developments here than in the (þ2) state.

3.2.2.10.1 Group 15 ligands

A highlight here is the synthesis of the first LnIV silylamide. Although it cannot be oxidized with
Cl2, [Ce(N(SiMe3)2)3] reacts with TeCl4 forming [CeCl(N(SiMe3)2)3]; this has a trigonal prismatic
structure, with Ce 0.36 Å out of the N3 basal plane (and, interestingly a 0.05 Å lengthening of the
N�Si bond).1110 A preliminary mention of the reaction of PPh3Br2 with [Ce(N(SiMe3)2)3] forming
[CeBr(N(SiMe3)2)3] may also be noted. A previous CeIV amide was synthesized by iodine oxida-
tion of a cerium(III) compound of a triamidoamine, affording a notable compound with a rare
CeIV�I linkage (Scheme 9); analogous oxidation with X2 (X¼Cl, Br) yields mixed-valence
dimers.1111

The reaction of 2,4,6-tri-t-butylpyridyl-1,3,5-triazine (L) with (NH4)2[Ce(NO3)6] leads to a
number of species,1112 including 11-coordinate [Ce(L)(NO3)4], [Ce(NO3)5(OH2)]

�, and [Ce-
(NO3)6(OEt)]2� (all crystallographically characterized). Syntheses are reported for some CeIV bis
(porphyrinates);1113,1114 NMR shows that the two porphyrin rings do not rotate with respect to
each other even at 140 �C. COSY NMR-spectral data have been reported for CeIV porphyrins.1115

Ring oxidized CeIV phthalocyanines have been prepared1116 by oxidation of [CeIV(pc)2] or
[CeIII(pc) 2]

�, and the structure of [CeIV(pc)2](BF4)0.33 determined. The synthesis and structure
of [CeIV(pc)2] is reported.

1117
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3.2.2.10.2 Group 16 ligands

Hydrated cerium(IV) triflate dehydrates on stirring with triflic anhydride.1118 It is potentially a
valuable source of other CeIV compounds. The crystal structure of (NH4)4Ce(SO4)4.2H2O has
been reported,1119 together with a DTA study involving (NH4)2Ce(SO4)3, (NH4)2Ce(NO3)6, and
Cs2Ce(NO3)6.MgCe(NO3)6.8H2O is isomorphous with the Th analogue, containing 12-coordinate
[Ce(NO3)6]

2� ions;1120 K2Ce(NO3)6 exists in two polymorphs,1121 again with icosahedral
[Ce(NO3)6]

2�. The iodates CeIVHIO6.4H2O and MCeIVIO6.nH2O (M¼ alkali metal) have been
reported.1122 A number of diketonates are now better characterized, prompted by the possibility of
using them as CVD materials and petrol additives, as well as a source of cerium oxide as an
oxygen store for catalytic converters. Thus the coordination geometries in the air stable potential
CVD precursors [Ce(tmhd)4] and [Ce(pmhd)4] (tmhd¼ 2,2,6,6-tetramethyl-3,5-heptanedionate;
pmhd¼ 1-phenyl-5-methylhexane-1,3-dionate) are now known to be distorted dodecahedral and
square antiprismatic respectively; the former sublimes unchanged whilst the latter is involatile.1123

[Ce{Me3CCOCHCOCMe2(OMe)}4] is square antiprismatic.1124 Alkoxides are among the more
important (and best characterized) CeIV compounds. General methods are available to make
many Ce(OR)4 (R, e.g., Me, Et, OPri, n-C8H17).

1125

ðNH4Þ2CeðNO3Þ6 þ 4ROHþ 4NH3 ! CeðORÞ4 þ 6NH4NO3 ð19Þ

ðNH4Þ2CeðNO3Þ6 þ 4ROHþ 6NaOMe ! CeðORÞ4 þ 6NaNO3 þ 2NH3 þ 6MeOH ð20Þ

As usual, many of these alkoxides are oligomers, though coordinative saturation can be
achieved by adduct formation. Ce(OSiPh3)4, prepared by alcoholysis of Ce(OPri)4 in dimethoxy-
ethane, is isolated as [Ce(OSiPh3)4(DME)x] (0.5< x< 1). Crystals of [Ce(OSiPh3)4(DME)]
display octahedral coordination of cerium with Ce�O (Si) of 2.10–2.14 Å and two rather long
Ce�O (ether) bonds at 2.58–2.59 Å. Although the solid is air- and moisture-stable, it undergoes
immediate reaction with HACAC forming Ce(ACAC)4.

1126 Thermal desolvation of [Ce(OPri)4
(HOPri)2] affords [Ce4O(OPri)14], which has the structure [Ce4(�4-O)(�3-OPri)2(�-OPri)8(OPri)14.

1127

Alcohol exchange between [Ce2(OPri)8(Pr
iOH)2] and hexafluoroisopropanol (Hhfip) affords

[Ce(hfip)4(thf )2(Pr
iOH)x], convertible into the stable adducts [Ce(hfip)4L2] (L2¼ 2 bipy; tmen;

diglyme) {diglyme¼ 2,5,8-trioxanonane; tmen¼N,N,N0,N0-tetramethylethane-1,2-dia-
mine}. Reaction with pmdien (pmdien¼N,N,N0,N00,N-pentamethyldiethylenetriamine) results
in [Ce(hfip)3(OPri)(pmdien)] and [Hpmdien]2[Ce(hfip)6], the latter having octahedrally coordin-
ated Ce.1128 [Ce2(OPri)8(Pr

iOH)2] reacts with Hthd (Hthd¼ 2,2,6,6,-tetramethylheptane-3,5-dione)
and barium isoprooxide forming [Ba4Ce2(�6-O)(thd)4(�3-OPri)8(OPri)2].

1129 Reaction of
(NH4)2Ce(NO3)6 with two to eight equivalents of NaOCMe3 has given a range of t-butoxide
species, represented by general formulae Ce(OCMe3)a(NO3)b(solvent)cNad (a¼ 1–6; b¼ 0–3;
c¼ 2, 4; d¼ 0, 2) in addition to NaCe2(OCMe3)9 and Ce3O(OCMe3)10. (NH4)2Ce(NO3)6 reacts
with three moles of NaOCMe3 forming Ce(OCMe3)(NO3)3, isolable as Ce(OCMe3)(NO3)3
(HOCMe3)2. This reacts with one mole of NaOCMe3 forming Ce(OCMe3)2(NO3)2(HOCMe3)2
or Ce(OCMe3)2(NO3)2(THF)2. Ce(OCMe3)2(NO3)2(HOCMe3)2 has eight-coordinate cerium, or, if
each bidentate nitrate is considered to occupy one coordination position, the coordination
geometry at Ce approximates to distorted octahedral, with Ce�O (But) distances of 2.023 Å and
2.025 Å; the Ce�O (NO3) distances average 2.56 Å and the Ce�O (alcohol) distances 2.521–2.529 Å.
Further reaction of ‘‘Ce(OCMe3)2(NO3)2’’ with NaOCMe3 yields Ce(OCMe3)3(NO3)
and Ce(OCMe3)4(THF)2. Ce(OCMe3)4(THF)2 reacts with excess NaOCMe3 to afford Na2Ce(OC-
Me3)6(DME)2 which has octahedral [Ce(OCMe3)6]

2� ions surrounded by Na(DME)þ ions,
sodium being coordinated facially to three oxygens of the CeO6 unit. The Ce�O distances vary,
as two butoxides are terminal (Ce�O of 2.141 Å), two are doubly bridging (Ce�O of 3.230 Å) and
two are triply bridging (Ce�O of 2.374 Å). Ce(OCMe3)4(THF)2 reacts with 0.5mole of NaOCMe3
to form NaCe2(OCMe3)9. Both NaCe2(OCMe3)9 and Ce(OCMe3)4(THF)2 slowly convert in
solution into Ce3O(OCMe3)10.

1130 The alkoxide group plays an important role in stabilizing the
CeIV state, witness the existence of [CeCp2(OBut)2] and [CeCp3(OBut)] when other CeIV organomet-
allics cannot be isolated says something about the role of OR is supporting the (IV) state of
cerium.1131 An improved synthesis of [Ce(NO3)4(Ph3PO)2], from (NH4)2[Ce(NO3)6] and Ph3PO in
MeCN is reported; it was also stated, however, that the literature reaction of (NH4)2[Ce(NO3)6] and
Ph3PO in propanone tends to lead to reduction and the formation of [Ce(NO3)3(Ph3PO)3].

432Newer
CeIV THF complexes, [CeClZ(THF)5] [Ce(THF)Cl5] (Z¼Cl, NO3) have been synthesized.1132
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3.2.2.10.3 Group 17 ligands

Fluorination of cerium oxide with NH4HF2 affords (NH4)4[CeF8].
1133 �-BaTbF6 has a

structure1134 based on infinite chains of edge-sharing [TbF8]
4� units. 	-BaTbF6 contains

[Tb4F26]
10� ions based on association of four square antiprisms by sharing corners and edges.1135
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513. Malandrino, G.; Licata, R.; Castelli, F.; Fragalà, I. L.; Benelli, C. Inorg. Chem. 1995, 34, 6233.
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3.3.1 INTRODUCTION

3.3.1.1 Historical Development of Actinide Coordination Chemistry

Investigation of the coordination chemistry of the actinide elements began with the isolation of
uranium from a pitchblende sample in 1789;1 thorium was similarly isolated from thorite
mineral samples in 1829.2 The chemistry of these elements remained somewhat obscure until
the discovery in 1895 by Becquerel that uranium undergoes radioactive decay. Interest in the
chemistry (and more specifically the nuclear chemistry) of the earliest actinide elements blossomed
(including protactinium),3 as scientists sought to understand and systematize the chemical and
radioactive properties of naturally occurring radioactive elements. The discovery of artificial
radioactivity in 1934 proved to be the next watershed development in the history of the actinide
elements, as the promise was offered of truly synthesizing new elements not previously found
in nature. The development of man-made elements began in 1940 with the production of
neptunium.4

Coordination chemistry (in the form of descriptive chemistry) played a key role in this
discovery phase. The chemical properties of the elements (redox characteristics and stoichiometry
of simple compounds such as oxides and halides) were often used to argue for their placement in
the periodic table. It was for this reason that a series of compounds was first proposed in which
the 5f-orbitals were being successively populated. The first actinides were considered to be
members of a new d-transition series, until it became clear that their chemical properties did
not mimic those of their supposed cogeners. Although thorium is chemically similar to group 4
elements, and uranium can bear some similarity to group 6 metals, neptunium did not share many
similarities with group 7 elements, and plutonium bore no resemblance to osmium or other
group 8 elements. Seaborg first developed the hypothesis that the actinide elements actually
constituted a second ‘‘f-transition series,’’ analogous to the lanthanide elements. With this
recognition, the search began to populate all positions in the series. Table 1 provides a listing
of the manmade actinide elements, along with their dates of first synthesis.

The discovery of nuclear fission in 1938 proved the next driver in the development of coordin-
ation chemistry. Uranium-235 and plutonium-239 both undergo fission with slow neutrons, and
can support neutron chain reactions, making them suitable for weaponization in the context of
the Manhattan project. This rapidly drove the development of large-scale separation chemistry, as
methods were developed to separate and purify these elements. While the first recovery processes
employed precipitation methods (e.g., the bismuth phosphate cycle for plutonium isolation),

Table 1 Man-made actinide elements.

Element Date

Np 1940
Pu 1940–1
Am 1944–5
Cm 1944
Bk 1949
Cf 1950
Es 1952
Fm 1953
Md 1958
No 1958
Lw 1961
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subsequent methods employed extraction of actinide ions from aqueous into nonaqueous solution
by the use of organic extractants such as ethers, amines, or organophosphates. With increasing
sophistication required in separation processes (e.g., separation of actinides from lanthanides),
new classes of extractants have appeared including bifunctional and chelating ligands. Some
emphasis will be given in this chapter to the use of these types of extractants in the separation
of the elements, given the historical importance of this application.

Investigations of the nonaqueous coordination chemistry of the actinides began with the
Manhattan project. Isotopic separation of uranium and plutonium generally involved distillation or
centrifugation of volatile metal complexes. While the higher oxidation state fluoride complexes had
favorable volatility, their corrosive properties led to a search for alternative classes of compounds.
These investigations supported the development of several new classes of compounds, including
volatile alkoxide and borohydride complexes. The expansion of these interests to include the
organometallic chemistry of the elements began in 1956 (shortly after the discovery of ferrocene in
1951) with the preparation of the first cyclopentadienyl complexes of actinides.5 Organometallic
chemistry of the actinide elements lies outside the scope of this chapter, and no discussion will be
provided of complexes containing carbon-based �-bonding (i.e., alkyl, aryl) or �-bonding ligands.
For further information on organometallic chemistry, the reader is referred to other recent reviews.6

Most recently, interest has grown in the chemistry of the early actinides in biologically and
environmentally relevant conditions, as interest has turned to the remediation of contaminated
sites, and the evaluation of long-term fate and transport in the environment. The first impact of
this has been to stimulate research in the aqueous coordination chemistry of actinides under
conditions dissimilar to process media (near-neutral pH, lower concentration, lower ionic
strength). Research has also focused on the complexation of actinides by ligands that are derived
from (or which mimic) metal complexation under biological conditions, such as catecholate
groups or amino acids. These classes of ligands will be included in the context of the broader
suite of multidentate ligands.

A comprehensive treatment of the early literature covering several ligand classes is available in
the Gmelin series; emphasis in this chapter will be placed on referencing more recent develop-
ments. Where primary literature has not been cited, information has been drawn from Gmelin as
a primary reference.7

The depictions of molecular structures presented were generated using the program Crystal-
Maker 2,8 using atomic coordinates obtained from the Cambridge Structural Database.9 Several
of the tables have been reproduced from the Actinide chapter by K. W. Bagnall in the previous
edition of Comprehensive Coordination Chemistry (CCC, 1987); this served as the starting point
for many ligand classes.

3.3.1.1.1 Characteristics of the actinides

It should be noted that one of the most significant characteristics of the actinides is their radio-
activity; all isotopes are radioactive, although some have half-lives of greater than 1� 105 years.
Precautions must be taken in their handling, ranging from the use of special enclosures (HEPA-
filtered exhaust hoods, negative-pressure gloveboxes) to the use of shielded facilities.

Similarities exist between the chemical characteristics of the actinides and those of the lanthanides.
The metal ions are generally considered to be relatively ‘‘hard’’ Lewis acids, susceptible to complexa-
tion by hard (i.e., first row donor atom) ligands and to hydrolysis. Both actinide and lanthanide ions
are affected by the ‘‘lanthanide contraction,’’ resulting in a contraction of ionic radius and an
increasing reluctance to exhibit higher oxidation states later in the series. Most species are paramag-
netic, although the electron spin–nuclear spin relaxation times often permit observation of NMR
spectra, and disfavor observation of ESR spectra except at low temperatures. The elements display
more than one accessible oxidation state, and one-electron redox chemistry is common.

The actinide elements display much more diversity in their chemistry than their lanthanide
counterparts, however. The greater radial extent and energetic availability of the 5f- and
6d-orbitals result in increased interaction with ligand-based orbitals. While the electronic structure
of lanthanide complexes is dominated by spin-orbit coupling and electron–electron repulsion, that
of actinide complexes is often significantly impacted by ligand-field effects, leading to complex
optical spectra. Due to the energetic accessibility of metal valence electrons early in the series, the
early actinides display a much wider range of attainable oxidation states (see Table 2), and the
bonding in chemical compounds is often described to be somewhat more covalent than that in
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lanthanide complexes.10 Therefore, it may be said that the coordination chemistry of the actinides
is richer and more varied than that for the lanthanide elements.

Some distinction may be made between the chemistry of the early actinide elements (Th–Pu) and
that of the later actinide elements (Am–Lw). The early actinide metals are much more readily
available, either from natural ores or as products of nuclear materials and fuel production. The
later actinides are rarer, and are only available in extremely limited quantities from specialized
sources. The early actinides have the greatest range of accessible oxidation states. Isotopes of the
early actinides generally have longer half-lives, reducing the risk of self-radiolysis inherent to com-
pounds of radioactive elements (and yielding more stable products). Finally, broader interest exists in
the technological applications of the early actinides, due to their role both in energy production and
nuclear weapons production. The more widespread use of these elements has also contributed to a
more acute need to investigate their behavior in the environment. For all these reasons, the coordin-
ation chemistry of the early actinide elements is much more developed, and will be discussed
separately.

3.3.1.1.2 Coordination numbers and geometries

Actinide ions display relatively large ionic radii, and therefore support higher coordination
numbers; coordination numbers of 8–10 are common, and 12- and 14-coordinate metal centers
have been observed (see Table 3). Because ionic radii decrease across the series, however,
accessible coordination numbers often decrease across the series for a given oxidation state
with the same ligand. Although metal–ligand orbital overlap in complexes of the actinides may
exceed that in lanthanide compounds, the actinides still exhibit chemical behavior largely
consistent with ionic bonding. As a consequence, the geometry of coordination complexes is
not strongly driven by orbital considerations, but rather by steric considerations (ligand–ligand
repulsions). Ligands are generally labile, and kinetic barriers for reactions are most often
moderate.

3.3.2 EARLY ACTINIDE METALS—THORIUM TO PLUTONIUM

The chemistry of the early actinide metals has been most extensively studied for many
reasons. Chief among these is the availability of materials for study. Thorium and uranium
obtained from ores as described above have been available for chemical investigations for well
over 100 years. In fact, all early actinide elements may be found in nature, although only thorium,
protactinium, and uranium are present in sufficient quantities to justify extraction. The remaining
early actinide elements, neptunium and plutonium, are produced in large quantities in nuclear
reactors.

A second reason for the wealth of chemical investigations of the early actinide elements is the
relative diversity of their chemistry. While the chemistry of the later actinides is most often
restricted to that of the tri- and tetravalent oxidation states, compounds of the early actinides
can be isolated in all oxidation states from þ3 to þ7. The accessibility of a range of oxidation
states is the impetus for signficant chemical interest in the early actinides, but also vastly
complicates investigation of these elements under some circumstances, such as aqueous redox
behavior. In the case of plutonium, ions in four different oxidation states (þ3, þ4, þ5, and þ6)
can exist simultaneously in comparable concentrations in the same solution.

Table 2 Known oxidation states of the actinide elements.

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lw

2 2 2 2 2 2
3 3 3 3 3 3 3 3 3 3 3 3 3

4 4 4 4 4 4 4 4 4
5 5 5 5 5

6 6 6 6

7 7 7
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The most practical reason for interest in the chemistry of the early actinides is their techno-
logical importance. In particular, the importance of uranium and plutonium in applications
ranging from nuclear power to radiothermal generators for deep space missions. The production
and use of nuclear materials in nuclear weapons from the 1940s has also driven the development
of a great deal of the chemistry of these metals, from their separation and isolation to investiga-
tions of their behavior under biologically relevant conditions.

Table 3 Coordination numbers and geometries of actinide compounds.

Coordination number Complex Coordination geometry References

3 [U(N{SiMe3}2)3] Pyramidal a

4 U(O-2,6-But2C6H3)4 Tetrahedral b

[U(NPh2)4] Highly distorted tetrahedral c

5 [U(NEt2)4]2 Distorted trigonal pyramidal d

6 [UCl6]
2� Octahedral e

U(dbabh)6 Octahedral f

U[H2B(3,5-Me2pz)2]3 Trigonal prismatic g

7 [UCl(Me3PO)6]
3þ Distorted monocapped

octahedron

h

UI3(THF)4 Pentagonal bipyramidal i

[UO2(NCS)5]
3� Pentagonal bipyramidal j

[PuF7]
2� (in Rb2PuF7) Capped trigonal prism k

8 [U(NCS)8]
4� (NEt4

þ salt) Cube l

[B(pz)4]2UCl2 Distorted square antiprism m

[UCl2(DMSO)6]
2þ Distorted dodecahedron n

PuBr3 Bicapped trigonal prism o

[UO2(S2CNEt2)3]
� Hexagonal bipyramidal p

9 UCl3 Tricapped trigonal prism o

[Pu(H2O)9][CF3SO3]3 Tricapped trigonal prism q

[Th(C7H5O2)4(DMF)] Monocapped square antiprism r

C7H6O2= tropolone
10 [Th(NO3)4(Ph3PO)2] Best described as trans-

octahedral

s

with four bidentate
NO3 groups in the
Equatorial plane

[Th(NO3)3(Me3PO)4]
þ 1:5:4 geometry t

[Th(C2O4)4]
4�

[in K4Th(C2O4)4]
Bicapped square antiprism u

11 [Th(NO3)4(H2O)3]�2H2O Best described as a monocapped v

trigonal prism
with four bidentate
NO3 groups occupying
four apices

12 [Th(NO3)6]
2� Icosahedral t

[pyTp2U][BPh4] Icosahedral w

14 [U(BH4)4] Bicapped hexagonal antiprism x

[U(BH4)4(THF)2] Bicapped hexagonal antiprism y

a Stewart, J. L.; Andersen, R. A. Polyhedron 1998, 17, 953. b Van Der Sluys, W. G.; Sattelberger, A. P.; Streib, W. E.; Huffman, J. C.
Polyhedron 1989, 8, 1247. c Reynolds, J. G.; Zalkin, A.; Templeton, D. H.; Edelstein, N. M. Inorg. Chem. 1977, 16, 1090. d Reynolds,
J. G.; Zalkin, A.; Templeton, D. H.; Edelstein, N. M.; Templeton, L. K. Inorg. Chem. 1976, 15, 2498. e Zachariasen, W. H. Acta
Crystallogr. 1948, 1, 268. f Meyer, K.; Mindiola, D. J.; Baker, T. A.; Davis, W. M.; Cummins. C. C. Angew. Chem., Int. Ed. Engl.
2000,39, 3063. g Carvalho, A.; Domingos, A.; Gaspar, P.; Marques, N.; Pires de Matos, A.; Santos, I. Polyhedron 1992, 11,
1481. h Bombieri, G.; Forsellini, E.; Brown, D.; Whittaker, B. J. Chem. Soc., Dalton Trans. 1976, 735. i Clark, D. L.; Sattelberger,
A. P.; Bott, S. G.; Vrtis, R. N. Inorg. Chem. 1989, 28, 1771. j Bombieri, G.; Forsellini, E.; Graziani, R.; Pappalardo, G. C. Transition
Met. Chem. 1979, 4, 70. k Penneman, R. A.; Ryan, R. R.; Rosenzweig, A. Struct. Bonding (Berlin) 1973, 13, 1. l Countryman, R.;
McDonald, W. S. J. Inorg. Nucl. Chem. 1971, 33, 2213. m Campello, M. P.; Domingos, A.; Galvão, A.; Pires de Matos, A.; Santos, I.
J. Organomet. Chem. 1999, 579, 5. n Bombieri, G.; Bagnall, K. W. J. Chem. Soc., Chem. Commun. 1975, 188. o Zachariasen, W. H. Acta
Crystallogr. 1948, 1, 265. p Bowmann, K.; Dori, Z. Chem. Commun. 1968, 636. q Matonic, J. H.; Scott, B. L.; Neu, M. P. Inorg. Chem.
2001, 40, 2638. r Day, V. W.; Hoard, J. L. J. Am. Chem. Soc. 1970, 92, 3626. s Mazur-ul-Haque; Caughlin, C. N.; Hart, F. A.; van
Nice, R. Inorg. Chem. 1971, 10, 115. t Alcock, N. W.; Esperãs, S.; Bagnall, K. W.; Wang Hsian-Yun, J. Chem. Soc., Dalton Trans. 1978,
638. u Akhtar, M. N.; Smith, A. J. Chem. Commun. 1969, 705. v Ueki, T.; Zalkin, A.; Templeton, D. H. Acta Crystallogr. 1966, 20,
836. w Amoroso, A. J.; Jeffery, J. C.; Jones, P. L.; McCleverty, J. A.; Rees, L. Rheingold, A. L.; Sun, Y.; Takats, J.; Trofimenko, S.;
Ward, M. D.; Yap, G. P. A. Chem. Commun. 1995, 1881. x Bernstein, E. R.; Hamilton, W. C.; Keiderling, T. A.; La Placa, S. J.; Lippard,
S. J.; Mayerle, J. J. Inorg. Chem. 1972, 11, 3009. y Rietz, R. R.; Zalkin, A.; Templeton, D. H.; Edelstein, N. M.; Templeton, L. K. Inorg.
Chem. 1978, 17, 658.
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3.3.2.1 Trivalent Oxidation State

3.3.2.1.1 General characteristics

With the exception of thorium and protactinium, all of the early actinides possess a stable þ3 ion
in aqueous solution, although higher oxidation states are more stable under aerobic conditions.
Trivalent compounds of the early actinides are structurally similar to those of their trivalent
lanthanide counterparts, but their reaction chemistry can differ significantly, due to the enhanced
ability of the actinides to act as reductants. Examples of trivalent coordination compounds of
thorium and protactinium are rare. The early actinides possess large ionic radii (effective ionic
radii= 1.00–1.06 Å in six-coordinate metal complexes),11 and can therefore support large coordin-
ation numbers in chemical compounds; 12-coordinate metal centers are common, and coordin-
ation numbers as high as 14 have been observed.

3.3.2.1.2 Simple donor ligands

(i) Ligands containing anionic group 15 donor atoms

Amide ligands. The trivalent chemistry of the actinides with N-donor ligands is limited to
sterically bulky ligands that provide kinetic stabilization against ligand exchange and polymeriza-
tion. The bis(trimethylsilyl)amide ligand (N(SiMe3)2

�) supports a wide array of oxidation states
of uranium.

Trivalent homoleptic complexes An[N(SiMe3)2]3 have been generated for uranium, neptunium,
and plutonium12–14 by metathesis reactions (see Equations (1) and (2)). The molecular structure of
U[N(SiMe3)2]3 has been determined:15

UCl3(THF)x + 3 NaN(SiMe3)2
THF U[N(SiMe3)2]3 ð1Þ

AnI3(THF)4 + 3 NaN(SiMe3)2 An[N(SiMe3)2]3

(An = U, Np, Pu)

THF
ð2Þ

The geometry about the uranium center is trigonal pyramidal, with a U—N distance of
3.320(4) Å, and a N—U—N angle of 116.24(7)�. The magnetic susceptibility shows that the
complex has an effective moment comparable to those determined for trivalent metallocenes
and halides (�eff= 3.354(4), �=�13K at 5 kG), consistent with a 5f 3 electronic configuration.
A low energy 5f ionization band observed in the photoelectron spectroscopy is consistent with the
electronic configuration.16 The steric congestion about the metal center prohibits isolation of
stable adducts.

A tris(amido)amine framework, consisting of the ligand {N[CH2CH2N(Si(But)Me2)]3}
3�, has

been used to produce UIII derivatives. Initial attempts to reduce the complex {N[CH2CH2N(Si
(But)Me2)]3}UCl resulted in the formation of a mixed-valence complex {[N[CH2CH2N-
(Si(But)Me2)]3]U}2(�-Cl).

17 The bimetallic complex is thought to possess electronically distinct
UIII and UIV centers. The purple UIII species, N[CH2CH2N(Si(But)Me2)]3U, was originally
isolated by fractional sublimation of the bimetallic UIII/UIV complex.18 This complex can be
prepared directly by reduction of N[CH2CH2N(Si(But)Me2)]3UI by potassium in pentane.
A variety of adducts of this complex have been reported.19 Reaction of the UIII complex
with dinitrogen produces one of the most unusual adducts isolated in this system (see
Equation (3)):

N[CH2CH2N(Si(t-Bu)Me2)]3U + N2 {N[CH2CH2N(Si(t-Bu)Me2)]U}2(µ 2-η2:η2-N2)

ð3Þ

Despite the apparent reversibility of the N2 addition in solution (based on 1H-NMR experimental
data), a molecular structure of the complex was obtained18 (see Figure 1).
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The N–N distance in the dinitrogen unit is essentially unperturbed. Metrical data, along with
magnetic data, suggest that the complex is best formulated as a UIII species. The electronic
structure of this complex has been investigated; the only significant U–N2–U interaction was
found to consist of U!N2 � backbonding.20

An additional bulky amide ligand type, which supports novel coordination complexes of lower
valent uranium has been developed. Complexes of the formula U(NRAr)3(THF) (R=But, adaman-
tyl; Ar= 3,5-Me2C6H3) cannot be generated directly from trivalent halide precursors; instead, they are
produced in the reduction of the uranium(IV) iodide complex by sodium amalgam.21

Aside from the neutral tris(amido)actinide complexes that have been prepared with sterically
encumbering ligands as described, an alternate approach to the stabilization of trivalent actinide
amides is the generation of anionic ‘‘ate’’-type complexes. As an example, reaction of UI3(THF)4
with excess KHNAr (Ar= 2,6-Pri2C6H3) produces the anionic complex [K(THF)2]2[U(NHAr)5]
which has been crystallographically characterized.22

Polypyrazolylborate ligands. Monoanionic poly(pyrazolyl)borate ligands (B(pz)4
�, HB(pz)3

�,
H2B(pz)2

�, and substituted derivatives, pz= pyrazol-1-yl) commonly bind to f-elements in
either a trihapto or dihapto geometry through nitrogen atoms in the pyrazolyl substituents. Most
chemistry with trivalent actinides involves the substituted ligand HB(3,5-Me2pz)3

�. The complex
U[HB(3,5-Me2pz)3]2Cl has been generated both by metathesis reaction of UCl3 with K[HB(3,5-
Me2pz)3]

23 and by reduction of the UIV precursor U[HB(3,5-Me2pz)3]2Cl3 with sodium napthal-
enide.24 The complex is somewhat unstable, and upon recrystallization can be oxidized to generate
the tetravalent oxo complex {UCl[HB(3,5-Me2pz)3](�-O)}4.

25 The use of uranium triiodide has
become increasingly common in the synthesis of trivalent complexes. Reaction of UI3(THF)4 with
M[HB(3,5-Me2pz)3] (M=Na, K) in a 1:1 or 1:2 ratio results in the formation of the compounds
U[HB(3,5-Me2pz)3]I2(THF)2 and U[HB(3,5-Me2pz)3]2I respectively.26,27 In the monoligand com-
pound the pyrazolylborate ligand is tridentate, while the bis(ligand) compound demonstrates two
different coordination modes for the two [HB(3,5-Me2pz)3] groups. One of the ligands is
�3-coordinated to the metal center, while in the second ligand, two of the pyrazolyl rings appear
to coordinate in a ‘‘side-on’’ type of arrangement with the N—N bond of the ring within bonding
distance to the uranium atom. Upon abstraction of the iodide ligand with TlBPh4, however, this
ligand reverts to a conventional tridentate geometry; the uranium center is seven-coordinate in
{U[HB(3,5-Me2pz)3]2(THF)}þ; the tetrahydrofuran ligand occupies the seventh site. A limited
number of UIII complexes have been reported with other pyrazolylborate ligands. Uranium
trichloride or triiodide react with bis(pyrazolyl)borate ligands to generate the species and

N9

N10
U2

U1

Figure 1 Crystal structure of {N[CH2CH2N(Si(But)Me2]U}2(�
2-�2: �2-N2) (Roussel and Scott J. Am. Chem.

Soc. 1998, 120, 1070).

The Actinides 195



U[H2B(3,5-Me2pz)2]3 and U[H2B(pz)2]3(THF).28,29 The coordinated tetrahydrofuran may be
removed from the latter to yield the base-free complex U[H2B(pz)2]3. The solid state structure of
U[H2B(3,5-Me2pz)2]3 reveals that the metal lies in a trigonal prismatic arrangement of six pyrazole
nitrogen atoms, with the three rectangular faces of the trigonal prism capped by three B—H bonds.
When a related ligand devoid of B—H bonds is employed, such as (Ph2B(pz)2), the resulting
tris(ligand) complex U[Ph2B(pz)2]3 contains a six-coordinate uranium center.30 The lower coordin-
ation number may be reflected in the shorter U—N bond distances in the crystal structures.
However, the bond distance is only very slightly shorter and may not be statistically significant
(2.53(3) Å, vs. 2.59(3) Å or 2.58(3) Å in the 10- and nine-coordinate complexes, respectively).
A mixed halide/bis(pyrazolyl)borate complex has been produced by the reaction of UI3(THF)4
with K[H2B(3-Bu

t,5-Mepz)2]. The complex UI2[H2B(3-Bu
t,5-Mepz)2](THF)2 reacts with triphenyl-

phosphine oxide to yield the base adduct UI2[H2B(3-Bu
t,5-Mepz)2](OPPh3)2.

30 Only one complex of
a trivalent transuranic metal has been reported; reaction of PuCl3 with M[HB(3,5-Me2pz)3]
in refluxing THF generates the dimeric complex [PuCl(�-Cl){HB(3,5-Me2pz)3}-(3,5-Me2pzH)]2.

31

A particularly interesting encapsulating ligand is found in the tris(3-(2-pyridyl)-pyrazol-1-yl]-
borate ligand (pyTp). Reaction of the potassium salt of this ligand with UI3(THF)4 forms the
complex [pyTp2U]I, or in the presence of NaBPh4, [

pyTp2U][BPh4].
32 The structure of this complex

is found in Figure 2. The complex consists of a rare example of 12-coordinate uranium, where
the metal lies in an icosahedral coordination environment. The pyrazolylborate groups are
approximately staggered with respect to one another, and six pyridyl nitrogens form the
equatorial belt.

(ii) Ligands containing neutral group 15 donor atoms

The chemistry of simple actinide complexes employing neutral group 15-atom donor complexes is
extensive.

Ammonia. Ammonia adducts of trivalent uranium are rare. The trihalide complexes of
uranium and plutonium are reported to form adducts when exposed to liquid or gaseous
ammonia. Higher-coordinate complexes (e.g., UCl3�7NH3 are suggested to be stable at lower
temperatures; above room temperature the complex loses ammonia to form UCl3�3NH3. Further
ligand loss occurs above 45 �C to yield UCl3�NH3. Uranium tribromide has been reported to yield

Figure 2 Crystal structure of [pyTp2U][BPh4] (Amoroso, Jeffery et al., Chem. Commun. 1995, 1881).
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adducts with either four or six molecules of ammonia, depending on the conditions of preparation.
The products PuCl3�8NH3 and PuI3�9NH3 have been reported;33 they appear to be similarly
susceptible to loss of ammonia. There are no reported adducts of trivalent actinides with neutral
amines.

Heterocyclic ligands. The advent of the use of trivalent actinide iodides has enabled the
characterization of pyridine adducts of uranium, neptunium, and plutonium.13,34 The complexes
AnI3py4 (An=U, Np, Pu; py=pyridine) are generated from actinide metals and halide sources in
coordinating solvents. They are readily soluble in organic solvents, and serve as convenient
precursors to a variety of trivalent actinide species.14,35 Several related adducts have been
generated using neutral tris(N-heterocycle)amine ligands. Reaction of tris((2-pyridyl)methyl)-
amine (tpa) with [UI3(THF)4] in pyridine results in the isolation of U(tpa)I3(pyridine).

36 The
analogous complex [U(Mentb)2]I3 complex was prepared by treating [UI3(THF)4] with two
equivalents of tris(N-methylbenzimidazol-2-ylmethyl)amine (Mentb). Crystallographic studies of
the latter reveal that the uranium center is eight-coordinate; the two tetradentate tris(imidazolyl-
methyl)amine groups fold around the metal center in a pseudo-D3 symmetric manner. Solution
NMR studies in pyridine show a large difference in the behavior of Mentb and tpa towards
uranium binding; the bis(ligand) complex of Mentb is found to be more stable in solution than
that of tpa. A related complex employing the tris[(2,20-bipyridin-6-yl)methyl]amine (tbpa) ligand,
[UI2(tbpa)][I]�py, has also been reported.37 The complexation of uranium triiode by 2,20-bipyr-
idine (bipy) has been investigated in anhydrous pyridine solution.38 At room temperature, both a
1:1 and 1:2 complex (U:bipy) are observed to form in solution; the 1:2 complex appears to be
enthalpically favored. Addition of excess ligand permits observation of a 1:3 complex at low
temperature. The ‘‘U(bipy)2I3’’ complex formed in solution behaves as a 1:1 electrolyte, suggesting
a formulation [U(bipy)2I2][I]. The complex UI3(bipy)2(py)�py was isolated from solution and
structurally characterized.

Nitriles. The simple acetonitrile adducts UCl3�MeCN and NpCl3�4MeCN have been
reported; the Np-237 Mössbauer spectrum of the latter has been reported.39 As in the case of
N-heterocyclic ligands, the isolation of nitrile adducts of trivalent uranium have been spurred by
the availability of soluble iodide starting materials. The complex UI3(MeCN)4 has been prepared
and characterized crystallographically as well as by magnetic susceptibility and solid-state absorp-
tion spectroscopy,40 and the complexes UCl3 (MeCN)(H2O)5 and NH4[UBr2(MeCN)2(H2O)5]-
[Br]2 have been isolated.41,42

Phosphines. A limited number of trivalent uranium borohydride phosphine complexes have
been reported. The complexes U(BH4)3(dmpe)2 (dmpe= bis(1,2-dimethylphosphino)ethane)43 and
U(BH4)3(o-PPh2(C6H4N))2

44 are prepared from the reaction of U(BH4)3(THF)x and the corres-
ponding ligand, while U(MeBH3)3(dmpe)2

45 is generated when the tetravalent precursor
U(BH4)4(dmpe) is heated in the presence of excess dmpe.

(iii) Ligands containing anionic group 16 donor atoms

Oxides. The binary oxide, Pu2O3, has been observed as an intermediate between Pu and
PuO2 and it has hexagonal and cubic forms. The hexagonal phase is of the La2O3 ‘‘type A,’’ rare
earth sesquioxide structure and contains seven-coordinate PuIII. The analogous Np phase prob-
ably exists as a bulk compound, but has not been as well studied. It has been observed in an XPS
study on the oxidation of Np metal.46 Ternary oxides are generally prepared from high tempera-
ture reactions of binary oxides. One class has the general formula PuMO3, where M=Al, V, Cr,
Mn, and the perovskite structure, in which MO6 octahedra are linked in a network and
12-coordinate PuIII ions are located in the interstices between octahedra. Quaternary oxides of PuIII

are also known, such as Ba2PuNbO6 and Ba2PuTaO6.
Hydroxides. The hydrolysis and carbonate complexation of the actinides has been recently

reviewed.47 Plutonium(III) hydrolysis is not well known because PuIII is readily oxidized to PuIV

in aqueous solutions, particularly at near-neutral and basic pH. The first hydrolysis product,
Pu(OH)2þ, has been identified in acid solution up to pH �3 (where it is about 70% formed)
before oxidation to PuIV prevents further study.48 The first hydrolysis product of NpIII has been
similarly studied.46 The hydroxide solids, Pu(OH)3�xH2O and Np(OH)3�xH2O, are prepared by
precipitation and presumed to be isostuctural with Am(OH)3.

Carbonates. Trivalent actinide carbonates generally oxidize rapidly to AnIV species. Only
the uIII and NpIII complexes of this type, generally prepared via reduction, have been studied in
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any detail. In aqueous PuIII solutions, there is evidence for the stepwise formation of the
carbonato complexes, Pu(CO3)

þ and Pu(CO3)2. Additional carbonate and hydroxocarbonate
complexes may form, but are immediately oxidized to PuIV species. Neptunium(III) carbon-
ate, hypothesized to be Np(CO3)3

3�, has been prepared by electrochemical reduction of NpIV

carbonate.49

Nitrates and Phosphates. Trivalent nitrate species have been prepared in nitric acid solution,
but they are unstable with respect to oxidation. A plutonium nitrate has been prepared, and by
analogy with the lanthanides presumed to be Pu(NO3)3, although it was not characterized.50

Neptunium and plutonium phosphates solution species are proposed to have the formula
An(H2PO4)n

3�n (n= 1–4), but not spectroscopically or structurally characterized.51 For PuIII,
the blue, hexagonal PuPO4�0.5H2O has been prepared by precipitation from acid solution and
heated to yield the anhydrate. Additional binary, ternary, and quaternary phosphates have been
prepared by Bamberger and others and have generally been characterized by chemical analysis,
Raman, and X-ray powder diffraction.52

Sulfates. Sulfate complexes in solution, of the form An(SO4)n
3—2n (n= 1,2), have been

reported for PuIII.53 These anions can be precipitated as hydrates; and partially dehydrated solids
can be obtained by addition of less polar solvents. There is some evidence for a PuIII sulfate,
Pu2(SO4)3�xH2O, but it is not as well characterized as the complex salts. Hydrated sulfato
complexes of the type MAn(SO4)2�xH2O, where An is U, Pu, and M is a monovalent cation,
are known. The PuIII sulfate, KPu(SO4)2�H2O and the dehydrate are isostructural with the NdIII

analogues. Similarly, the NH4Pu(SO4)2�4H2O is isomorphous with the corresponding CeIII com-
pound. The structures of UIII sulfates have been reconsidered with some new X-ray diffraction
data. A crystal structure of (NH4)2U(SO4)2�4H2O show that U is nine-coordinate with six oxygen
atoms from four sulfate groups and the remaining three inner-sphere waters. A noncoordinated
water is also present. The nonahydrate (NH4)2U2(SO4)4�9H2O likely contains nine and 12-coordinate
U, in contrast with Am sulfate, Am2(SO4)3�8H2O, which is comprised of eight coordinate
AmIII.54 Salts of other complex anions, such as K5An(SO4)4�4H2O are also known for NpIII

and PuIII.
Alkoxide Compounds. Despite the variety of higher valent actinide alkoxide complexes since

the 1950s, successful preparations of trivalent actinide compounds employing alkoxide ligands have
only appeared in the literature since the 1980s. Much of the attention regarding synthesis of
trivalent actinide alkoxides has focused on the preparation of homoleptic uranium(III) aryloxide
complexes. Among the earliest reports is that involving reaction of three equivalents of sodium
phenoxide with UCl3(THF)x in THF, from which a light red-brown solution was obtained;55 the
reaction did not result in the isolation of U(OPh)3. It was later reported that alcoholysis of
U[N(SiMe3)2]3 with three equivalents of HO-2,6-R2C6H3 (R=But, Pri) in hexane produced dark
green (R=But) or dark purple (R=Pri) solutions from which homoleptic [U(O-2,6-R2C6H3)3]x
(R=But, x= 1; R=Pri, x= 2) compounds were isolated56 (see Equation (4)). The molecular
structure of [U(O-2,6-Pri2C6H3)3]2 demonstrates an unprecedented structure composed of a centro-
symmetric bis �6-arene-bridged dimer (see Figure 3). Based upon analysis of the infrared spectrum,
it was suggested that U(O-2,6-But2C6H3)3 is monomeric. Similarly, hexane solutions of
An[N(SiMe3)2]3 (An=Np,Pu) react with three equivalents of HO-2,6-But2C6H3 to form An(O-2,6-
But2C6H3)3:

14

U[N(SiMe3)2]3 + 3 HO-2,6-R2C6H3 [U(O-2,6-R2C6H3)3]x + 3 HN(SiMe3)2 ð4Þ

A number of adducts of uranium trisaryloxides are readily prepared. The THF adduct, U(O-
2,4,6-Me3C6H2)3(THF)2, is isolated from the reaction of NaO-2,4,6-Me3C6H3 with UCl3(THF)x
in tetrahydrofuran.57 Sattelberger and co-workers reported that the compound U(O-2,6-
But2C6H3)3 readily coordinates a number of Lewis bases (THF, EtCN, Ph3PO) to form isolable,
and presumably tetrahedral 1:1 adducts, LU(O-2,6-But2C6H3)3.

56 Analysis of the 1H-NMR
spectra and infrared data suggest that both a 1:1 and 1:2 adduct are obtained upon coordination
of CNBut to U(O-2,6-But2C6H3)3.

58 Alternatively, a THF adduct can simply be prepared by
allowing three equivalents of KO-2,6-R2C6H3 (R=Pri, But, x= 1; R=Me, x= 2) to react with
UI3(THF)4 in tetrahydrofuran to produce a dark red solution from which U(O-2,6-
R2C6H3)3(THF)x is isolated59 (see Equation (5)):

UI3(THF)4 + 3 KO-2,6-R2C6H3 U(O-2,6-R2C6H3)3(THF)x + 3 KI ð5Þ
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An assessment of the relative binding constants of Lewis bases with different donor sites
(triphenylphosphine oxide, N,N-di-iso-propylbenzamide, 4,40-dimethoxybenzophenone) to the
PuIII trisaryloxide, Pu(O-2,6-But2C6H3)3, has been reported using variable temperature
1H-NMR spectroscopy.60

Only one study has suggested the formation of an actinide(III) alkoxide (–OR) compound in
which R is an alkyl. A recent investigation of the reactivity of PuIII iso-propoxide, prepared in situ
from the reaction of Pu[N(SiMe3)2]3 and three equivalents HOPri, indicates that the trivalent
alkoxide complex is an effective catalyst in the Meerwein–Ponndorf–Verley reduction of ketones
by isopropanol.61

Triflate complexes. Another recent addition to this class of compounds is the isolation of a
trivalent trifluoromethanesulfonate (OTf�= triflate) derivative of uranium, U(OTf)3, from the
reaction of UH3 and triflic acid.62 A Lewis base adduct of the complex was prepared to facilitate
characterization; the complex [U(OTf)2(OPPh3)4][OTf] has been crystallographically character-
ized, and possesses both a monodentate and a bidentate triflate ligand in the coordination sphere
of the metal.

Sulfur donor ligands. A ligand related to the pyrazolylborate family has been employed to
stabilize a UIII cation. The reaction of bis(2-mercapto-1-methylimidazolyl)borate, [H(R)-
B-(timMe)2]

� (R=H, Ph) with UI3(THF)4 and Tl(BPh4) generates the ionic species
{U[H(R)B(timMe)2]2(THF)3}{BPh4}.

63 The uranium atom in these species lies within a distorted
tricapped trigonal prism of ligands consisting of four sulfur atoms and two hydrogen atoms from
the borate ligands and three THF oxygen atoms (Figure 4).

(iv) Ligands containing neutral group 16 donor atoms

The class of oxo-donor atom ligands is the most prevalent in actinide coordination chemistry,
owing to their predominant use in separation chemistry of the f-elements.

Aqua species. A number of investigations of trivalent actinide ions in aqueous media have
been directed at identifying the coordination environment of the metal center. Examination by
luminescence, X-ray absorption (i.e., extended X-ray absorption fine structure (EXAFS)), and
NMR spectrometry suggest that the early actinides are likely ligated by nine water molecules.64–68

Confirmation of this assignment may be found in the crystal structure of [Pu(H2O)9][CF3SO3]3,
prepared by the dissolution of plutonium metal in triflic acid.69 The plutonium ion in this
complex is coordinated by nine water molecules arranged in an ideal tricapped trigonal prismatic
geometry with Pu�O distances of 2.574(3) Å and 2.476(2) Å (Figure 5).

Figure 3 Crystal structure of [U(O-2,6-Pri2C6H3)3]2 (Van Der Sluys, Burns et al. Inorg. Chem. 1998, 110,
5924).
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There are many examples of hydrates of solid actinide halide complexes (see Table 4). In some
instances, the complexes are reported to be easily dehydrated, and it is therefore suggested that
the metal ion is not coordinated by water. This is most often the case where X=F, and strong
M—F—M bridge bonding in the solid precludes the formation of molecular hydrates. In other
cases, complexes (e.g., AnCl3�6H2O, An=Pu, Am; AnBr3�6H2O, An=U, Np, Pu) and have
been found to be isostructural with known lanthanide halide hydrates of the formula
[LnX2(H2O)6]X. The molecular structure of the anionic complex [NH4][UCl4(H2O)4] has been
reported.70

Ethers, cyclic ethers. The complex UCl3(THF)n was reported by Moody et al.71 and
subsequently used by a number of researchers as a precursor for entry into UIII chemistry. The
molecular nature of the complex was not well characterized, however. Subsequently, the complex
UI3(THF)4 was prepared via halide oxidation of uranium metal and structurally characterized.13

The metal center is found to lie within a pentagonal bipyramidal coordination environment, with
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Figure 4 Crystal structure of {U[H(R)B(timMe)2]2(THF)2}{BPh4} (Maria, Domingos et al. Inorg. Chem.
2001, 40, 6863).
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Figure 5 Crystal structure of [Pu(H2O)9][CF3SO3]3, showing PuIII aqua with ideal tricapped trigonal
prismatic geometry (Matonic, Scott et al. Inorg. Chem. 2000, 40, 2638).
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two axial and one equatorial iodide ligands. Neptunium and plutonium analogues of this complex
have been reported;14,34,35 these species now serve as the most common reagents for entry into
trivalent actinide molecular chemistry.

Carbamides. A series of UIII homoleptic complexes of the ligands antipyrine (2,3-dimethyl-
1-phenylpyrazol-5-one, ap) and pyrimidone (4-dimethylaminoantipyrine, dma) have been pre-
pared from complex halide precursors in the presence of the appropriate ligand. Reaction of
RbUCl4�5H2O with ap results in the formation of the ionic species [U(ap)6]Cl3, whereas reaction
of NH4UCl4�5H2O and NaBPh4 with these ligands yields the corresponding tetraphenylborate
species, [U(ap)6](BPh4)3 and [U(dma)6](BPh4)3.

72,73

Phosphine oxides. The complex [U(OTf)2(OPPh3)4][OTf] (OTf= triflate) has been prepared
by the reaction of U(OTf)3 with phosphine oxide. One of the inner sphere triflate ligands is
monodentate, and the other is bidentate, supporting an overall pentagonal bipyramidal coordin-
ation environment about the uranium center.62

(v) Ligands containing group 17 donor atoms

The preparation and properties of halides of the actinides have been described fully.7 As most of
these complexes are solid state, rather than molecular in nature, only overview information on
classes of compounds will be provided. Adducts of the halide complexes will be discussed in the
context of compounds of the respective Lewis bases (vide infra).

Binary halides. Trihalide complexes of all elements Ac–Pu have been reported except for
thorium and protactinium; trihalide complexes are among the few reported complexes of actin-
ium. The trifluorides, MF3 (M=Ac, U, Np, Pu), exist in a LaF3-type structure. Most can be
prepared by precipitation from solution or hydrofluorination of oxides, although the uranium
fluoride is formed in reduction reactions, and is highly sensitive to hydrolysis. The trichlorides,
MCl3 (M=Ac, U, Np, Pu) and tribromides, MBr3 (M=Ac, U, �-Np), adopt the UC13-type
structure in which the nine-coordinate metal atom lies at the center of a tricapped trigonal prism.
�-NpBr3 and PuBr3 have the eight-coordinate PuBr3-type structure in which the coordination
geometry is a bicapped trigonal prism and this is found also for the triiodides, MI3 (M=U, Np,
Pu). The complexes PaI3 and ThI3 have been reported, although their identification is more
tentative.

Complex halides. Ternary fluoride complexes of trivalent uranium, neptunium, and plutonium
are well known, and are formed by the reaction of binary halides and additional metal halides
(alkali halides) in melts, solvents such as thionyl chloride, or by precipitation from aqueous
solution. Fewer chloroactinates and bromoactinates are known. Complexes of the formula
MAnX4, M2AnX5, M3AnX6, M0AnX5, and M0

2AnX7 (M= alkali metal; M0 = alkaline earth)
are the most common, although more complex formulations (e.g., MAn2Cl7) have also been
reported.

Common structural types have been reported among these groups of compounds. The complex
NaPuF4 is isostructural with NaNdF4

74 and therefore consists of a tricapped trigonal prismatic

Table 4 Representative hydrates of actinide(III) compounds.

PuF3�(0.4 to 0.75)H20
PuCl3�6H2O
MIIIBr3�6H2O MIII=U, Np, Pu
MIUCl4�5H2O MI=Rb, NH4

M2(SO4)3�xH2O MIII=U, x= 8; Pu, x= 5 or 7
NaNp(SO4)2�xH2O
MIPu(SO4)2�xH2O x= 1, 2, 4 or 5 variously with

MI=Na, K, Rb, Cs, TI, NH4

(NH4)2U2(SO4)4�9H2O
Pu2(SO3)3�xH2O
PuPO4�0.5H2O
HMIII[FeII(CN)6]�xH2O MIII=U, x= 9 to 10.
Pu[FeIII(CN)6]�ca. 7H2O
MIII

2(C2O4)3�xH2O MIII=Np, x= ca. 11; Pu, x= 1, 2, 3, 6, 9 or 10
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arrangement of fluorine atoms about the metal center. Published reports on the complex CsUCl4
differ in their assignment of the symmetry of the structure.75,76 The compounds M2AnX5 contain
metal centers in either a monocapped trigonal prismatic or distorted pentagonal bipyramidal
coordination environment.77,78 Diffraction data for SrUCl5 is available, although the structure
has not been unambiguously assigned.76 Complexes of the formula M0

2AnX7 are isostructural
with related lanthanide complexes, and are therefore assumed to contain metal centers that lie
within a monocapped trigonal prismatic arrangement of halide ions.76,79 Complexes of the
formula M3AnCl6 are known for uranium, neptunium, and plutonium; these compounds contain
isolated AnCl6

� ions.76

3.3.2.1.3 Chelating ligands

(i) Multidentate donor ligands

Hydroxamate. Hydroxamate complexes of trivalent actinides can be prepared directly in
aqueous solution and other polar solvents and extracted into organic solvents, but due to the
high thermodynamic stability of the corresponding tetravalent actinide complexes they are rapidly
oxidized. They can also be prepared in solution via electrochemical reduction of the tetravalent
complexes. These complexes have been studied for their role in separating high and low valent
actinides in nuclear fuel processing schemes.80

Catecholate. AmIII and PuIII complexes of sulfonated and carboxylated catecholamide
ligands (CAMS and CAMC), including potentially octadentate chelators have been studied for
their potential utility in removing actinides from humans via chelation. The complex coordination
is pH dependent, with a triscatecholate PuIII complex forming above pH 12. The stoichiometry of
the AmIII complex was not determined; however, its optical absorbance characteristics were
determined.81

8-Hydroxyquinoline and derivatives. Trivalent plutonium complexes with 8-hydroxyquino-
line (Oxine, Ox) of the formula An(Ox)3 are prepared by precipitation from aqueous solution
in the presence of sulyite or dithionite as a reducing agent (to retain AnIII). Attempts to prepare
analogous UIII and NpIII complexes result in immediate oxidation.

Oxalate. The trivalent oxalates have been widely used in actinide separation and purifica-
tion. For this application the very low solubility and physical properties of Pu2(C2O4)3�xH2O
are key. These solids are often precursors that are dehydrated and fired to produce oxides, such as
PuO2 and AmO2.

Oxalate complexes in solution are mainly of the form, Pu(C2O4)n
3�2n, n= 2–4. The intermediate

Pu(C2O4)3
3� is relatively unimportant, as is the species Pu(HC2O4)4

�, which predominates in the
narrow pH range 1.7 to 2.2.82

Polyoxometallates. Polyoxometallates of the group 6 transition metals (iso- and hetero-
polyoxoanions) form a special class of metallate ligands for the actinide elements. These species
can incorporate other atoms as either primary or secondary (peripheral) heteroatoms. Primary
heteroatoms are necessary to complete the polyoxoanion structure; secondary heteroatoms can be
removed without disruption of the stable polyanion unit. The early actinides serve in both roles in
known compounds.

The relative large ionic radii of actinide cations require polyoxometallate ligands that can
generate high coordination numbers at the metal center. Complexes of three main classes of
polyoxoanions have been described: decatungstometalates [AnIVW10O36]

8�, An=Th, U; dodeca-
molybdometalates [AnIVMo12O42]

8�, An=Th, U, or Np; and derivatives of the Keggin and
Dawson structures, An[XW11O39]2

n� and An[X2W17O61]2
n� (X=P, Si, B, As; An=Th, U, Np,

Pu). Of these, only one has been reported to stabilize a trivalent actinide. Reaction of PuIII with
the anions PW11O39

7�, P2W17O61
10�, SiW11O39

8�, BW11O39
9�, and AsW11O39

7�, result in the
isolation of 1:2 (An:ligand) complexes as potassium or cesium salts.83

(ii) Macrocyclic ligands

Crown ethers. Metal and crown ether complexes have to fulfill two requirements to form
stable complexes. First, the coordination sphere of the metal must be stabilized by the crown
ether and any complexing anions. A trivalent uranium coordination sphere is typically satisfied
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with a coordination number between seven or eight for crown ether inclusion complexes.
Second, the oxidation state of the metal must be counterbalanced to neutralize the charge.
This is easily accomplished with numerous ligands, ranging from coordinating species such as
nitrate to those that are relatively noncoordinating like perchlorate. Through the use of EXAFS
analysis using the uranium LIII absorption edge, as well as X-ray single crystal diffraction, a
proposed solution of UIII forming an inclusion complex with dicyclohexyl-18-crown-6 (dch-18-
crown-6) has been determined. The uranium is bound in a trans manner to two BH4

� anions,
yielding the monovalent cation, U(BH4)2

þ. When the U(BH4)2
þ complexes with dch-18-crown-6,

the proposed structure is similar to that of (UO2)(dch-18-crown-6), to be discussed later in this
chapter. The resulting geometry around the UIII is hexagonal bipyramidal with equatorial crown
ether complexation. The anion for the complex is a trivalent uranium ion oxidized to the UIV

species and complexed with five chlorides and one BH4
�, giving the divalent anion

[UIVCl5BH4]
2�. The coordination environment of the anion is pseudo-octahedral.84

3.3.2.1.4 Borohydride and aluminohydride ligands

Borohydride compounds of trivalent actinides are limited to those of uranium. The initial reports
of U(BH4)3 indicated it was prepared from thermal or photochemical decomposition of
U(BH4)4

85–89 as in Equation (6):

2 U(BH4)4 2 U(BH4)3 + B2H6 + H2 ð6Þ

Other methods for its preparation invariably result in the isolation of Lewis base adducts. The
complexes U(BH4)3(THF)x

71 and U(BH4)3(18-crown-6)
90 were prepared by the metathesis reac-

tion of LiBH4 with UCl3(THF)x or UCl3(18-crown-6) in THF. Although the stoichiometry of
the THF adduct was not characterized in the initial report, the compound was later prepared
from the reaction of UH3 and BH3 in THF, and characterized to be U(BH4)3(THF)3.

91 The
molecular structure of the compound reveals that it adopts an octahedral geometry about
the metal center with the borohydride and THF ligands mutually facial; all borohydride ligands
are tridentate.

The THF adduct of U(BH4)3 serves as a useful reagent in the synthesis of other base adducts.
Reaction of U(BH4)3(THF)x with dmpe (1,2-dimethylphosphinoethane) results in the formation
of U(BH4)3(dmpe)2.

43 The uranium center in this complex has a pentagonal bipyramidal geom-
etry (considering each BH4 unit as one ligand). Two of the borohydride ligands are tridentate,
while the third is bidentate, presumably owing to steric encumbrance at the metal center. Reduc-
tion in the coordination number reduces this strain; the five-coordinate complex
U(BH4)3(Ph2Ppy)2, similarly prepared from the reaction of U(BH4)3(THF)x and 2-(diphenylphos-
phino)pyridine, possess three tridentate borohydride ligands.44

Trivalent borohydride Lewis base adduct complexes can also be prepared by reduction of their
tetravalent analogues. Reduction of U(BH4)4 in the presence of phosphines is reported to yield
the adducts U(BH4)3L2 (L=PEt3, PEt2Ph).

92 Thermolysis of U(MeBH3)4(dmpe) in the presence
of excess dmpe results in reduction of the metal center to generate the complex
U(MeBH3)3(dmpe)2.

45 In select cases, reduction leads to the formation of polymetallic complexes.
Reduction of U(BH4)4 in the presence of crown ether ligands such as 18-crown-6 or dicyclohexyl-
(18-crown-6) generates products of the overall stoichiometry U3(BH4)9(crown)2.

93 Subsequent
investigation of the complex U3(BH4)9(18-crown-6)2 by EXAFS suggest a structural model in
which U(BH4)2

þ cations are coordinated within the cavity of the crown ligands, while the other
uranium resides within a [U(BH4)5]

2� coordination environment.94

Trivalent cationic and anionic borohydride complexes have also been generated. Protonation of
U(BH4)3(THF)3 with [NEt3H][BPh4] yields the cationic species [U(BH4)2(THF)5][BPh4].

95 The
uranium atom adopts a pentagonal bipyramidal geometry, with tridentate borohydride ligands in
the apical positions. The anionic compound [Na(18-crown-6][U(BH4)4] has been isolated from the
reaction of U(BH4)3(THF)3 with NaBH4 in the presence of 18-crown-6.96

Attempts have been made to isolate aluminohydride analogs in trivalent chemistry. Reaction of
UCl3 with three equivalents of LiAlH4 yields a gray powder, proposed to be U(AlH4)3.

97 The
complex is reported to decompose at temperatures above �20 �C.
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3.3.2.2 Tetravalent Oxidation State

3.3.2.2.1 General characteristics

All early actinides from thorium to plutonium possess a stable þ4 ion in aqueous solution; this is
the most stable oxidation state for thorium and generally for plutonium. The high charge on
tetravalent actinide ions renders them susceptible to solvation, hydrolysis, and polymerization
reactions. The ions are readily hydrolyzed, and therefore act as Brønsted acids in aqueous media,
and as potent Lewis acids in much of their coordination chemistry (both aqueous and nonaqu-
eous). Ionic radii are in general smaller than that for comparable trivalent metal cations (effective
ionic radii= 0.96–1.06 Å in eight-coordinate metal complexes),11 but are still sufficiently large to
routinely support high coordination numbers.

3.3.2.2.2 Simple donor ligands

(i) Ligands containing group 14 donor atoms

The small steric size and propensity of cyanide groups to bridge metal centers have limited their
use as ligands in molecular coordination chemistry of the actinides, where they are prone to form
amorphous polymeric products. Limited metathesis studies have been conducted. Reaction of
tetravalent halides with alkali metal cyanides in liquid ammonia is reported to give rise to a
product of the formula UX3(CN)�4NH3,

98 whereas use of the larger thorium ion yields unidenti-
fied products.

The neutral isocyanide ligands (CNR, R= alkyl, aryl) have been used extensively in orga-
nometallic actinide chemistry, where they are commonly observed to undergo insertion reac-
tions into metal-carbon sigma bonds.99,100 These ligands are relatively weak bases in
coordination chemistry, however, and few complexes have been isolated. Lewis base adducts
of a tetravalent halides, AnX4(CNc-C6H11)4 (An=Th, X= I; An=U, X=Cl, Br, I), were
generated by direct reaction of the constituents in organic solvent.101 As is characteristic for
isocyanide ligands acting principally as �-donor ligands, the isocyanide �C—N band in the IR
spectra of these complexes moves approximately 50 cm�1 to higher frequency that that in free
isocyanide ligand.

(ii) Ligands containing anionic group 15 donor atoms

Amide complexes. The first report of a tetravalent actinide amide complex was the
isolation of U(NEt2)4.

102 In general, compounds of the formula An(NR2)4 (An=Th, U) are
generated by reaction of metal tetrahalides and alkali metal amide salts in nonaqueous
solvents. U(NEt2)4 has been found to exist as a dimer both in the solid state and in benzene
solution,103 with uranium centers bridged by two diethylamido groups. With even smaller
alkyl substituents, larger aggregates are obtained; the molecular structure of U(NMe2)4 reveals
it to be a trimer in the solid state.104 Each metal lies within a roughly octahedral arrangement
of amide ligands, with the central metal sharing an octahedral face with each of its neighbor-
ing uranium centers. The polymeric structures can be broken up by the addition of Lewis
bases; addition of two equivalents of hexamethylphosphoramide (HMPA) to U(NMe2)4 leads
to the isolation of the monomeric base adduct U(NMe2)4(HMPA)2,

105 which exists as a
mixture of cis- and trans-isomers in solution. Monomeric homoleptic anionic complexes can
also be isolated; reaction of UCl4 with excess lithium amide salts LiNMe2 and LiNEt2 in THF
results in the isolation of the complexes [Li(THF)]2[U(NMe2)6] and [Li(THF)][U(NEt2)5],
respectively.106

Larger amide ligands give rise to monomeric products. U(NPh2)4 may be prepared either by
reaction of UCl4 with LiNPh2, or by aminolysis reaction of HNPh2 with U(NEt2)4, or the uranium
metallacycle U[N(SiMe3)(SiMe2CH2)][N(SiMe3)2]2.

107,108 The uranium atom lies within a severely
distorted tetrahedron of nitrogen atoms. If the filtrate from the metathesis reaction is allowed to react
slowly with air, a product of partial hydrolysis is isolated ([Li(OEt2){UO(NPh2)3}2), which contains
terminal amide ligands and two �3-Li,U,U0-oxo ligands. Higher coordination numbers can be
observed; reaction of ThBr4(THF)x with four equivalents of KNPh2 in THF results in the isolation
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of Th(NPh2)4(THF), while use of the smaller amide NMePh� yields the bis-tetrahydrofuran adduct
Th(NMePh)4(THF)2.

109 A related five-coordinate amide complex K[Th(NMePh)5] can be prepared
by reaction of thorium tetrabromide with five equivalents of K(NMePh).

The smaller alkylamide complexes are susceptible to redistribution reactions. Reaction of UCl4
and U(NEt2)4 in a 1:1 or 3:1 ratio generates the complexes U(NEt2)2Cl2 and U(NEt2)Cl3(THF) in
high yield.110 In contrast, the complex U(NEt2)3Cl is not stable in solution, but exists in
equilibrium with U(NEt2)2Cl2 and U(NEt2)4.

The bis(trimethylsilyl)amido ligand has been used extensively in supporting the tetravalent
chemistry of thorium and uranium. Tetravalent complexes of the formula ClAn[N(SiMe3)2]3
(An=Th, U) have been prepared111 from the 3:1 reaction of NaN(SiMe3)2 with AnCl4 (Equation
(7)), and the complex Cl2U[N(SiMe3)2]2(DME) can be generated from a 2:1 reaction of ligand:-
halide salt.112 Substituted complexes of the formula RAn[N(SiMe3)2]3 (An=Th, U; R=Me, Et,
Pri, Bu, BH4) are formed by the reaction of ClAn[N(SiMe3)2]3 with the appropriate lithium or
magnesium reagents.111,113 Unlike comparable cyclopentadienyl analogues, the methyl compound
does not undergo ready insertion of CO, although a number of other insertion and protonation
reactions have been reported, including insertion of ketones, aldehydes, isocyanides, and aliphatic
nitriles.113,114 The methyl ligand is further susceptible to removal by protic reagents such as
secondary amines:

AnCl4 + 3 NaN(SiMe3)2 An[N(SiMe3)2]3Cl

(An = Th, U)

T H F

ð7Þ

The hydride compounds HAn[N(SiMe3)2]3 (An=Th, U) are the sole products of attempts to
introduce an additional equivalent of the bis(trimethylsilyl)amide ligand.115 Reaction of the
uranium hydride complex with the Lewis acid B(C6F5)3 results in loss of H2 and formation of
the zwitterionic product Uþ[N(SiMe3)2]2[N(SiMe3)(SiMe2CH2B

�(C6F5)3].
116

Pyrolysis of the hydrides result in the loss of dihydrogen and the formation of an unusual
metallocycle117 (see Equation (8)):

[(Me3Si)2N]3MH [(Me3Si)2N]2M
N

Si

SiMe3

M=U, Th

-H2 ð8Þ

The metallacycles of uranium and thorium have been shown to undergo a large number of
insertion and protonation reactions,118–124 as shown in Figure 6. In some cases these reactions (such
as reduction of carbonyl- containing organic compounds) have been found to be stereoselective.

Reactions of the metallacycle complexes with protic reagents are frequently used to generate
derivatives. For example, reaction of An[N(SiMe3)(SiMe2CH2)][N(SiMe3)2]2 (An=Th, U) with
excess aryl alcohols generates the complexes An(O-2,6-R2C6H3)3[N(SiMe3)2],

125,126 and reaction
with a stoichiometric amount of aryl alcohol or aryl thiol yields the mixed ligand complexes
An(E-2,6-R2C6H3)[N(SiMe3)2]3 (E=O, S).126,127 Reaction of the thorium metallacyclic complex
Th[N(SiMe3)(SiMe2CH2)][N(SiMe3)2]2 with smaller protic amines similarly results in incomplete
transamination; reaction with four equivalents of HNMePh yields only the mixed amide complex
Th(NMePh)2[N(SiMe3)2]2.

109

The bis(trimethylsilyl)amide ligand is capable of supporting the formation of organoimido
complexes at actinide centers. The tetravalent uranium dimer {U[N(SiMe3)2]2(�-N-p-C6H4Me)}2
was prepared by reaction of ClU[N(SiMe3)2]3 with LiHN(p-C6H4Me),128 presumably by �-elim-
ination of HN(SiMe3)2 from an intermediate amide complex. As observed for the related cyclo-
pentadienyl compound, the arylimido ligand bridges the two metal centers in an asymmetric
fashion, with U—N bond distances of 3.378(3) Å and 2.172(2) Å.

Tris(amido)amine ligands, N[CH2CH2NR]3
3� (R= trialkylsilyl), support unusual reactivity in

the early actinides. Complexes of both thorium and uranium have been generated by metathesis
reactions involving both the ligands N[CH2CH2N(SiMe3)]3

3� and N[CH2CH2N(Si(But)Me2)]3
3�.
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The complexes [{N[CH2CH2NSiMe3]3}AnCl]2 (An=Th, U) were first reported;129 the molecular
structure of the uranium complex demonstrated it was dimeric in the solid state. The chloride
ligand may be substituted, and derivatives incorporating cyclopentadienyl, borohydride, alkoxide,
amide, and diazabutadiene derivatives have been characterized.130–132 Attempts to alkylate the
complex N[CH2CH2N(Si(But)Me2)]3UI with alkyllithium or alkylpotassium reagents resulted in
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Figure 6 Reactions of uranium metallacycle Ux[N(SiMe3)(SiMe2CH2)][N(SiMe3)2]2.
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the isolation of a metallacyclic product resulting from intramolecular activation of a methyl
group, as show in Equation (9):134

U

N

N
Si

N

NR

R

H H

N[CH2CH2N(Si(t-Bu)Me2)]3UI + KCH2Ph

R = Si(t-Bu)Me2

PhCH3 + 
-KI

ð9Þ

The U—C bond length in the metallacyclic unit is unusually long (2.752(11) Å), and is
susceptible to protonation by alcohols, amines, and terminal alkynes; reaction with pyridine
leads to the generation of a �2-pyridyl complex.

The bulky amide ligand, NRAr- (R=But, adamantyl; Ar= 3,5-Me2C6H3) has been used to
synthesize monomeric complexes of UIV. Complexes of the formula UI(NRAr)3 may be prepared
by the reaction of UI3(THF)4 with LiNRAr;21 oxidation of the uranium center is presumed to be
accompanied by sacrificial generation of U0. A limited number of tetravalent derivatives of this
ligand set have been reported, including the silyl complex [N(t-Bu)Ar]3USi(SiMe3)3

135 and the
bridging cyanoimide complex [N(But)Ar]3U(�-NCN)U[N(But)Ar]3 (Ar= 3,5-Me2C6H3).

136 Reac-
tion of the trivalent complex with Mo[NPh(R0)]3 (R

0 =But, adamantyl) under dinitrogen results in
the formation of (NRAr)3U(�-N2)Mo[NPh(R0)]3, which contains a linear Mo—N—N—U unit.21

Both metals are seemingly best regarded as tetravalent. Reduction of UI(NRAr)3 by KC8 in
toluene has been found to give rise to an interesting series of bridging arene complexes.137,138

Reduction of IU[N(R)Ar]3 (R=But, Ar= 3,5-Me2C6H3) by KC8 generates the complex
(�-C7H8){U[N(R)Ar]3}2. A related compound (�-C7H8){U[N (R)Ar]3}2 (R= adamantyl), could
also be generated in low yield by reaction of UI3(THF)4 with LiN(R)Ar(OEt2) in toluene. These
species serve as convenient precursors into UIV derivatives. Reaction of (�-C7H8){U[N(R)Ar]3}2
(R=But, Ar= 3,5-Me2C6H3) with Ph2S2 generates a dimeric thiolate-bridged species, [U(�-
SPh)(SPh)[N(R)Ar]2]2, and reaction of the �-arene complex with azobenzene yields the bridgine
imido complex [U(�-NPh)[N(R)Ar]2]2.

137

Polymetallic species are formed in the aminolysis reactions of U(NEt2)4 with chelating dia-
mines.107,139 Reaction of U(NEt2)4 with N,N0-dimethylethylenediamine generates principally a
trimeric product, U3(MeNCH2CH2NMe)6; a tetramer U4(MeNCH2CH2NMe)8 is obtained as a
byproduct. Bimetallic complexes are similarly formed when bi- or polydentate ligands are used.
The introduction by metathesis of the potentially tridentate ligand [(Pri)2PCH2CH2]2N

� into the
coordination sphere of thorium and uranium sheds light on the relative ionic radius of the two
metals. Reaction of ThCl4 with two equivalents of the amide salt results in the formation of
[{[(Pri)2PCH2CH2]2N}2ThCl(�-Cl)]2, in which each metal center is seven-coordinate. Each amide
ligand is bidentate through the amide and one phosphine donor site; one pendant phosphine arm
remains uncoordinated. In contrast, structural characterization of the analogous uranium
complex reveals that eight-coordinate metal centers are in the dimeric complex; one amide ligand
is tridentate, while the second is bidentate, with an uncomplexed phosphine arm.140

A series of cationic uranium amide complexes have recently been generated by protonation of
neutral amide precursors with an acidic trialkylammonium salt of the weakly coordinating anion
tetraphenylborate. The neutral species U(NEt2)2Cl2 and U(NEt2)Cl3(THF) may be treated with
NHEt3BPh4 to generate the cationic species [U(NEt2)Cl2(THF)2][BPh4] and [UCl3(THF)2][BPh4],
respectively. Reaction of NHEt3BPh4 with U(NEt2)4 generates the monocation [U(NEt2)3]

þ; this
can be further protonated in refluxing THF to generate the dication [U(NEt2)2(THF)3]

2þ. Similarly,
reaction of [U(NEt2)Cl2(THF)2][BPh4] with additional ammonium salt at room temperature results
in the formation of [UCl2(THF)4]

2þ. The molecular structure of [U(NEt2)3(THF)3][BPh4] (Figure 7)
and the pyridine adduct [U(NEt2)2(py)5][BPh4]2

110 have been reported. The former contains a
pseudooctahedral uranium atom, with a facial arrangement of amide ligands. The latter possesses
trans amide ligands, with five pyridine ligands arrayed in the equatorial plane. Attempts to reduce
UIV cationic species such as [U(NEt2)3]

þ with sodium amalgam resulted only in the isolation of
U(NEt2)4, suggesting disproportionation of the uranium-(III) intermediate.141 The cationic species
[U(NEt2)3][BPh4] has been demonstrated to catalyze the dehydrocoupling of primary alkylamines
and phenylsilane to generate the aminosilanes PhSiH3-x-(NHR)x (x= 1–3).142 In addition, the same
species will catalyze the selective dimerization of terminal alkynes.143
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Amidinate complexes. Amidinate ligands have been employed as ancillary ligands in the
generation of compounds of tetravalent uranium and thorium. Reaction of Li[N(SiMe3)2] and
Na[N(SiMe3)2] with para-substituted benzonitriles yields the benzamidinate ligands M[4-
RC6H4C(NSiMe3)2] (M=Li, Na; R=H, Me, OMe, CF3). Alternatively, more substituted
Li[2,4,6-R3C6H2C(NSiMe3)2] (R=CF3, Me) is generated by the addition of aryllithium reagents
to Me3SiNCNSiMe3. Amidinate ligands (L) have been used to generate complexes of the formula
L2AnCl2 (An=Th, U) and L3AnCl (for less sterically demanding substituents) by metathesis
reactions.144 Substitution of the halide precursors has been reported to generate methyl and
borohydride derivatives.145 The molecular structure of the complex [C6H5C(NSiMe3)2]3UMe
has been determined. The benzamidinate ligands coordinate to the metal center in a �3-manner;
the relatively long U—C � bond of 2.498(5) Å is taken as an indication of steric crowding in the
complex. Related amidinate and 1-aza- allyl ligands also have been shown to generate bis-
(ligand)thorium dichloride complexes,146 as well as an interesting mixed valence UIII/UIV complex.147

Phosphide complexes. Rare examples of actinide phosphide complexes devoid of organo-
metallic co-ligands (such as alkyl, cyclopentadienyl, or cyclooctatetraenyl) exist for tetravalent
uranium and thorium. The reaction of ThCl4 and four equivalents of the monoanionic and
potentially tridentate ligand (PMe2CH2CH2)2P

� (as the lithium salt) results in the formation of
Th[P(CH2CH2PMe2)2]4, a homoleptic phosphido complex.148 The molecular structure of the
complex indicates that each phosphine ligand has one coordinated and one uncomplexed phos-
phine arm, yielding an eight-coordinate metal center. The compound is fluxional in solution at
temperatures above �80 �C. The uranium analogue, U[P(CH2CH2PMe2)2]4, has also been pre-
pared,149 and has been shown to have a similar structure. Although the compounds are isostruc-
tural, they do not exhibit identical chemical behavior. Although the thorium complex will insert
CO, the uranium compound will not.149 The product of the thorium reaction is an unusual
product of ‘‘double insertion’’ where the CO is incorporated into a diphospha-alkoxide.150 The
two phosphide phosphorus atoms become bonded to the inserted carbon atom, and the newly-
generated P2CO unit is �3-bonded to the thorium center (see Figure 8).
Polypyrazolylborate ligands. The first report of an actinide complex employing a poly-

(pyrazolyl)borate ligand was the preparation of complexes of the formula U[BH2(pz)2]4,
U[HB(pz)3]4, and U[HB(pz)3]2Cl2 by reaction of UCl4 with the potassium salt of the appropriate
ligand.151 On the basis of 13C-NMR spectroscopy, the HB(pz)3 ligands were assigned as bidentate
in the complex U[HB(pz)3]2Cl2, while the complex U[HB(pz)3]4 was speculated to have two
bidentate and two tridentate ligands.152

The first report of metathesis reactions with thorium involved the preparation of the complexes
Th[HB(pz)3]4�nXn (n= 2, X=Cl, Br; n= 1, X=Cl), Th[HB(3,5-Me2-pz)3]Cl2, Th[B(pz)4]2Br2, and
adducts of the complexes Th[HB(pz)3]Cl3 and Th[HB(pz)3]4,

153 although subsequent reports have
appeared of other derivatives, including Th[HB(3,5-Me2-pz)3]Cl3.

154 The larger ionic radius of
thorium enables higher coordination numbers; unlike the uranium complexes, the thorium
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O1
O2

O3

U1

Figure 7 Crystal structure of [U(NEt2)3(THF)3][BPh4] (Berthet, Boisson et al. J. Chem. Soc., Dalton Trans.
1995, 3019).
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derivatives Th[HB(pz)3]2X2 (X=Cl, Br) were proposed to have tridentate pyrazolylborate ligands
on the basis of spectroscopy.

Several routes have been identified to produce UI2[HB(pz)3]2, including reaction of UI4 with two
equivalents of K[HB(pz)3] in CH2Cl2

155 and oxidation of U[HB(pz)3]2I(THF)2 with iodine.156 The
reaction of UI4 with two equivalents of K[HB(pz)3] in THF does not yield the same compound. The
iodobutoxide complex U[HB(pz)3]2I(O(CH2)4I) was isolated, presumably generated by ring-opening
of solvent.155 The smaller size of the UIV ion, combined with the larger steric size of the [HB(3,5-
Me2pz)3] ligand inhibits formation of bis(ligand) complexes of the substituted poly(pyrazolyl)borate;
reaction of UCl4 with two equivalents of K[HB(3,5-Me2pz)3] leads to ligand degradation and the
formation of UCl2[HB(3,5-Me2pz)3](3,5-Me2pz).

157

The complex UCl3[HB(3,5-Me2pz)3](THF) contains a relatively weakly coordinated solvent
molecule; the base free complex can be isolated, and has been crystallographically characterized.158

The THF is also readily replaced by a number of other coordinating bases, permitting
comparisons of relative ligand affinity. The relative affinities of a series of bases for
UCl3[HB(3,5-Me2pz)3] was found to be: OPPh3 > C6H11NC > PhCN > MeCN > OP(OEt)3 >
OP(O-Bun)3 > C5H5N > THF.

Attempts to introduce a larger poly(pyrazolyl)borate ligand have demonstrated the steric limits of this
system. Reaction of UCl4 with one equivalent of the thallium salt of [HB(3-Mspz)3]

� (Ms=mesityl)
generates only the product containing an isomerized ligand, UCl3[[HB(3-Mspz)2(5-Mspz)].159

A variety of metathesis reactions have been carried out with the bis(ligand) actinide species
An[HB(pz)3]2Cl2 to generate complexes containing oxygen, nitrogen, or sulfur donors.160–163 Steric
factors can be significant in these reactions. For example, reaction of bulky alkylamides with
U[HB(pz)3]2Cl2 generates only the monoamide complexes U[HB(pz)3]2Cl(NR2).

In an attempt to reduce the steric constraints of the ancillary ligands, derivatives of the mono-
(pyrazolylborate) complexes An[HB(3,5-Me2pz)3]Cl3(THF) have also been prepared.160,164–167

As before, the degree of substitution is often dependent on the size of the ligand introduced;
tris(amide) derivatives such as An[HB(3,5-Me2pz)3](NR2)3 can be produced for R=Et, Ph, whereas
for the larger ligand N(SiMe3)2

�, only a monoamide complex can be isolated. The monoalkoxide
and monoaryloxide complexes of thorium have been reported to be unstable; uranium mono- and
bis(phenoxide) complexes are only stable in the presence of a coordinating molecule of THF.160

The neptunium derivatives Np[HB(pz)3]2Cl2 and Np[HB(3,5-Me2pz)3]Cl3(THF) have been
produced from NpCl4.

168

Reaction of uranium tetrachloride with two equivalents of the bulky ligand B(pz)4
� as the

potassium salt yields the complex [B(pz)4]2UCl2.
169 Although a limited number of derivatives of
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Figure 8 Phospha-alkoxide complex generated by insertion of carbon monoxide into a homoleptic thorium
dialkylphosphide complex (Edwards, Hursthouse et al. J. Chem. Soc., Chem. Commun. 1994, 1249).
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this compound could be produced, in general the ligand set provided less thermal stability than
comparable complexes of the ‘‘U[HB(pz)3]2’’ fragment. The complex [B(pz)4]2UCl2 displays eight-
coordinate geometry in the solid state, in an distorted square antiprismatic arrangement of ligands
(Figure 9). The complex is fluxional in solution; 1H-NMR spectra demonstrate that all coordin-
ated pyrazolylborate rings are equivalent. For the derivatives [B(pz)4]2UCl(O-But), [B(pz)4]2-
UCl(O-2,4,6-Me3C6H2), [B(pz)4]2U(S-Pri)2, and [B(pz)4]2U(O-But)2, it is possible to slow down
the interconversion of the typical eight-coordinate polyhedra (square antiprism—dodecahedron–
bicapped trigonal prism). At higher temperatures, it was possible for some of these compounds to
reach a regime where all pyrazolyl groups were equivalent on the NMR timescale, indicating
dissociative exchange of free and coordinated rings.

The potassium salt of the ‘‘podand’’ ligand tris[3-(2-pyridyl)-pyrazol-1-yl]borate (pyTp) reacts
with thorium tetra(nitrate) to generate the complex (pyTp)Th(NO3)3.

170 The crystal structure of
the complex reveals that the metal center is 12-coordinate, binding to the six nitrogen atoms of
the podand ligand, and to two of the oxygen atoms of each nitrate. The molecule has three-fold
symmetry, and the nitrates are located between the bidentate arms of the podand.

Thiocyanate and selenocyanate. A variety of tetravalent complexes of actinides are known
incorporating the thiocyanate ligand, NCS� (Table 5). The most prevalent member of this class
is the anion An(NCS)8

4�. The tetraethylammonium complexes are known for An=Th, Pa, U,
Np, and Pu. All possess a similar crystal structure, in which the metal ion lies within a cubic
arrangement of thiocyanate ligands. The structure is dependent on counterion, however; the
structure of the anion in Cs4U(NCS)8�H2O reveals that the coordination environment about
the uranium atom is square antiprismatic. When dehydrated, the complexes M4An(NCS)8
(M=Cs, Rb; An=Th, U) possess a dodecahedral metal environment in the solid state, but
square antiprismatic geometry in acetone solution.171 The analogous selenocyanate complexes
(NEt4)4An(NCSe)8 (An=U, Pa) have also been reported; they are isostructural with their
isocyanate counterparts.

B1 B1

N1

N1

N2

N2

Cl1

Cl1

N3

N3

U1

Figure 9 Crystal structure of [B(pz)4]2UCl2 (Campello, Domingos et al. J. Organomet. Chem. 1999, 579,
5–17).

Table 5 Actinide(IV) thiocyanates and thiocyanato complexes.

[Th(NCS)4(H2O)4]
[U(NCS)4(H2O)4]�(18-crown-6)1.5�3H2O�MeCOBui

Rb[Th(NCS)5(H2O)3]
Na2[Th(NCS)5(OH)(H2O)x] x= 2 to 3
(NH4)3Th(NCS)7�5H2O
K4[U(NCS)8]�xH2O x= 0 or 2
(NH4)4[M(NCS)8]�xH2O M=Th or U, x= 0 and M=Th, x= 2
Rb4[M(NCS)8]�xH2O M=Th, x= 0, 2 or 3 and M=U, x= 0 or 1
Cs4[M(NCS)8]�xH2O M=Th, x= 0 or 2 and M=U, x= 0, 1 or 2
(NEt4)4[M(NCS)8] M=Th, Pa, U, Np and Pu
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Neutral complexes of the thiocyanate ligands can be isolated as Lewis base adducts. Thorium
and uranium form tetra(hydrate) complexes An(NCS)4(H2O)4. The compound U(NCS)4(piper-
azine) has been reported.172 The neutral adducts Th(NCS)4(L)4 and U(NCS)4(L)3 (L=N,N-
diisopropylpropionamide) have been structurally characterized.173 The smaller size of the uranium
ion is reflected in the isolation of a seven-coordinate compound, while an eight-coordinate
thorium compound is formed. If more sterically demanding carbamide ligands are employed
(L=N,N-diisopropylbutyramide, L0 =N,N-dicyclohexylacetamide), seven-coordinate thorium
complexes, Th(NCS)4(L)3 and Th(NCS)2Cl2(L

0)3, can be isolated.174

Sulfenamide. A homoleptic sulfenamido complex of uranium has been isolated from the
reaction of Li(ButNSPh) with UCl4 in the presence of PMe3 in toluene.175 The complex
U(PhS¼N-But)4 possesses two �2-coordinated sulfenamide ligands, and is nearly isostructural
with the analogous zirconium complex.

(iii) Ligands containing neutral group 15 donor atoms

Ammonia. Ammonia adducts have been characterized for tetravalent halides of thorium,
uranium, and plutonium. Adducts of all of the uranium halides have been reported,7 as have
adducts for thorium tetrachloride, -bromide, -iodide, and plutonium tetrachloride. Most lose
ammonia at elevated temperatures. There is some ambiguity concerning the identity of these
compounds as conflicting reports of the chemical composition exist. For example, Cs2[PuCl6] is
reported to react with ammonia to yield the simple adduct, PuCl4�xNH3, and yet it has been
suggested that the related thorium chloride and bromide ‘‘ate’’ complexes [ThX6]

2� undergo
ammonolysis in liquid ammonia to generate amide complexes of the composition
(NH4)2ThBr2(NH2)2.

176 Similar controversy exists in reports of possible ammonolysis of other
tetravalent thorium complexes, such as the nitrate and the sulfate.

Amines, hydrazines, and hydroxylamines. Amine complexes are known for tetravalent
complexes of the earliest actinides (Th, U), particularly for the halides, nitrates, and oxalates.
The complexes are generated either in neat amine, or by addition of amine to the parent
compound in a nonaqueous solvent. Some of the known simple amine compounds are presented
in Table 6. The molecular structure of ThCl4(NMe3)3 has been determined.177 The coordination
environment about the metal is a chloride capped octahedron. A very limited number of adducts
exist in which a tetravalent actinide is coordinated by a hydrazine or hydroxylamine ligand; the
parent compound is generally a halide or sulfate complex. Cationic metal hydrates coordinated
with primary, secondary, or tertiary amines have also been isolated with acetylacetonate, nitrate,
or oxalate as counterions.

Table 6 Representative actinide(IV) amine and hydrazine compounds.

ThX4�4L X=Cl, Br; L=RNH2, with R= alkyl, PhCH2,
aryl X=Cl; L=RR’NH, with R=Ph and R0 =Me,
Et, PhCH2, PhX=Cl; L=R2R’N, with R=Me or
Et and R’=Ph

[ThCl4(R3N)x] R=Me, x= 3; R=Et, x= 2
ThCl4�3MeC6H4NH2 (toluidine)
ThCl4��-C10H7NH2

Th(acac)4�PhNH2

Th(NO3)4�xL�yH2O L=BunNH2, Me2NH, Et3N
Th(C2O4)2�4BunNH2�2H2O
UCl4�xL L=RNH2: x= 1, R=Et, Prn; x= 2, R=Me, Et, Ph;

x= 3, R=But; x= 4. R=Prn, BunL=R2NH: x= 2,
R=Et; x= 3, R=Me, Pri, ButL=R3N: x= l, R=Et;
x= 2, R=Me

UBr4�2Et2NH
U(OPh)4�2PhOH�Et3N
MIVF4�xN2H4 MIV=Th, x= 1, 1.66; MIV=U, x= 1, 1.5 or 2
ThCl4�4PhNHNH2

UCl4�xN2H4 x= 6 or 7
Th(SO4)2�xN2H4 x= 1.5 or 2

The Actinides 211



Given the apparent lability of amines coordinated to tetravalent actinide centers, amine
complexes have often been stabilized by the introduction of a chelating diaminoalkane or
diaminoarene. The most common derivatives are those of the parent actinide halides,178 as
shown in Table 7. Both the complexes UCl4(tmeda)2 (tmeda=N,N,N0,N0-tetramethylethylenedia-
mine)179 and ThCl4-(tmeda)2

180 have been characterized crystallographically. Both complexes are
eight-coordinate with bidentate tmeda ligands. The geometry about the metal center approxi-
mates a D2d dodecahedron. The tmeda ligands are readily replaced by chelating diphosphine
ligands (vide infra), indicating that the tetravalent actinides have a stronger affinity for softer
phosphine donors.

These complexes can act as reagents in subsequent reactions,178 although displacement of the
tmeda ligand is observed. The tetravalent derivative U(MeBH3)4(tmeda) has been reported,
although it was produced by displacement of THF from the complex U(MeBH3)4(THF)x.

181

Heterocyclic ligands. N-heterocyclic adducts of simple tetravalent actinide salts exist for
halides, nitrates, carboxylates, alkoxides, and perchlorate complexes of thorium, as well as halides
and alkoxides of uranium. Most common among these are complexes with pyridine and its
derivatives. Coordination number for the metal center range from six to eight (Table 8). The

Table 7 Actinide(IV) diamine compounds.

Ethylenediamine, en
Th(C9H6NO)4�C9H7NO�en C9H7NO= 8-hydroxyquinoline
UCl4�4en
N, N, N0, N0-Tetramethylethylenediamine, tmed
U{(CF3)2CHO}4�tmed

Diaminoalkanes
ThBr4�xL�yH2O x= 2, y= 5, L= 1,2-diaminopropane and

1,4-diaminobutane x= 2, y= 2 and x= 4, y= 6,
L= 1,4-diaminobutanex= 4, y= 2,
L= 1,2-diaminopropane

Diaminoarenes
ThCl4�2L L= 1,2-, 1,3- or 1,4-diaminobenzene,

4,40-diamino-biphenyl (benzidine),
4,40-diamino-3,30-dimethyl-biphenyl (o-tolidine) or
4,40-diamino-3,30-dimethoxybiphenyl (o-dianisidine)

UCl4�2L L= 1,8-diaminonaphthalene
2UCl4�5L L= 1,2-diaminobenzene
UBr4�4L L= 1,2-diaminobenzene
[Th(NO3)2L2](NO3)2 L= 1,2-diaminobenzene

Table 8 Some complexes of N-heterocyclic ligands with actinide(IV) compounds.

Pyridine, C5H5N (py) and substituted pyridines

ThCl4�2L L= 2-Me- or 2-H2N-C5H4N
UX4�2py X=Cl, Br
ThX4�4L X=Cl, Br, NCS; L= py, 2-Me-, 2,4-Me2- and 2,6-Me2-pyridine
UCl4�4L L= (2-H2N, 3-HO)C5H3N
ThI4�6L L= py, 2-Me-, 2,4-Me2- and 2,6-Me2-pyridine
Th(NO3)4�2L L= py, 2-Me-, 2-H2N-, 2,4-Me2- and 2,6-Me2-pyridine
Th(ClCCO2)4�2py
[ThL6](ClO4)4 L= 2-H2N-, 2,4-Me2- and 2,6-Me2-pyridine
[ThL8](ClO4)4 L= py, 2-Me-C5H4N
[M(Py)8]3[Cr(NCS)6]4 M=Th, U
UCl2(C7H5O2)2�2Py C7H6O2= 2-hydroxybenzaldehyde
Quinoline and
isoquinoline, C9H7N
ThX4�4C9H7N X=Cl, Br, NCS
Th(NCS)4�4-i-C9H7N
ThI4�6C9H7N
Th(NO3)4�2L L=C9H7 N or i-C9H7N
[ThL8](ClO4)4 L=C9H7 N or i-C9H7N
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steric bulk of the ligand dictates the precise coordination number. Thorium will coordinate eight
ligands in the complexes [Th(L)8](ClO4)4 (L= pyridine, 2-Me-pyridine), whereas the bulkier
L= 2,4-Me2-pyridine and 2,6-Me2-pyridine supports only six coordinate thorium in
[Th(L)6](ClO4)4.

182 Compounds of uranium and thorium halides and perchlorates have also
been isolated with coordinating piperidine, quinoline, and isoquinoline ligands and their deriva-
tives. As in the case of pyridine derivatives, the metal centers are most often eight-coordinate.
Displacement of halides is possible to maintain this coordination environment. For example, the
quinoline complex ThI4�C9H7N behaves as the 1:2 electrolyte [ThI2L6]I2 in solution, suggesting
that the metal center remains eight-coordinate.183

Bidentate heterocyclic ligands (e.g., 2,20-bipyridine, bipy, or 1,10-phenanthroline, phen) are also
commonly used as coordinating bases in tetravalent chemistry, although there are few structurally
characterized examples. These ligands are also presumed to support metal coordination numbers
up to eight. Some of these complexes are neutral, such as ThX4(bipy)2 (X=Cl, Br, NCS),184

whereas some behave as salts in solution, indicating displacement of the counterion from the
primary coordination sphere of the metal ion.182 2,20-Bipyridine and 1,10-phenanthroline can also
act as Brønsted bases in reactions with protic solvents. Reaction of UCl4 and bipy or phen in
alcohols such as ethanol results in the formation of products of partial alcoholysis such as
UCl3(OEt)bipy2, accompanied by the formation of (bipyH)2UCl6.

185

Other N-containing heterocycles that have been employed as coordinating bases include phe-
nazine, phthalazine, pyrazine, triazine, imidazole, and piperizine, as well as pyridine-containing
complexes such as terpyridine, dipyridylethanes, dipyridylketone, and dipyridylamine. In some
cases it has been speculated that the products of ligands containing more than one nitrogen in the
ring are polymeric, with ligands coordinated through both nitrogen atoms. In a more recent study
of coordination piperazine compounds of uranium tetrahalides, perchlorates, and thiocyanates,
however,172 optical spectroscopy is consistent with six- and eight-coordinate coordination envir-
onments about the uranium centers in many of the derivatives reported, suggesting simpler
coordination modes.

Nitriles. Nitrile complexes of uranium and thorium halides have been well studied, par-
ticularly complexes of acetonitrile (MeCN). Halide complexes AnX4(MeCN)n were intially pre-
pared either by reaction of the anhydrous halide with acetonitrile, or by electrochemical
dissolution of a thorium anode in the presence of dissolved chlorine. Initial estimates of stoichiom-
etry suggested n= 2 or 4, depending on the steric bulk of the base. It has been suggested from
UV–visible spectroscopy that most complexes possess eight-coordinate metal centers, although
with larger nitriles (e.g., ButCN), complexes of the formula UX4(Bu

tCN)3 could be isolated. The
molecular structure of UCl4(MeCN)4 has been determined,186 confirming the coordination num-
ber of the metal center.

More recently, more well defined adducts of the tetrahalides with acetonitrile have been
isolated by oxidation of the appropriate metal (uranium, thorium) by halide sources in the
presence of the nitrile.187 It has been reported that addition of more strongly coordinating
bases to UI4(MeCN)4 in acetonitrile can generate Lewis base adducts (e.g., UI4(tmu)2,
tmu= tetramethylurea). The complex appears to undergo some halide or nitrile dissociation in
polar media, however; addition of OPPh3 to a solution in THF yields only the THF ring-opened
product UI2(OCH2CH2CH2CH2I)2(OPPh3)2.

188

Aliphatic phosphines. As discussed in Section 3.3.2.2.2(ii), tetravalent actinide complexes
possess a surprisingly high affinity for soft phosphine donor groups. In addition to the
pendant phosphinoamine and phosphine complexes discussed previously, a number of other
tetravalent complexes of uranium and thorium containing neutral phosphine ligands have been
reported. The first report of a phosphine adduct of a tetrahalide was the bridging diphosphine
complex [UCl4]2(dppe).

189 All other reports of diphosphine complexes have involved chelation
of a single metal center, and the species ThX4(dmpe)2 (X=Cl, I) and UX4(dmpe)2 (X=Cl, Br)
have been characterized.190 The disphosphine remains coordinated during metathesis reactions,
and the derivatives AnX4(dmpe)2 (An=U, Th; X=Me, OPh) can be prepared by reaction
with the appropriate lithium reagents.190 The slightly larger benzyl group forces displacement of
one of the chelating disphosphine ligands, resulting in the formation of An(CH2Ph)4(dmpe)
(An=U, Th).191

A single uranium halide adduct of a monodentate phosphine has been reported; reaction of
UCl4 with excess PMe3 permits isolation of the trimethylphosphine adduct, UCl4(PMe3)3.

190

Arsines. The ligand o-phenylenebis(dimethylarsine) (diars) has been used to complex actinide
halides. The complexes PaCl4(diars) and UCl4(diars) have been reported. Both are produced by
the reduction of pentavalent precursors in solution upon addition of the arsine.192
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(iv) Ligands containing anionic group 16 donor atoms

Oxides. Due to their importance as nuclear fuel material, actinide oxides have been intensively
investigated. They are very complicated compounds, due to the formation of nonstoichiometric
or polymorphic materials. The dioxides, AnO2, have the fluorite structure, wherein the actinide
has eight nearest neighbor oxygen atoms in a cubic geometry. They can be readily prepared by
heating of the actinide hydroxide, oxalate, carbonate, peroxide, nitrate, and other oxyacid salts. For
the elements beyond thorium, sub- and superstoichiometric oxides remain an area of research. This is
mostly due to two main issues. The dominant disposal or repository form of nuclear waste is spent
fuel rods, which are based on UO2. It is very insoluble in its crystalline form; however, as the material
ages it becomes brittle, and under common conditions undergoes phase transformations to hydroxides
and oxidized forms that would significantly increase uranium solubility and potential for release into
the environment. Secondly, there is concern that stored Pu will be slightly hydrated and highly self-
irradiated Pu0 and PuO2 and may transform to PuO2þx, which is significantly less stable.193 Earlier
reports suggested that PuO2þx, like UO2þx, contains interstitial oxygen in clusters of defect sites.
There is more recent spectroscopic data, however, that suggest the presence of actinyl species.194–196

Ternary actinide(IV) oxides are numerous and varied. Some classic types are M2AnO3 (M=Na
K, Rb, Cs; An=Th-Pu), BaAnO3(for Th–Pu), and Li8PuO6, which can be prepared by fusing the
respective actinide and alkali or alkaline earth oxides to form double oxides. In addition, ternary
thorium oxides have been reported with lanthanides ((ThCe)O2, (ThCe)O2�x with x< 0.25),
niobium (Th0.25NbO3), tantalum (ThTa2O7, Th2Ta2O9), molybdenum (Th(MoO4)2, ThMo2O8),
germanium (ThGeO4), titanium and vanadium. Analogous U and Pu phases are known for most
of these compounds. Superconducting properties have been observed in the 	-compound
Nd2�xThx CuO4 at x= 0.16.

Hydroxides. Pure and mixed metal actinide hydroxides have been studied for their potential
utility in nuclear fuel processing. At the other end of the nuclear cycle, the hydroxides are important
in spent fuel aging and dissolution, and environmental contamination. Tetravalent actinides hydro-
lyze readily, with ThIV more resistant and PuIV more likely to undergo hydrolysis than UIV and
NpIV. All of these ions hydrolyze in a stepwise manner to yield monomeric products of formula
An(OH)n

4�n with n= 1, 2, 3 and 4, in addition to a number of polymeric species. The most prevalent
and well characterized are the mono- and tetra-hydroxides, An(OH)3þ and An(OH)4.

197–199 Char-
acterization of isolated bis and tri-hydroxides is frustrated by the propensity of hydroxide to bridge
actinide centers to yield polymers. For example, for thorium, other hydroxides include the dimers,
Th2(OH)2

6þ and Th2(OH)4
4þ, the tetramers, Th4(OH)8

8þ and Th4(OH)12
4þ, and two hexamers,

Th6(OH)14
10þ or Th6(OH)15

9þ.200–203 These polynuclear complexes are common in chloride and
nitrate solutions. It is noteworthy that these polynuclear hydrolysis products have only been well
defined for thorium (i.e., not for other tetravalent actinide ions). For UIV there is limited evidence
for polymeric species such as U6(OH)15

9þ.197 Characterization of additional distinct PuIV hydroxide
species has been thwarted by the formation of the colloidal oxy/hydroxide. This form is very
common in aqueous Pu chemistry and can form under widely varying conditions, including in
concentrated electrolytes. It has a distinctive optical absorbance spectrum, can range in size from
ten to hundreds of angstroms, and is generally described as hydroxylated nanoparticles of PuO2.

The AnIV hydroxide solids are amorphous and their exact composition and structure are not
known.204 Ternary hydroxides have been characterized, mostly for Th. The structure of Th(OH)2-
CrO4�H2O is built up of infinite chains, [Th(OH)2]n

2nþ containing two almost parallel rows of OH
groups so that each thorium atom is in contact with four OH groups; the CrO4

2� groups are so
packed that each thorium atom is in contact with four oxygen atoms of four different CrO4

2�

groups, making up a square antiprismatic arrangement of oxygen atoms about each thorium
atom. The structure of Th(OH)2SO4�H2O is similar.

Peroxides and other dichalcogenides. Peroxide ligands oxidize uranium and protactinium,
so peroxo complexes of tetravalent early actinides are restricted to An=Th, Np, and Pu. The
compounds AnO4�xH2O precipitated from dilute acid solutions of neptunium(IV) and plutonium-
(IV) by hydrogen peroxide appear to be actinide(IV) compounds, although the stoichiometry
has not been well determined. PuIV peroxide evidences two crystalline forms, hexagonal and
cubic face-centered.82 The former contains 3-3.4 and the latter, 3 peroxo oxygens atoms per Pu.
Soluble intermediates of the type [Pu(�-O2)2Pu]

4þ reportedly form at low hydrogen peroxide
concentrations. The hydrated thorium peroxide sulfate, Th(O2)4 (SO4)�3H2O, is very stable.
Several mixed-ligand thorium peroxo complexes have been isolated, including the sulfate
Th(O2)(SO4)�H2O, carboxylates Th(O2)(RCO2), phenoxo compounds, and mixed composition
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(and potentially polymetallic) halides and nitrates, Th(O2)1.6(A
�)0.5(O

2�)0.15�2.5H2O with
A=C1 or NO3.

The reaction of uranium metal with polyselenides in molten potassium polyselenide generates
an interesting molecular diselenide complex K4[U(�2-Se2)4],

205 containing a discrete U(�2-Se2)4
�

anion.
Carbonates. Actinide carbonates have been very thoroughly studied by a variety of solution and

solid state techniques. These complexes are of interest because of their fundamental chemistry and
environmental behavior, including aspects of actinide mineralology. In addition, separation
schemes based on carbonate have been proposed. Coordination numbers are generally quite
high, eight to ten; carbonate is bound to the metal center in a bidentate fashion and is often
hydrogen-bonded to outer sphere waters or counter ions (see Table 9).

Aqueous carbonate complexes of AnIV ions, An(CO3)n
4�2n, n= 1�5, form stepwise with

increasing solution pH and carbonate concentration.46,197,202,206 As with other oxoanionic ligand
systems, the stability of the carbonate complexes decreases across the series, such that the
pentacarbonato complex is well studied for ThIV and UIV. The tetracarbonato complex is more
important for NpIV and PuIV in solution, although salts of the pentacarbonato anion are known
across the series. Most studies of Th, U, Np, and Pu do indicate that mixed hydroxyocarbonate
complexes, An(OH)x(CO3)y

(2yþ4—x)�, e.g, Th(OH)3(CO3)
� for Th, are important in describing the

aqueous solution behavior. For the lower order carbonates the actinide is presumably nine or ten-
coordinate with waters and bidentate carbonate in the inner coordination sphere. For the penta-
and hexacarbonato complexes there is no evidence that any water molecules remain bound to the
actinide center.

Actinide(IV) carbonato solids of general formula MxAn(CO3)y�nH2O have been prepared for a
variety of metal cations (M=Naþ, Kþ, NH4

þ, C(NH2)3
2þ, y= 4, 5, 6, 8). The only well-

characterized actinide(IV) hexacarbonato compound is the mineral tuliokite Na6BaTh
(CO3)6�6H2O.207 The three dimensional structure consists of alternating chains of barium and
thorium icosahedra which share common polyhedral faces. The sodium atoms are found inter-
spersed between the barium and thorium columns. The thorium chains contain discrete
Th(CO3)6

8� icosahedra, which have three mutually perpendicular planes formed by the trans
carbonate ligands, giving virtual Th symmetry.

The pentacarbonato salts of thorium(IV) and uranium(IV) are among the most well-studied
actinide solids. They can be prepared directly by precipitation from carbonate solutions, or
indirectly by the decomposition of oxolates or reduction of actinyl(V, VI) species. The salts of
formula M6An(CO3)5�nH2O (An=Th, U; M6=Na6, K6, Tl6, [Co(NH3)6]2, [C(NH2)3]3[(NH4)]3,

Table 9 Actinide(IV) carbonates and carbonato complexes.

An(CO3)2�xH2O An=Th, x= 0.5, 3–4; Pu, x= ?
AnO(CO3)�xH2O An=Th, x= 2, 8; U, x= 0; Pu, x= 2
Th(OH)2(CO3)�2H2O
xAnO2�AnO(CO3)�yH2O An=Th, x= 1, y= 1.5 or 4; x= 3, y= 1; x= 6,

y= 0, An=Pu, x= 1, y= 0 or 3

MI
2[Th(CO3)3]�xH2O MI=NH4, x= 6; CN3H6 (guanidinium), x= 0, 4

(enH2)[U(CO3)3(H2O)2]�2H2O
MI

4[An(CO3)4]�xH2O Generally known for An=Th-Pu; MI=Na, K, NH4, CN3H6

MI
6[An(CO3)5]�xH2O Generally known for An=Th-Pu; MI=Na, K, NH4, CN3H6

An=Th, U; M= [Co(NH3)6]2, x= 4, 5
An=Th; M=Ca3, Ba3, x= 7;
(CN3H6)3(NH4)3, x= 3 An=U; MI= (CN3H6)4(NH4)2, x= 1;
(CN3H6)3(NH4)3, x= 2

MI
8[Pu(CO3)6]�xH2O MI=Na, K, NH4, x unspecified

MI
12[Pu(CO3)]�xH2O MI=Na, K, NH4, x unspecified

Na[Th(OH)(CO3)2(H2O)3]�3H2O
MI

2[Th(OH)2(CO3)2(H2O)2]�xH2O MI=Na, x= 8; K, x= 3
K3[Th(OH)(CO3)3(H2O)2]�3H2O
Na5[Th(OH)(CO3)4(H2O)]�8H2O
(CN3H6)5[An(OH)3(CO3)3]�5H2O An=Th, U
(enH2)[U(OH)2(CO3)2]�3H2O
(enH2)2[U2(OH)2(CO3)5)(H2O)4]�2H2O
(CN3H6)5[Th(CO3)3F3]
MI

2[U(HCO3)2F4] MI=Na, NH4
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[C(NH2)3]6; n= 4–12) have all been reported.208–210 These hydrated salts contain bidentate
carbonate ligands and no water molecules bound directly to the central actinide. Structures
from single crystal X-ray diffraction studies are known for salts of Th(CO3)5

6�. For example,
triclinic Na6Th(CO3)5�12H2O contains ThIV coordinated to 10 oxygen atoms of five bidentate
carbonato ligands in an irregular geometry.211–213 Use of the hydrogen-bond donating guanidi-
nium cation provides a more regular geometric structure in [C(NH2)3]6[Th(CO3)5], where the
coordination geometry about the metal is hexagonal bipyramidal, comprised of three bidentate
carbonate ligands in an approximately hexagonal plane and two trans bidentate carbonate ligands
occupying pseudo-axial positions.214 Uranium(IV) carbonates are readily oxidized in air to
uranium(VI) complexes, and are therefore not as well characterized. The potassium salt,
K6U(CO3)5�6H2O, can be prepared by dissolution of freshly prepared UIV hydroxide in K2CO3

solution in the presence of CO2, and the guanidinium salt can be prepared by addition of
guanidinium carbonate to a warm U(SO4)2 solution, followed by cooling.215

Salts of AnIV carbonates of lower carbonate to actinide ratio have also been reported but are
far less common and detailed structural information is generally not available. Simple, binary
thorium(IV) carbonates of formula Th(CO3)2 and Th(CO3)2�nH2O (n= 0.5 and 3.00) are reported
to form during the pyrolysis of Th(C2O4)2, or by heating thorium hydroxide under CO2.

216 Solids
of formula ThO(CO3) and Th(OH)2(CO3)�2H2O have also been reported, but not character-
ized.216 An example of a mixed ligand carbonate is the carbonatothorofluorothorate(IV),
(CN3H6)5[Th(CO3)3F3], which is nine-coordinate. ThIV is bonded to three bidentate carbonate
groups and three terminal fluorine atoms to give a monocapped square antiprismatic geometry in
this complex.

Tetracarbonato UIV salts, such as [C(NH2)3]4[U(CO3)4] and [C(NH2)3]3(NH4)[U(CO3)4] have
been reported,215 and a tricarbonate is reportedly formed by addition of ethylenediammonium
sulfate to uranium(IV) solutions of (NH4)2CO3 or KHCO3 followed by precipitation of
[C2H4(NH3)2][U(CO3)3(H2O)]�2H2O.215 Hydrolysis of this complex occurs with dissolution to
give [C2H4(NH3)2]2[U2(OH)2(CO3)5(H2O)4]�2H2O or [C2H4(NH3)2][U(OH)2(CO3)2(H2O)2]�H2O.

Plutonium(IV) carbonato complexes can be similarly prepared, as demonstrated by the
single-crystal X-ray diffraction structure reported for the precipitated sodium salt, [Na6Pu
(CO3)5]2�Na2CO3�33H2O.217 Plutonium is coordinated by 10 carbonate oxygens in the anion
shown in Figure 10. This type of complex can also be prepared by dissolving plutonium(IV)
oxalate in the alkali metal carbonate solution and precipitating the solid by addition of
alcohols. Depending on reaction conditions, green amorphous powders of compositions
K4Pu(CO3)4�nH2O, K6Pu(CO3)5�nH2O, K8Pu(CO3)6�nH2O, and K12Pu(CO3)8�nH2O have all
been reported.218 Sodium salts of formula Na4Pu(CO3)4�3H2O, Na6Pu(CO3)5�2H2O, and
Na6Pu-(CO3)5�4H2O have been claimed as light green crystalline compounds that appear to
dehydrate in air.218 Similarly, the (NH4)4Pu(CO3)4�4H2O and [Co(NH3)6]2Pu(CO3)5�5H2O salts

Pu1

Figure 10 The pentacarbonato PuIV anion from the crystal structure of the hydrated sodium salt (Clark,
Conradson et al. Inorganic Chemistry 1998, 37, 2893–2899).
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have been reported.219 Although few of these compounds have been well characterized, their
formulas are consistent with the known ThIV phases, and they are presumably isostructural
with them.

Carboxylates. Aminocarboxylate and other polycarboxylate actinide complexes are typ-
ically formed in aqueous solution by additition of actinide(IV) salts to a solution of the poly-
carboxylic acid ligand. Most have been characterized by NMR and optical visible and infrared
spectroscopy, and a very few have been fully structurally characterized using single-crystal X-ray
diffraction. They can also form by reduction of the metal ion present in higher oxidation states, as
demonstrated for Pu(VI) and Pu(V). Tetravalent actinide ions form 1:1 complexes An(IV)-L
(L=NTA, HEDTA, EDTA, DTPA, citrate) in acidic solutions, but even hexadentate EDTA
leaves coordination sites for hydrolysis, polymerization, or other additional complexation, often
at higher pH. For example, mixed aminocarboxylate/hydroxide, An(IV)-L(OH)x, and aminocar-
boxylate/carbonate complexes, have been prepared for Th(IV) and Pu(IV). Several additional
types of mixed ligand Th(IV) complexes have been characterized, including ThLL0, where
L=NTA, HEDTA, EDTA, CDTA or DTPA; L0 = halide, resorcinol (res), 2-methylresorcinol
(2-Me-res), 5-methylresorcinol (5-Me-res) or 4-chlororesorcinol (4-Cl-res), salicylic acid (SA) or
5-sulfosalicylic acid (SSA), ethylenediamine, 1,2-propylenediamine, 1,3-propylenediamine, diethylene-
triamine or triethylenetetramine, and purines, and pyrimidines (adenosine, guanosine, cytidine,
uridine, adenine, etc.). Complexes with 2:1 aminocarboxylate to actinide ion ratio are isolated
from solutions containing excess ligand and are more stable with respect to hydrolysis. The crystal
structure of U(IV) and Th(IV) complexes (CN3H6)3[AnEDTAF3] reveal that the central actinide
atom is surrounded by 3F atoms, 4O atoms, and 2N atoms, with EDTA in a gauche conforma-
tion. Malonic acid complexes with thorium(IV) to create a distorted square antiprism coordin-
ation environment. The malonic acid complexes through both acid groups in a 1,5 arrangement to
create a six-membered ring. The ring is planar where it complexes with the thorium, but the alpha
carbon deviates from the plane. This is illustrated in Figure 11. Addition of a water molecule
raises the coordination number from eight to nine forming a monocapped square antiprism where
the capped face is more planer than the uncapped faced.

Since malonic acid is a diacid, the formation of polymeric chains is possible. Uranium(IV) has
been shown to form polymeric chains creating a three-dimensional lattice. For every uranium
atom, three water molecules are complexed along with two tridentate malonic acids (�2 is present
and a �2 is also present). The polymeric chain is depicted in Figure 12.220

Nitrates. Aqueous nitrate complexes (see Table 10) of AnIV ions are very well studied
mostly because of their importance in nuclear material processing, particularly in liquid/liquid
extractions and ion exchange chromatography. The solution species, An(NO3)n

4�n, n= 1–6, have
been extensively studied for ThIV and PuIV. Numerous cationic resins have been developed that
have strong affinity for the hexanitrato species, Pu(NO3)6

2�. Although later work suggests that this
complex is not present at significant concentration in the absence of resins, even in concentrated
nitrate solution. There is good evidence, including recent NMR and EXAFS data, that indicates the
mono-, bis-, tetra, and the hexa- complexes are significant, but the tris- and penta-nitrato complexes
are not.221 X-ray absorbance data for the system suggest aquo ligation decreases in the inner sphere
even before sequential planar, bidentate nitrates bind the metal center. The coordination numbers in
these complexes is approximately 11–12 for the first coordination sphere, with average bond

Th

O

O

O O
O

O O

O

Figure 11 Crystal structure of (C4H12N2)2[Th(C3H2O4)4]H2O (Zang, Collison et al. Polyhedron 2000, 19,
1757–1767).
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distances of 2.49Å (nitrate) and 2.38Å (water).222 Stability and the relative importance of the mono-
and bisnitrato complexes have recently been re-evaluated.223

Numerous additional solution studies on mixed ligand, nitrate complexes have been performed
in the development and performance testing of extractants. Most notably these include tributyl-
phosphate (TBP) and other phosphine oxides. As other examples, a variety of mixed amide,
nitrate complexes have been proposed based upon NMR, IR and extraction behavior.224–226 The
composition and proposed structures of these types of species are described in the sections
corresponding to the functionality of the extractant.

Actinide(IV) nitrates solids are readily formed in nitric acid by dissolution of hydroxides or
carbonates followed by precipitation (Table 10). Depending upon the pH of solution, crystalline
orthorhombic An(NO3)4�5H2O(An=Th, Np, Pu), or for ThIV, Th(NO3)4�4H2O can be obtained.227

For Pu, the tetranitrate pentahydrate can also be prepared by heating a PuVI nitrate salt.228 The
coordination geometry about the 11-coordinate thorium atom in [Th(NO3)4�5H2O.([Th(NO3)4-
(H2O)3)]�2H2O is a monocapped trigonal prism in which four of the prism apices are occupied by
bidentate nitrate groups. In the dimeric basic nitrate, [Th2(OH)2)(NO3)6(H2O)6)]�2H2O, the thorium
atoms are bridged by two OH groups, and each thorium atom is also coordinated to three bidentate
nitrate groups and three water molecules. The geometry can be considered as a rather distorted
dodecahedron in which the nitrate groups occupy three apices.

Anhydrous Th(NO3)4 is obtained by heating more complex nitrates under vacuum. Hexani-
trato complexes are obtained from moderately concentrated (8M to 14M) nitric acid, in the
presence of sulfamic acid to inhibit oxidation by nitrite in the case of uranium(IV). The nitrate
groups in these compounds are bidentate and the structure of the anion is distorted icosahedral,

Figure 12 Crystal structure of [U(C3H2O4)2(H2O)3]n depicting the coordination environment of the UIV in
the polymeric chain (Zhang, Collison et al. Polyhedron 2000, 19, 1757–1767).

Table 10 Actinide(IV) nitrate complexes.

MI
2[An(NO3)6] Generally known for An=Th, U, Pu; MI=NH4,

K, Rb, Cs, Tl, Et4 N, Bun, Me2(PhCH2)2N,
Me3(PhCH2)N, C5H5NH,...;
An=U, Pu; MI=C9H7NH (quinolinium)
An=Th; MI=NO, NO2

MII[An(NO3)6]�8H2O Generally known for An=Th, U, Pu; MII=Mg,
Zn, Co, Ni; An=Th; MII=Mn,

(bipyH2)[U(NO3)6]
MITh(NO3)5�xH2O MI=Na, x= 8.5; K, x= 6
K3H3An(NO3)10�xH2O An=Th, x= 4; U, x= 3
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such as in [M(H2O)6][Th(NO3)6]�2H2O, where M=Mg, Zn, Co, Ni. The anions in similar PuIV

salts, such as M2Pu(NO3)6�2H2O, where M=Rb, Cs, NH4, and pyridinium, are presumably
isostructural.229 Uranium(IV) does not form solid binary nitrates, but is apparent in ternary
phases of the general formula M2[U(NO3)6], where M=NH4, Rb, Cs, and M[U(NO3)6]�8H2O,
where M=Mg, Zn.

Phosphates. Because of their very low solubility, as exemplified by stable minerals and ore
bodies, actinide phosphates have been proposed as potential radioactive waste forms.230 Together
with this property, the multiple protonation states and possible coordination modes make the
solution AnIV phosphate species particularly challenging to characterize. Generally, complexes of
the formula An(H3PO4)x(H2PO4)y

(4—y)þ (x= 0, 1; y= 0, 1, 2) have been proposed to form under
acidic conditions, An(HPO4)3(H2PO4)x

(2þx)� (x= 1,2), at neutral pH, and An(HPO4)x
4—2x (x= 1–3)

under basic conditions.
In the solid state, the major classes actinide(IV) phosphate are orthophosphates, hydrogenpho-

sphates, pyrophosphates, metaphosphates, and polyphosphates.231,232 In addition there are
numerous ternary compounds, mixed valent uranium phosphates, halophosphates, organophos-
phates, and most recently, open framework and templated phases.233

Binary and ternary thorium compounds have been synthesized with varying ratios of metal,
thorium and phosphate. Recently, Bernard et al. reported two distinct thorium types in
Th4(PO4)4(P2O7), one eight-coordinate with oxygen from five phosphate and one diphosphate
group around the thorium atom.234 Ternary compounds of the general formula MITh2(PO4)3 and
MIITh(PO4)2 with MI= alkali cation, Tl, Ag, Cu,235,236 and MII=Ca, Sr, Cd, Pb,237,238 have been
studied. In the structure of NaTh2(PO4)3, thorium is eight-coordinate, and the local coordination
environment can be described as [Th(�2-PO4)2(�

1-PO4)4] in a pseudosquare bipyramidal config-
uration with bidentate phosphates in the axial positions and monodentate phosphates in the
equatorial positions. The ThIV ion in KTh2(PO4)3 is nine-coordinate with a local coordination
environment described as [Th(�2-PO4)2(�

1-PO4)5] containing both bridging and bidentate phos-
phate groups. In Na2Th(PO4)3 two different thorium atoms are identified with eight and ten
neighboring oxygen atoms.239

Few uranium(IV) phosphates have been fully characterized. They generally include the uranium
atom in seven-coordinate, distorted pentagonal bipyramidal; eight coordinate, square antipris-
matic; or nine-coordinate irregular geometries. Hydrogen phosphates, U(HPO4)2�xH2O can be
prepared by precipitation from phosphoric acid solutions. Among them the bis- and tetra-
hydrates are the best characterized but single-crytal data are still lacking.240 The simplest binary
phase is the triclinic metaphosphate, U(PO3)4, with eight-coordinate square antiprisms of UO8

connected by (P4O12)
4� rings.241,242 The ortho phosphate UP2O7 can be prepared by thermal

decomposition of the uranyl hydrogen phosphates. The mixed valent orthophosphate,
U(UO2)(PO4)2, can be prepared either via a solid state reaction, combining UO2 and ammonium
phosphates or by reducing uranyl chloride with hydrazine, followed by addition of concentrate
phosphoric acid.243 In the structure seven-coordinate UIV alternate with uranyl within PaCl5 type
chains, which are connected by phosphate groups to form a three-dimensional network. The
coordination environment about the metal center is similar to that found in U2O(PO4)2, which is
thought to be the correct formula for compounds previously believed to be (UO)2P2O7.

244

U2O3P2O7 and U3O5P2O7 have been synthesized containing uranium in the oxidation state þIV
and þVI in a ratio 1:1 and 2:1, respectively.245

The pyrophosphate of uranium(IV) has been obtained and the structure determined to
belong to the ZrP2O7-type structure.246 Octahedral sites in the zirconium phosphates can
accommodate UIV, as exemplified by the Na dizirconium tris(phosphate) structural family
([NZP]). An end member in this study was monoclinic KU2Zr(PO4)3, which contains nine-
coordinate UIV.247 Compounds of the general formula MU2(PO4)3 have been reported for
M=Li, Na, and K, where UIV is nine coordinate; similar compounds could not be obtained
with the larger Rb and Cs ions.248 Recent examples of three-dimensional structures exist for
the halophosphate phases, UXPO4�2H2O, x=Cl, Br.249 In these compounds, all four phos-
phate oxygens are bound to uranium atoms, and the UIV is in a distorted pentagonal
bipyramidal geometry.

Fewer, but still numerous, Pu phosphates have been characterized.82 Plutonium metaphosphate,
orthorhombic Pu(PO3)4, can be crystallized from solutions of PuO2 in metahosphoric acid.250 The
hydrogen phosphate, Pu(HPO4)2�xH2O is prepared by precipitation from phosphoric acid solutions
and can be used as precursor for other phosphates. Red Pu2H-(PO4)3�xH2O is made by heating the
hydrodrogen phosphate; decomposition above 100 �C reportedly yields Pu3(PO4)4�xH2O. Anhy-
drous Pu pyrophosphate PuP2O7, has been prepared by the thermal decomposition of plutonium
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oxolatophosphates.52,251 Pyro- and metaphosphates of NpIV and two double orthophosphates
NaNp2(PO4)3 and Na2Np(PO4)2 have been prepared and determined to be isostructural with the
analogous ThIV and UIV compounds.252

Alkyl phosphates, U{O2P(OR)2}4 (R=Me, Et or Bu) and U{O2PH(OR)}4 (R=Me, Et, PR0 or
Bu00), have been reported, as has the phenyl derivative, U(O3PPh)2. Plutonium monobutyl phos-
phate was reportedly prepared by addition of monobutyl phosphate to PuIV in nitric acid solution.

Sulfates and sulfites. Sulfate has high affinity for tetravalent actinides and forms complexes
of the type An(SO4)n

4�2n (n= 1, 2) in solution, with the tetrasulfato being the most important
(predominant at sulfate concentrations greater than 0.2M), and the trissulfato not detected under
most conditions. These anions can be precipitated as hydrates and subsequently dehydrated at
400 �C. Representative AnIV sulfate complexes are shown in Table 11. For example, hydrated
thorium sulfate, Th(SO4)2�nH2O (n= 9, 8, 6, 4), is easily crystallized from thorium and sulfuric
acid. Analogous UIV and PuIV compounds are well known; the red tetrahydrate PuIV phase is
noteworthy because of its very high purity.82 The octahydrate loses four waters at relatively low
temperature, and can be fully dehydrated. The common bicapped square antiprismatic geometry
is adopted by the AnIV centers in the tetra- and octahydrates.253 For uranium, the basic salt,
UOSO4�2H2O, is formed in sulfate solution at neutral pH. Ternary salts have been characterized,
such as the green PuIV compounds, M4An(SO4)4�xH2O where and M is K or NH4. The penta-
sulfato complex has not been identified in solution, but the potassium and other monovalent salts,
M6An(SO4)5�xH2O have been characterized.

Fluorosulfates, U(SO3F)4, U(SO3F)2, and MU(SO3F)6, (M=Mg, Zn) have been obtained by
treating U(MeCO2)4, with HSO3F.

254 The compound U(SO3F)4 appears to involve two mono-
and two bi-dentate SO3F groups. The structure of the anion in K4Th(SO4)4�2H2O consists of
chains of thorium atoms linked by pairs of bridging sulfate groups, and the coordination
geometry about the thorium atom is a tricapped trigonal prism.

A simple sulfite is known for ThIV, Th(SO3)2�4H2O. Salts of hydrated complexes are known for
thorium(1V) and uranium(IV) (see Table 12), both of which form a series of hydrated salts of what

Table 11 Actinide(IV) sulfato complexes.

MI
2[M

IV(SO4)3]�xH2O MIV=Th; MI=Na, x= 6; K, x= 4;
NH4, x= 0 or 5; Rb, x= 0 or 2; Cs, x= 2; TI, x= 4
MIV=U; MI=K or Cs, x= 2; NH4 or Rb, x= 0

MI
4[M

IV(SO4)4]�xH2O MIV=Th; MI=Na, x= 4; K, x= 2; NH4, x= 0 or 2; Cs, x= 1
MIV=U; MI=Na, x= 6: K, x= 2; NH4, x= 0 or 3;
Rb, x= 2; enH, x= 2; MIV=Np; MI=K, x= 3
MIV=Pu; MI=K or NH4, x= 2; Rb, x= 0, 1 or 2; Cs, x= 0

[Co(NH3)6]Na[Np(SO4)4]�8H2O
MI

6[M
IV(SO4)5]�xH2O MIV=Th; MI=NH4 or Cs, x= 3

MIV=U; MI=NH4, x= 4
MIV=Pu; MI=Na, x= 1; K, x= 0; NH4 x= 2 to 4

MI
8[M

IV(SO4)6]�xH2O MIV=Th; MI=NH4, x= 2 MIV=U; MI=NH4, x= 3
Na6[U2(SO4)7]�4H2O
U(SO4)(C2O4)�xH2O x= 0, 1, 2 or 3
U2(SO4)(C2O4)3�xH2O x= 0, 2, 4, 8 or 12
MI

6U2(SO4)4(C2O4)3�xH2O MI=NH4 or Rb, x= 0, 2 or 4
Rb4U2(SO4)3(C2O4)3�xH2O x= 0, 4 or 6

Table 12 Actinide(IV) sulfites and sulfito complexes.

Th(SO3)2�4H2O
MI

2Th(SO3)3�xH2O MI=Na, x= 5; K, x= 7.5; NH4, x= 4; CN3H6

(guanidinium), x= 12
MI

4Th(SO3)4�xH2O MI=Na, x= 3 or 6; NH4, x= 5
Na2nU(SO3)nþ2�xH2O n= 3, 4, 5 and 6; x, unspecified
Na2nM

IV(SO3)n(C2O4)2�xH2O MIV=Th; n= 3, 4, 5 or 7, x= 5 to 6; MIV=Th;
n= 3, 4, 5 or 7, x= 5 to 6; n= 9, x= 6

Ba6Th(SO3)6(C2O4)2�7H2O n= 3, x= 5; n= 4, x= 4;
n= 5, x= 7.5; n= 6, x= 7 to 8
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appear to be sulfitooxalato complex anions, but definitive characterization is needed. They are
obtained by dissolving thorium oxalate in concentrated aqueous sodium sulfite.

Perchlorates and iodates. Thorium perchlorate forms upon dissolution of thorium hydroxide
in perchloric acid and crystallizes as Th(ClO4)4�4H2O. The precipitation of tetravalent
actinides as iodates has long been used to separate these elements from lanthanides at low pH.
One of the earliest forms that 239Pu was isolated in was that of Pu(IO3)4.

255 The structure and most
properties of Pu(IO3)4 are currently unknown, but a remarkable feature is that it is insoluble in
6M HNO3.

Alkoxides. In 1954, Bradley and co-workers reported the synthesis of the thorium tetra-
kisalkoxide compound Th(OiPri)4 (see Equation (10)); other rational reaction routes yield impure
products.256 Additional Th(OR)4 compounds (R=Me, Et, Bu, But, pentyl, CH2CMe3, OCH-
MeEt, OCHEt2, CMe2Et, CMeEt2, CMe2Pr, CMe2Pr

i, CEt3, CMeEtPr, CMeEtPri) are prepared
from alcoholysis of Th(OPri)4

256,257 (see Equation (11)). Subsequent studies confirmed that
alcoholysis of [(Me3Si)2N]2Th(CH2SiMe2NSiMe3) with HOPri generates a homoleptic compound
of empirical formula Th(OPri)4.

258 Addition of either excess pyridine to the fresh reaction mixture
of [(Me3Si)2N]2Th(CH2SiMe2NSiMe3) and HOPri or a stoichiometric amount of pyridine to the
metathesis reaction of UBr4(THF)4 and four equivalents of KOPri permits isolation of
the tetramer Th4(OPri)16(py)2. A similar reaction between the metallacycle and pentan-3-ol in
the presence of pyridine yields the dimer Th2(OCHEt2)8(py)2. In solution studies, treatment of the
metallacycle [(Me3Si)2N]2Th(CH2SiMe2NSiMe3) with four equivalents of the bulkier alcohol
HOCH(Pri)2 yields the dimer [Th(OCHPri2)4]2, which exists in equilibrium with monomer
Th(OCHPri2)4.

259 Addition of Lewis bases dimethoxyethane or quinuclidine to this dimer allows
for the isolation of [Th(OCHPri2)4(DME)] or [Th(OCHPri2)4(C7H13N)], respectively. Similar
reaction products employing tertiary alkoxide ligands were investigated. The metathesis reaction
of ThI4(THF)4 with four equivalents of KOBut in the presence of pyridine generates
Th(OBut)4(py)2, and alcoholysis of [(Me3Si)2N]2Th(CH2SiMe2NSiMe3) with HOBut provides
the dimer Th2(OBut)8(HOBut).260 The coordinated alcohol of the latter compound is deproto-
nated by Na[N(SiMe3)2] to yield NaTh2(OBut)9, while addition of a stoichiometric amount of
water to Th2(OBut)8(HOBut) under reflux conditions in toluene yields the cluster Th3O(OBut)10
where one alkoxy group and the oxo are both triply bridging the three thorium centers. Lewis
base adducts of homoleptic alkoxides may be isolated, such as the complex Th(OBut)4(py)2.
(see Figure 13):

ThCl4 + 4 NaOiPr Th(OiPr)4 + 4 NaCl ð10Þ

Th(OiPr)4 + 4 ROH Th(OR)4 + 4 HOiPr ð11Þ

N1

N1

O1

O1

O2

O2Th1

Figure 13 Crystal structure of Th(OBut)4(py)2 (Clark and Watkin Inorg. Chem. 1993, 32, 1766–1772).
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Gilman and co-workers reported the synthesis of uranium tetrakisalkoxide complexes U(OR)4
(R0 =Et, R=Me, Et; R0 =H2, R=But) from alcoholysis and metathesis reactions102 (see Equa-
tions (12) and (13)):

U(NR'2)4 + 4 ROH U(OR)4 + 4 HNR'2 ð12Þ

UCl4 + 4 LiOR U(OR)4 + 4 LiCl ð13Þ

Additional uranium tetrakisalkoxides (U(OPr)4, U(OPri)4) were prepared via metathesis routes
carried out in dimethylcellosolve. In one report, it was suggested that Gilman’s initial report of
U(OBut)4 actually represented an oxidized uranium t-butoxide species.261 Cotton and co-workers
later published the structure of UO3(OBut)10, a product isolated from Gilman’s reported proce-
dure for the synthesis of U(OBut)4.

262 If, however, this reaction mixture is maintained at
��10 �C, then the complex KU2(OBut)9 is isolated; this is readily oxidized to U2(OBut)9 in
solution.263,264 A high-yield synthesis of the neutral species U2(OBut)8(HOBut) was reported from
reaction of t-butanol with either [(Me3Si)2N]2U[N(SiMe3)SiMe2CH2] or U(NEt2)4.

263 Treatment
of U2(OBut)8(HOBut) with KOBut or KH further yields KU2(OBut)9. Both U2(OBut)8(HOBut)
and KU2(OBut)9 react with O2 to form U2(OBut)9, or with H2O to form U3O(OBut)10. A
spectroscopic study has been carried out on the [U2(OBut)9]

� dimeric anion in the presence of
different cations (Hþ, Kþ, and TBAþ); it reveals the sensitivity of the 5f�5f spectra to the
coordination sphere of the anion.265

Alternative routes to homoleptic UIV alkoxide complexes have been described, including
electrochemical generation of U(OCH2CH3)4 from uranium metal in ethanol,266 alcoholysis
(ROH; R=Et, Pri, But) of U(�-C3H5)4 at �30 �C,267 and generation of U[OCH(But)2]4 via
metathesis reactions. The latter yields the addition compound LiU(Me)[OCH(But)2]4 in the
presence of LiMe.268 Analogous fluoroalkoxide compounds U(OC(CF3)3)4(THF)2 and
U(OCH(CF3)2)4(THF)2 have been prepared from the reactions of UCl4 and respective sodium
alkoxide in tetrahydrofuran.12

The preparation of homoleptic neptunium tetrakisalkoxides, Np(OR)4 (R=Me, Et) has been
reported269 (Equation (14)). Pu(OPri)4-HOPri was purified from a reaction mixture of
(C5H6N)2PuCl6, HOPri, and NH3; the authors further suggested that alcoholysis of Pu(OPri)4
with HOBut produced Pu(OBut)4:

270

NpCl4 + LiOR Np(OR)4 + 4 LiCl ð14Þ

The molecular and electronic structures of a variety of uranium(IV) aryloxide compounds
have been described. Sattelberger and co-workers reported the first structural characterization
of a homoleptic tetrakisaryloxide compound, U(O-2,6-But2C6H3)4, prepared from alcoholysis
of the metallacycle [(Me3Si)2N]2U(CH2SiMe2N(SiMe3)2] with HO-2,6-But2C6H3 in refluxing
toluene.125,126 Subsequent studies show that U(O-2,6-But2C6H3)4 can also be generated
from the metathesis reaction between UI4(CH3CN)4 or UCl4 and KO-2,6-But2C6H3 in tetra-
hydrofuran at room temperature or from oxidation of U(O-2,6-But2C6H3)3 by molecular
oxygen.271,272 An investigation of the electronic structure of this highly symmetric, 5f 2

compound using low temperature absorption spectroscopy was reported.273 The syntheses of
Th(O-2,6-R2C6H3)4 (R=Me, Pri) and U(O-2,6-Pri2C6H3)4 using an aminolysis reaction in
toluene were also described, but a metathesis route using the ThI4(THF)4 precursor is
necessary to generate the analogous thorium t-butoxide substituted derivative, Th(O-2,6-
But2C6H3)4.

59,126

Lewis base adducts of thorium(IV) and uranium(IV) aryloxides are readily prepared. Initial
reports of phenoxide compounds of uranium(IV) describe NH3 derivatives from the reaction of
UCl4 or UOCl2 with appropriate phenols in the presence of ammonia274 (see Equations (15) to (17)):

UCl4 + 4 ROH + (n+4) NH3 U(OR)4•nNH3 + 4 NH4Cl

R=Ph, 2-ClC6H4, 3-ClC6H4, 4-ClC6H4, 2-MeC6H4

4-MeC6H4, α-C10H7, β-C10H7

ð15Þ
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UCl4 + 6 ROH + 5 NH3 U(OR)4•2ROH•NH3 + 4 NH4Cl

R=Ph, 4-ClC6H4, 2-MeC6H4, 4-MeC6H4

ð16Þ

UOCl2 + 6 ROH + 3 NH3 UO(OR)2•4ROH•NH3 + 2 NH4Cl

R = Ph, 4-ClC6H4

ð17Þ

Alkoxide/phosphine uranium(IV) complexes Th(OPh)4(dmpe)2 and U(OPh)4(dmpe)2 are isolated
as toluene solvates from the alcohol exchange of HOPh with M(Me)4(dmpe)2 (M=Th, U).190

Analogous Lewis base adducts of thorium tetrakis(aryloxide) complexes (Th(O-2,6-
R2C6H3)4(THF)2, (R=Me, Pri) Th(O-2,6-Me2C6H3)4(py)2, and Th(O-4-ButC6H4)4(py)3) have
been reported.59,126 Coordination of the less sterically demanding but more electron poor aryloxide
ligand, O-2,6-Cl2C6H3, produces U(O-2,6-Cl2C6H3)4(THF)2.

275

A convenient preparation of the mono- and bisalkoxide uranium derivatives
U(BH4)3(OCHR2)(THF)2 and U(BH4)2(OCHR2)2(THF)2 (R=CHMe2, CHPh2, C6H11) involves
the reduction of an appropriate ketone with U(BH4)4 in tetrahydrofuran.276 The monoalk-
oxides are alternatively prepared from the reaction of the ketones with four equivalents of UCl4
in the presence of LiBH4, treatment of U(BH4)4 with the B(OCHR2)nH3-n (R=OPri, OCy)
formed from the reaction of excess ketone employed in the reaction with liberated BH3, the
redistribution reaction of U(BH4)2(OR)2(THF)2 with U(BH4)4 (R=Pri, Cy), or the addition of
the respective alcohols, HOPri, HOCHPh2, or HOCy, to U(BH4)4. Similar products were
obtained from reactions between U(BH4)4 and ketones 2-methylcyclohexanone, 4-t-butylcyclo-
hexanone and norcamphor.

A comparison between the electronic influence of the tri-t-butylmethoxide ligand (tri-
tox= (OC(But)3) and sterically analogous cyclopentadienyl ligand on a uranium(IV) metal center
has been conducted.277,278 The tetravalent uranium complexes (tritox)UCl3(THF)x and (tritox)2-
UCl2(THF)2) have been isolated; these species serve as precursors in the isolation of a series of
mixed ligand compounds: ((tritox)2(C5H5)UCl; (tritox)2UR2, R=BH4, CH(COMe3)2, �-C3H5,
CH2Ph; (tritox)U(BH4)3(THF), (tritox)2U(BH4)2, (tritox)3U(BH4)).

Actinide(IV) alkoxide complexes have been reported which are coordinated by a variety of
other bulky ligand sets. Uranium(IV) amido compounds are reagents for the preparation of
homoleptic uranium(IV) alkoxides as well as mixed alkoxide/amido species. A variety of mixed
aryloxide–diethylamide derivatives have been prepared including (U(NEt2)(O-2,6-But2C6H3)3 and
U(NEt2)(O-2,6-R2C6H3)3, R=Pri, But).279,280 The previously described metallacycle
[(Me3Si)2N]2MCH2Si(Me)2NSiMe3 (M=Th, U) is a useful starting material for the preparation
of both homoleptic and mixed alkoxide/amide actinides compounds, including the compounds
Th(O-2,6-Me2C6H3)[N(SiMe3)2]3, Th(O-2,6-But2C6H3)[N(SiMe3)2]3, Th(O-2,6-But2C6H3)2-
[N-(SiMe3)2]2, Th(O-2,6-But2C6H3)3[N(SiMe3)2],U(O-2,6-Pri2C6H3)[N(SiMe3)2]3, U(O-2,6-But2C6H3)
[N(SiMe3)2)]3, as well as the products Th4(OPri)16(py)2, Th2(OCHEt2)8, [Th(OCHPri)4]2,
M2(OBut)8(HOBut) (M=Th, U) and U(OR)4 (M=Th, R= 2,6-But2C6H3; M=U, R= 2,6-
But2C6H3 or 2,6-Pri2C6H3) (vide supra).119 Substituted triamidoamine uranium(IV) compounds
U(N(CH2CH2NSiMe3)3)(OR) (R= tBu, tC4F9, Ph, 2,6-

tBu2-4-MeC6H2) and three ate derivatives
[U(N(CH2CH2NSiMe3)3(OR)(OR0)Li(THF)n] (R, R0 =But, Ph) are prepared via reactions of the
(triamidoamine)uranium chloride compound with an appropriate alkali metal
alkoxide.132

Appropriate chalcogenide sources allow for the one-electron oxidation of U(O-2,6-But2C6H3)3
to chalcogenide-bridged uranium(IV) dimers (�-X)[U(O-2,6-But2C6H3)3]2 (X=O, oxidant=N2O,
NO, Me3NO, pyNO; X= S, oxidant=COS, Ph3PS).

272

Mixed halide/alkoxide ligand compounds have also been reported. Derivatization of Th(OCH-
(Pri)2)4(py)2 with Me3SiI yields ThI(OCH(Pri)2)3(py)2.

281 The compound UI2(OPri)2(HOPri) is
prepared by treatment of U metal with iodine in the presence of HOPri; the product of solvent
loss, U2I4(OPri)4(HOPri), is isolated under reduced pressure.282 The instability of UI4(MeCN) to
tetrahydrofuran solvent allows for ring-opening of THF and recrystallization of
UI2(OCH2CH2CH2CH2I)2(Ph3PO)2 following addition of triphenylphosphine oxide.188 Other
routes to mixed aryloxide–halide species include oxidation of U(O-2,6-But2C6H3)3 by a variety
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of halogenating agents. Compounds of the formula XU(O-2,6-But2C6H3)3 (X=F, Cl, Br, I;
oxidant=AgBF4, AgPF6, C6H5CH2Cl, PCl5, AgBr, CBr4, PBr5, I2, HCI3, C2I4) and X2U(O-
2,6-But2C6H3)2 (X= I; oxidant=CI4) have been prepared.271,272 Lappert and co-workers reported
the synthesis of mixed ligand compounds UCl2(O-2,6-But2C6H3)2, and [Li(THF)3UCl2(O-2,6-
But2C6H3)2(�-Cl)].

279 In one report, Th(OR)4 (R=Pri, But) was allowed to react with various
quantities of acetyl chloride, resulting in the formation of mixed halide/alkoxide compounds and
in the case of the But compounds, alkoxide/halide/acetate derivatives.283 The compound
UCl2(Et2)2-xHOEt2 was isolated from a reaction of uranium metal with ethanol in CCl4.

266 In
an attempt to oxidize Np(OEt)4 in the presence of bromine, NpBr(OEt)3 and NpBr2(OEt)2 were
generated.269

Thiolates. The first reported reaction route to homoleptic thiolate compounds (reaction
of uranium tetrakisdiethylamide with four equivalents of either ethanethiol or butanethiol)
appeared in 1956102 (Equation (18)); this reaction was subsequently reinvestigated.284 The
homoleptic thiolate complexes are reported to be insoluble, but the addition of Lewis
bases permits isolation of monomeric products; the complex U(SPri)4(hmpa)2
(hmpa= hexamethylphosphoramide) has been crystallographically characterized.284 Protonation
of U(SPri)4(hmpa)2 with [NEt3H][BPh4]2 in the presence of hmpa generates [U(SPri)2-
(hmpa)2][BPh4], and iodinolysis of U(SPri)4 in pyridine yields the iodo derivatives [U(SPri)4-n-
In(py)x] (n= 1–3). The complex [U(SPri)2I2(py)3] has been characterized by single-crystal X-ray
diffraction.284 A uranium-sulfur cluster, U3S(SBu

t)10, is isolated from the reaction of uranium
tetrakisdiethylamide and t-butylthiol, a reaction expected to afford U(SBut)4.

284,285 The Lewis
base adduct, U(SBut)4(py)3, is obtained from this same reaction in the presence of pyridine, and
the pyridine adduct is then cleanly converted to U3S(SBu

t)10 in refluxing benzene. Other synthetic
routes employing reaction of either UCl4 or U(BH4)4 with NaSR lead to the formation of the red
ionic complexex [Na(THF)3]2[U(SR)6] (R=Bu, Pri, But, Ph). It has been suggested that proton-
ation of [Na(THF)3]2[U(SBu)6] with NEt3HBPh4 forms the green compound U(SBu)4 first
reported by Gilman.102,286 Treatment of U(BH4)4 with HSBu also allows for the preparation of
U(SBu)4:

284

U[NEt2]4 + 4HSR         U(SR)4 + 4 HNEt2

R = Et, iPr, Bu
ð18Þ

The synthesis and characterization of uranium(IV) phenylthiolates has also been investi-
gated. In contrast with the reactions of U(NEt)4 with alkylthiols to form either uranium(VI)
tetrakisthiolates U(SR)4 (R=Et, Bu, Pri)102,286 or the cluster [U3S(S

tBu)10],
285 the reaction of

phenylthiol with uranium(IV) tetrakisdiethylamide affords the red ionic product
[NEt2H2][U(SPh)6].

287 The reaction mixture of UCl4 with NaSPh, CuSPh, and PPh3 yields
red [(Ph3P)Cu(�-SPh)3U(�-SPh)3Cu(PPh3), which has a core uranium environment analogous
to that found in [Na(THF)3]2[U(SR)6].

284,287,288 Homoleptic uranium(IV) tetrakisphenylthio-
lates are synthesized from reaction of either U(BH4)4 or U(SBu)4 with phenylthiol, thiol
exchange of U(SBu)4 with HSPh, or oxidation of uranium metal with RSSR (R=Et,
Pri, Ph).284

Thorium and uranium thiolates coordinated by additional bulky ligands can be prepared.
Reaction of the uranium metallacycle [{(Me3Si)2N}2U(CH2SiMe2NSiMe3] with one equivalent
of 2,6-dimethylthiophenol allows for the isolation of monothiolate U(S-2,6-Me2C6H3)[N-
(SiMe3)2]3.

127

The reactivity of select uranium(IV) thiolate compounds has been investigated. The product
(SPri)2C¼S was identified from reaction of carbon disulfide with U(SPri)4.

284

Triflates. Actinide triflate complexes have been investigated both as promising reagents
for further synthesis, and as potent Lewis acids. The initial reports of triflate complexes
of tetravalent actinides were thorium species Th[N(SiMe3)2](OTf)3 and Th[N(SiMe3)2]3(OTf),
generated by protonation of the correspondent thorium metallacycle by triflic acid.289

Subsequently, routes have been devised for the generation of the homoleptic compound
U(OTf)4 by treatment of the trivalent triflate with triflic acid, or by reaction of UCl4 with
TfOH.62 The tetravalent triflate reacts with triphenylphosphine oxide to generate the complex
U(OTf)4(OPPh3)2.
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(v) Ligands containing neutral group 16 donor atoms

Aqua species. The coordination number of tetravalent actinide ions Th4þ and U4þ has
been examined in aqueous solution.290 These studies suggest the metal ions have 10� 1 water
molecules in their primary coordination sphere, at distances of 2.45 Å (Th) or 2.42 Å (U).

Early literature contains a large number of hydrates of tetravalent actinides, but as in the case
of the trivalent species, it is difficult to ascertain whether these constitute complexes with water in
the inner coordination sphere of the metal ion. It has been suggested that ease of removal of one
water of hydration indicates it resides principally in the lattice. As an illustration of this, the
reported actinide sulfate hydrates, An(SO4)4�8H2O, (An=Th, U, Pu) readily lose four molecules
of water at temperatures <100 �C. The fact that four molecules of water remain in the inner
coordination sphere has been confirmed by single crystal X-ray diffraction.253 Coordination
numbers as high as 10 (bicapped square antiprismatic arrangement of atoms about the metal
center) have been reported for complexes with multidentate anions such as the hydroxyacetate
U(OHCH2CO2)4(H2O)2

291 and the pyridine-2,6-dicarboxylate Th{C5H3N-2,6-(CO2)2}2(H2O)4.
292

Aqua complexes can also display relatively high coordination numbers, particularly when the
metal coordination sphere does not contain other strongly coordinating ligands. Examples of this
may be found in the compounds {Th(�-OH)(H2O)5(pic)}2[pic]4 (pic= picrate)293 [ThCl2-
(H2O)7]Cl2�18-crown-6,294 and [UBr(H2O)8]Br3�H2O

295 in which the inner coordination sphere
of the metal is heavily hydrated.

Ethers, cyclic ethers. As previously discussed, the actinide centers are often regarded to
universally prefer hard Lewis base ligands, and yet in some instances (e.g., replacment of ethers by
phosphines), it has been found that ethers do not serve as strong ligands. In nearly all isolated
structures of tetravalent actinides with ethers, the coordinating base is either a cyclic ether (the
constrained angle about oxygen increases the �-orbital character in lone pairs and thereby the
donor strength) or a bidentate di-ether such as 1,2-dimethoxyethane (dme), although the diethyl
and dimethyl ether complexes of tetrahalides have been reported.

Several structures of actinide etherate complexes have appeared in recent years. Thorium
complexes such as ThBr4(THF)4,

296 ThCl4(H2O)(THF)3,
297 and in ThBr4(dme)2

298 display dis-
torted dodecahedral geometry. The smaller size of tetravalent uranium reduces the metal coordin-
ation number in UCl4(THF)3.

299 One bimetallic halide etherate has been reported; the complex
[UCl3(�-Cl)(THF)2]2 has been structurally characterized.300 The molecular structure of
[NBu4][UCl5(THF)] has also been reported,301 the metal center in this complex is pseudooctahedral.

Alcohols. Alcohols are among the most common ‘‘solvate’’ ligands in actinide chemistry
(Table 13); historically the hydrated chloride complexes were reacted with alcohol in benzene,
and the water of hydration removed by azeotropic distillation of the benzene. More recent
examples result from the crystallization of anhydrous halides from alcoholic solvent. Similarly,
solvates of alkoxide complexes result from metathesis or solvolysis reations in alcohol. The
molecular structures of the halides AnCl4(Pr

iOH)4 (An=Th, U) have been reported,302 the
coordination geometry about the metal is a distorted dodecahedron.

As in the presence of aqua complexes, the presence of crown ethers facilitates the crystallization
of actinide halide solvate complexes; in this manner ThCl4(EtOH)3(H2O)�18-crown-6 and
ThCl4(MeOH)2(H2O)2�15-crown-5 have been isolated.303,304

Ketones, aldehydes, esters. Complexes of ketones, aldehydes, and esters have been made with
uranium and thorium halide complexes by isolating the product from a ligand-containing solu-
tion. Ethyl- and n-propyl acetates also react with uranium tetrachloride to yield mixed halide–
acetate salts with ester as an additional coordinating base.

Carbamides. Carbamides (along with the closely related ureas, vide infra) constitute
one of the most numerous ligand sets available for actinide coordination (RCONR0

2). Despite

Table l3 Representative alcohol and phenol adducts of actinide(IV) compounds.

MCl4�4ROH M=Th, R=Me, Et, Prn, Pri, Bun, Bui M=U, R=Me, Et, Prn, Pri

ThCl4�C7H7OH C7H7OH= o- or m-cresol
Th(C9H6NO)4�EtOH
Th(C9H6NO)4�2ROH R= 2,4-(O2N)2C6H3, 2,4,6-(O2N)3C6H2

Th(C9H6NO)(OMe)(Cl3CCO2)2�MeOH
U(CF3COCHCOPh)4�BunOH
Np(OEt)4�EtOH
Pu(OPri)4�PriOH
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the presence of another heteroatom, coordination to the metal center generally occurs through
the oxygen atom. Initial investigations of coordination chemistry emphasized the effect of
contraction in metal ion radius in tetravalent halides across the actinide series (An=Th, U,
Np, Pu) on the coordination number of the metal ion.305 Complexes of the stoichiometry
AnCl4�xL can be prepared from the reactions of AnCl6

2� and the appropriate ligand; for the
larger amides CH3CON(Pri)2 and CH3CH2CON(Pri)2 the neptunium and plutonium chlorides
form adducts where x= 2, whereas for the smaller amide HCON(Me)2, x= 2.5. Similar
correlations between steric size of a coordinating amide ligand and actinide coordination
number have been noted for uranium and thorium nitrates,306,307 carboxylates,308 and thio-
cyanates.309 The complexes are stable in protic (and potentially coordinating) solvents such as
alcohols and carboxylic acids, but are decomposed in water. Several monoamide derivatives of
plutonium(IV) nitrate have been isolated; these are reported to form the adducts Pu(NO3)4(L)3
(L= amide).310

A number of complexes of monodentate amides have been structurally characterized with
varying numbers of ligands, including those in Table 14. A limited number of complexes have
also been reported for related lactam and antipyrine ligands.

Ureas. Urea adducts (and those of the closely related N-alkylated derivatives) may be
prepared from nonaqueous solvents; alternatively, preparation in aqueous alcoholic solution leads
to the formation of hydrates. In contrast to the carbamides discussed above, there is relatively
little variability in the coordination number of reported urea adducts of tetravalent actinides.
Most complexes are either six- or seven-coordinate; higher coordination numbers are observed for
the larger thorium ion (Table 15).

The six-coordinate complexes are octahedral with the neutral ligands occupying trans positions.
The eight-coordinate complex Th(NCS)4[OC(NMe2)2]4 is best described as a slightly distorted
dodecahedron.

Table 14 Structurally characterized monodentate amides of ThIV

and UIV.

Compound References

ThBr4(CH3CON(Pri)2)2
a

Th(NCS)2Cl2(CH3CON(Cy)2)3
b

Th(NCS)4(Pr
iCON(Pri)2)3

c

[UCl3(HCONMe2)5]2[UCl6]
d

[Th(NO3)2(2-pyridonato)6](NO3)2
d

a Al-Daher, Bagnall et al. J. Less-Common Met. 1986, 122, 167. b Bagnall,
Benetollo et al. Polyhedron 1992, 11, 1765. c Charpin, Lance et al. Acta Crystallogr.,
Sect. C 1988, 44, 257. d Goodgame, Newnham et al. Polyhedron 1990, 9, 491.

Table 15 Urea adducts of tetravalent uranium and thorium.

Compound References

UBr4[OC(NMePh)2]2
a

UCl4[OC(NMePh)2]2
a

Th(NO3)4[OC(NMe2)2]2
b

UCl4[OC(NMe2)2]2
c

UBr4[OC(NMe2)2]2
c

UI4[OC(NMe2)2]2
d

ThBr4[OC(NEt2)2]3
e

ThCl4[OC(NMePh)2]3
f

Th(SO4)2(H2O)[OC(NH2)2]4
g

Th(NCS)4[OC(NMe2)2]4
h

a DeWet, J. F. andM. R. Caira J. Chem. Soc., Dalton Trans. 1986, 2035. b Al-Daher,
A. G. M., K. W. Bagnall, et al. J. Chem. Soc., Dalton Trans. 1986, 615. c Du Preez, J.
G. H., B. Zeelie, et al. Inorg. Chim. Acta 1986, 122, 119. d Du Preez, J. G. H., B.
Zeelie, et al. Inorg. Chim. Acta 1987, 129, 289. e Al-Daher, A. G. M., K. W. Bagnall,
et al. J. Less-Common Met. 1986, 122, 167. f Bagnall, K. W., A. G.M. Al-Daher, et al.
Inorg. Chim. Acta 1986, 115, 229. g Habash, J., R. L. Beddoes, et al. Acta Crystallogr.,
Sect. C 1991, 47, 1595. h Rickard, C. E. F. and D. C. Woollard Aust. J. Chem. 1980,
33, 1161.
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N-oxides, phosphine oxides, arsine oxides, and related ligands. The vast majority of compounds
associated with this class of ligands contain phosphine oxide or similar ligands; compounds
reported in the literature with coordinated phosphine oxide ligands are too numerous to list
(to illustrate, Table 16 presents just simple ‘‘binary compounds’’ of the formula AnX4�nL).
Organophosphate esters are the principal extractant in a number of actinide liquid–liquid separa-
tion and purification schemes, and so the structural chemistry of the P¼O bond has drawn a
great deal of attention. The prototypical species for this class of compounds is AnX4(Ph3PO)2
(An=Th, Pa, U, Np, Pu; X=Cl, Br). Both cis- and trans-octahedral coordination geometries
have been identified; for the most part, complexes are isostructural for a given halide. A number
of more recent structurally characterized examples are presented in Table 17.

By comparison, many fewer complexes of N-oxides and arsine oxides have been discussed.
Given the relatively oxidizing nature of N-oxide compounds, it is difficult to stabilize tetra-
valent actinide complexes with these ligands except in the case of thorium, where no higher
oxidation state is available. In this case, base adducts are known for a number of different
simple inorganic salts of thorium (Table 18). Most complexes are those of pyridine N-oxide and
related heterocyclic N-oxides. For more strongly complexing anions (e.g., NCS-, lighter
halides), the complexes do not behave as electrolytes in solution and form adducts with two
or three neutral base ligands, indicating that no anion dissociation takes place. For less strongly
coordinating ligands (nitrate, iodide, perchlorate, etc.), larger numbers of N-oxide ligands

Table 16 Complexes of simple actinide(IV) compounds with P-oxides.

MIVCl4�xR3PO R=Me, x= 2, MIV=Th, U, Np; x= 3, MIV=Th, U;
x= 6, MIV=Th, Pa, U, Np, Pu
R=Et, x= 2, MIV=Th, U
R=Bun, x= 1.5(þ6H2O) 2, 3.5, 4, 5, 8, MIV=U
R=BunO, x= 2, 3, MIV=U
R=Ph, x= 2, MIV=Th, Pa, U, Np, Pu; x= 3,
MIV=Th R=Me2N, x= 2, MIV=Th, Pa, U, Np, Pu
R3=Et2Ph, EtPh2, x= 2, MIV=Th, U

MIVBr4�xR3PO R=Me, x= 2, MIV=U; x= 6, MIV=Th, U
R=Et, Bun, x= 2, MIV=U
R=Ph, x= 2, MIV=Th, Pa, U, Np, Pu; x= 3,
MIV=ThR=Me2N, x= 2, MIV=Th, Pa, U, Np, Pu; x= 3,
MIV=ThR3= (Me2N)2Ph, x= 2, MIV=U

MIV(NO3)4�xR3PO R=Me, x= 3.33, 2.67, MIV=Th; x= 3, 4, 5, MIV=Th, U;
x= 3, MIV=Np R=MeO, x= 3, 4, MIV=Th
R=Et, x= 2.67, MIV=Th
R=Prn, x= 2.67, MIV=Th, U, Np
R=Bun, x= 2, MIV=U; x= 4, MIV=Th
R=BunO, x= 2, MIV=U;
x= 2, 3.33, MIV=Th R=BuiO, x= 3, MIV=Th
R= i-C5H11, x= 2, MIV=U
R= n-C8H17, x= 2, 3, MIV=Th
R=Ph, x= 2, MIV=Th, U, Np, Pu
R=Me2 N, x= 2, MIV=Th, U, Np
x= 2.67, 3, MIV=Th; x= 4, MIV=Th, U
R3= (MeN)2Ph, x= 2, MIV=U
R3=Bun(BunO)2P, x= 2.21, 2.67, MIV=Th
R3= (MeO)(PhO)2, x= 4, MIV=Th

MIV(ClO4)4�xR3PO R=Me, x= 6, MIV=U; R=Et, x= 4, MIV=Th; R=Prn,
x= 4–5, MIV=U; R=Bun, x= 5 (þ3H2O), MIV=Th;
R=Ph, x= 4, 5, MIV=Th; x= 5–6, MIV=U
R=Me2 N, x= 6, MIV=Th, x= 5, 6, MIV=U

MIV(NCS)4�xR3PO R=Me, x= 4, MIV=U, Np, Pu; x= 6, MIV=Th
R=Ph, x= 4, MIV=Th, U, Np
R=Me2N, x= 4, MIV=Th, U, Np, Pu

U(NCSe)4�4R3PO R=Bun, Me2N
Th(CF3COCHCOR)4�L R=Me, L=Ph3PO, (BunO)3PO, (n-C8H17)3PO

R=Me, L=Ph3PO, (BunO)3PO, (n-C8H17)3PO,
(C3H2F5O)3PO, (BunO)3PO, (PhO)3PO R= 2-C4H3S,
L=BuPO, Bun(BunO)2PO, (n-C8H17)3PO, Ph3PO, (BunO)3PO

U(CF3COCHCOR)4�2L R=Me, CF3, L= ( BunO)3PO
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Table 17 Structurally characterized AnIV P-oxides.

Compound References

UCl4{(Me2N)3PO}2
a

UCl4{(pyrrolidinyl)3PO}2
b

UBr4(Ph3PO)2
c

UBr4(Ph3PO)2
d

UBr4{(pyrrolidinyl)3PO}2
e

[UCl(Me3PO)6]Cl3
f

U(NCS)4(Me3PO)4
g

U(NCS)4{(Me2N)3PO}2
h

[Th(NO3)3(Me3PO)4]2[(Th(NO3)6]
i

{Th(NO3)3[(Me2N)3PO]4}2(Th(NO3)6]
j

(Ph4P)[Th(NO3)5(Me3PO)2]
i

ThCl4(Ph3PO)3
k

[UBr2{(pyrrolidinyl)3PO}4][BPh4]2
l

[UI2{(pyrrolidinyl)3PO}4][BPh4]2
l

U(NO3)4{(pyrrolidinyl)3PO}2
m

U(NO3)4(Ph3PO)2
m

[U(S-i-Pr)2{(Me2N)3PO}4][BPh4]2
n

a De Wet, J. F. and S. F. Darlow Inorg. Nucl. Chem. Lett. 1971, 7, 1041. b De Wet, J. F. and M. R. Caira J. Chem. Soc., Dalton Trans.
1986, 2035. c Bombieri, G., F. Benetollo, et al. Journal of the Chemical Society, Dalton Transactions: Inorganic Chemistry 1983,
343–348. d Bombieri, G., D. Brown, et al. J. Chem. Soc.,Dalton Trans. 1975, 1873. e Du Preez, J. G. H., H. E. Rohwer, et al. Inorg.
Chim. Acta 1991. 189, 67. f Bombieri, G., E. Forsellini, et al. J. Chem. Soc., Dalton Trans. 1976, 735. g Rickard, C. E. F. and D. C.
Woollard Aust. J. Chem. 1979, 32, 2182. h Kepert, D. L., J. M. Patrick, et al. J. Chem. Soc., Dalton Trans. 1983, 385. i Alcock, N. W.,
S. Esperas, et al. J. Chem. Soc., Dalton Trans. 1978, 638. j English, R. P., J. G. H. du Preez, et al. S. Af. J. Chem. 1979, 32, 119. k Van
den Bossche, G., J. Rebizant, et al. Acta Crystallogr., Sect. C 1988, 44, 994. l Du Preez, J. G. H., L. Gouws, et al. J. Chem. Soc., Dalton
Trans. 1991, 2585. m Dillen, J. L. M., C. A. Strydom, et al. Acta Crystallogr., Sect. C 1988, 44, 1921. n Leverd, P. C., M. Lance, et al.
J. Chem. Soc., Dalton Trans. 1995, 237.

Table 18 Representative complexes of actinide(IV) compounds with N-oxides.

L= pyridine N-oxides, R1R2C5H3NO
ThCl4�2L R1=H and R2=H (also þ2H2O),

2-, 3- or 4-Me; R1= 2-Me, R2= 6-Me
UCl4�2L R1=R2=H; R1=H, R2= 2-, 3- or 4-CO2H
ThBr4�2L R1=H and R2=H, 2-, 3- or 4-Me
ThI4�4L R1=H and R2=H, 2-, 3- or 4-Me; R1= 2-Me,

R2= 6-Me (all [ThI2L4]I2)
Th(NCS)4�xL R1=R2=H, x= 4; R1=H, R2= 2-, 3- or 4-Me,

x= 4; R1= 2-Me, R2= 6-Me, x= 2
Th(NO3)4�xL R1=R2=H, x= 2 (þMeCO2Et), 8; R

1=H,
R2= 2-Me, x= 3; R1= 2-Me, R2= 6-Me, x= 3, 4

Th(ClO4)4�xL�yH2O R1=H; R2=H, x= 8, 9, y= 0; R2= 2-Me, 4-Me,
x= 8, y= 0; R2= 3-Me, x= 8, y= 1 or 3; R2= 4-Cl,
4-NO2, 4-MeO, x= 8, y= 0; R1= 2-Me, R2= 6-Me,
x= 6 or 8, y= 0

L= quinoline N-oxide
ThX4�yL X=Cl, y= 2 (þ2H2O); X=NCS, y= 4; X=NO3,

y= 3; X=ClO4, y= 6
Th(OH)2(NO3)2�2L
L= isoquinoline N-oxide
Th(NCS)4�4L
L= 2,20-bipyridyl N-oxide or
1,10-phenanthroline N-oxide

ThX4�2L X=Cl, Br, NCS, NO3

ThX4�3L X= I, ClO4

L= 2,20-bipyridyl N,N0-dioxide
ThX4�L X=NCS, NO3

ThX4�3L X=Cl, Br
ThX4�4L X= I, ClO4

L= 1,10-phenanthroline N,N0-dioxide
ThX4�2L X=Cl, Br, NCS, NO3, ClO4

ThI4�3L
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coordinate (up to eight or nine), indicating that no inner-sphere anion coordination to the metal
takes place.

The few known arsine oxide complexes are very similar in behavior to the corresponding
phosphine oxide analogues. The only structurally characterized examples of this class are UCl4
(Et3AsO)2

311 and UBr4(Ph3AsO)2;
312 both are trans octahedral.

Phosphine oxides have the general structure shown in Figure 14. The commercially available
compound Cyanex 923 (TRPO), available through Cytec Inc., Canada, is a mixture of four
trialkyl phosphine oxides, with substituents as indicated in Table 19. TRPO is very favorable as
an extractant due to its hydrophobicity, solubility in organics, and stability with respect to
hydrolysis.313 TRPO has been investigated as an extractant for ThIV from nitric acid solutions
into xylene. Extractant dependency analysis shows that the uptake of ThIV into the organic
phase increases (slope of two) with increasing extractant concentration. Hence, the expected
stoichiometry for the extraction is given by Equation (19):

Th4+
(a) + 4 NO3

-
(a) + 2 TRPO(o) Th(NO3)4•2TRPO(o) ð19Þ

As a comparison, the extraction of ThIV from xylene by trioctylphosphine oxide (TOPO),
Cyanex 921 (similarly available through Cytec Inc.) (Table 19), has also been studied and
extractant dependency indicates a 1:2 metal:extractant complex ratio like that seen for TRPO.

IR data for the ThIV/TRPO complex shows that the phosphoryl stretching frequency moves
down in energy from 1,146 cm�1 to a lower value of 1,095 cm�1, indicating a direct interaction
between the phosphoryl oxygen and the ThIV metal in the extracted complex.314

Plutonium(IV) has also been extracted by a series of phosphine oxides including TRPO,
bis(2,4,4-trimethylpentyl)octylphosphine oxide, commercially known as Cyanex 925 and TOPO.

Cyanex 925 with PuIV shows the best extractive ability in nitrate media due to better complex-
ing ability of the nitrate anion to the metal. At high acid concentrations, nitric acid competes with
Pu(NO3)4 for the binding site of Cyanex 925, causing the uptake of PuIV to fall off. At high HCl
and HClO4 concentrations, PuIV uptake increases dramatically due to the easier formation of
neutral PuIV complexes and hydration considerations.

Extractant dependencies from both HCl and HNO3 into various organic solvents show a slope
of two for the uptake of PuIV by Cyanex 925. The resultant complexation stoichiometry in nitrate
media is as shown in Equation (20):315

Pu4+
(a) + 4 X-

(a) + 2 [Cyanex 925](o) Pu(X)4•2[Cyanex 925](o) 

(X = NO3, Cl)

ð20Þ

Table 19 R-group substituents for various type of phosphine oxide extractants.

Extractant Alkyl chain (R) length

Cyanex 923 (TRPO) (4 components) R1=R2=R3=C8H17; R1=C8H17, R2=R3=C6H13; R1=C6H13,
R2=R3=C8H17; R1=R2=R3=C6H13

Cyanex 921 (TOPO) R1=R2=R3=C8H17

Cyanex 925 R1=C8H17, R2=R3= 2,4,4-trimethyl pentyl

R1

R2

R3

P O

Figure 14 General diagram of phosphine oxide.
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A representative crystal structure of UIV with two triphenylphosphine oxide molecules and four
bromide ions is shown in Figure 15. Coordination of the triphenylphosphine oxide ligands occurs
via the oxygen of the P¼O group in trans positions. The bromide atoms coordinate equatorially,
making the uranium six-coordinate with an octahedral geometry.316

Sulfoxides. Sulfoxides, particularly dimethylsulfoxide (DMSO), can act as oxygen-donor
ligands to the electropositive actinides Th, U, Np, and Pu (Table 20). These complexes are
most often prepared by reaction of the actinide salt (halides, nitrates, perchlorates) with the
ligand in nonaqueous media, although some complexes can be prepared by anion exchange
starting with the parent halide sulfoxide adduct. Adducts of the formula AnI3L4 (An=U,
Np, Pu; L=DMSO) are prepared by oxidation of the corresponding metal by iodine in
DMSO.14

Dimethylsulfoxide acts as a strong donor, leading to the formation of ionic compounds in the
presence of excess base. The molecular structure of UCl4�3DMSO reveals it to be [UCl2(DM-
SO)6][UCl6];

317 the uranium atom in the cation lies at the center of a distorted dodecahedron.
Other reported complexes have a large number of associated sulfoxide molecules. These species
are likely also to be ionic, as indicated by their IR spectra. With bulky sulfoxides as ancillary
ligands, complexes with lower coordination numbers can be isolated; the complex UCl4(Bu

i
2SO)2

possesses trans-octahedral geometry.312

Thioethers. As in the case of ethers, complexes contain either cyclic thioethers
(e.g., tetrahydrothiophene, THT) or bidentate dithioethers such as MeSCH2CH2SMe. There is one
report of a dimethyldithioethane complex of a halide, UCl4 (MeSCH2CH2SMe)2. The only
structurally characterized complexes are those of borohydride derivatives U(MeBH3)4
(MeSCH2CH2SMe)181 and [U(MeBH3)4(�-THT)]2.

318

Thioureas. A few thorium complexes of the formula ThCl4(L)x have been reported
(L= SC(NH2)2, x= 2,8; L= SC(NH2)(NHp-ClC6H4), x= 4; and L= S(cyclo-CNHCH2CH2NH),
x= 8).

Phosphine sulfides, selenides. Phosphine sulfides and selenides do not often act as Lewis bases
towards tetravalent actinides, owing to their propensity for chalcogen transfer. Only the thorium
complex ThCl4(SePPh3)2 has been reported.319

(vi) Ligands containing group 17 donor atoms

Binary halides. Hydrous fluoride complexes are generally obtained by precipitation of the metal
ion from aqueous solution, while anhydrous fluorides are produced from halogenation of oxides,
or by thermal decomposition of salts (e.g., NH4UF5). The anhydrous tetrafluoride complexes of
thorium, protactinium, uranium, neptunium, and plutonium are known; all are halogen-bridged
polymers in the solid state. The complexes are isostructural; the metal center lies within a
distorted square antiprismatic arrangement of fluoride ions. Hydrous fluorides can display alter-
nate geometries; in the compound Np3F12�H2O, there are three distinct neptunium sites, none of
which is coordinated by the water of hydration.320

Br

Br Br

Br

0

0
U

Figure 15 Crystal structure of UBr4(C18H15PO)2 Bombieri, Benetollo et al. J. Chem. Soc., Dalton-Trans.
1983, 343).
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Tetrachloride and tetrabromide complexes are known for thorium, protactinium, uranium,
neptunium, and plutonium. These are similarly produced by halide-based oxidation of metals
or hydrides, or by halogenation of oxides. A common structural type is reported for most
compounds. The reported structure of thorium tetrachloride reveals that the coordination geom-
etry about the metal is dodecahedral.321 The compounds are generally volatile and can be
sublimed. The gas-phase electron diffraction structure of UCl4

322 suggests that the molecule is
tetrahedral, with a U–Cl distance of 2.51 Å.

The iodide complexes are somewhat less stable, and well-characterized examples exist only for
thorium, protactinium, and uranium. The thorium and uranium derivatives can be coveniently
prepared by the reaction of iodine and metal, while protactinium tetraiodide is generated by
reduction of PaI5. The molecular structure of ThI4 has been examined;323 the metal lies within a
distorted square antiprism of iodide ions.

Complex halides. A large number of complex halides of tetravalent actinides have been
prepared, particularly for the fluoride complexes.324 The most common formulations are shown
in Table 21.

Prototype structures within these classes of compounds have been determined. The structure
of LiUF5

325 is also representative of the compounds of thorium, protactinium, neptunium, and

Table 20 Complexes of actinide(IV) compounds with sulfoxides.

MIVCl4�xR2SO R=Me; x= 3, MIV=Th, Pa, U, Np, Pu; x= 5, MIV=Th, Pa, U, Np;
x= 6, MIV=Th; x= 7, MIV=Th, U, Np, Pu
R=Et; x= 2.5, MIV=Np, Pu; x= 3, MIV=Th, U, Np; x= 4, MIV=Th
R=Prn; x= 3, MIV=U
R=Bun; x= 2, MIV=Th; x= 4, MIV=U
R=Bui, x= 2, MIV=U; x= 3, MIV=Th
R=But; x= 2, MIV=U
R= n-C5H11, n-C6H13; n-C7H15, n-C8H17, x= 2, MIV=Th
R=Ph, x= 2 (þ2H2O), MIV=U; x= 3, MIV=U, Np;
x= 4, MIV=Th, U, Np
R=�-C10H7; x= 3, MIV=Th, U, Np

[UCl3(Me2SO)5]ClO4

[UCl2(Me2SO)6](ClO4)2
MIVBr4�xR2SO R=Me; x= 6, 8, MIV=Th, U

R=Et; x= 5, 6, MIV=U
R=Prn; x= 7, MIV=U
R=Bun; x= 8, MIV=U
R=Bui; x= 4, MIV=U
R=But; x= 2, MIV=U
R=Ph; x= 4, MIV=Th, U

ThI4�6Ph2SO
Th(NCS)4�4Ph2SO
MIV(NO3)4�xR2SO R=Me; x= 3, MIV=Th, U, Np, Pu; x= 6, MIV=Th, Np, Pu

R=Et; x= 3, MIV=Th, U, Np
R=Bun, n-C5H11, n-C6H13, n-C7H15, n-C8H17, x= 2, MIV=Th
R= n-C8H17; x= 3, MIV=Th
R=PhCH2; x= 4, MIV=Th
R=Ph; x= 3, 4, MIV=Th, U, Np, Pu
R=�-C10H7; x= 3, MIV=Th, Np

Th(ClO4)4�xR2SO R=Me, x= 6, 12; R=Ph, x= 6
Th(R1COCHCOR2)4�BuSO R1=CF3, R

2=Me, CF3; R
1=R2=C2F5

ThX4�yMe2SO X=HCO2, OSC7H5 (thiotroponate), y= 1;
X=C9H6NO (8-hydroxyquinolinate), y= 2

MIV(trop)4�Me2SO Htrop= tropolone; MIV=Th, U
ThX2�yMe2SO�nH2O X= SO4, y= 4, n= 3 or 9; X=C2O4, y= 2, n= 1
L= thianthrene 5-oxide, C12H8OS2
MIVCl4�4L MIV=Th, U
L= tetrahydrothiophene-

S-oxide
ThX4�yL X=Cl, Br, y= 4; X= I, y= 8; X=NCS, y= 2;

X=NO3, y= 6; X=ClO4, y= 10
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plutonium. The uranium atom in this structure is surrounded by nine fluorides in a tricapped
trigonal prismatic array, with adjacent prisms sharing edges and corners. This local coordin-
ation environment persists in other complex fluorides such as KAn2F9 (An=Th–Pu)326 and
MAn3F13 (M=NH4, Rb; An=Th, U, Np).327 Compounds of the type M2AnF6 (M=Rb;
An=U, Np, Pu) contain chains of AnF8 dodecahedra, whereas in the complexes of the lighter
alkali metals (M=Na, K; An=U), the UF9 polyhedra are tricapped trigonal prisms.326,328

The compound CoAnF6�3H2O (An=U, Np) consists of chains of units [AnF8(H2O)] (capped
square antiprisms sharing two fluorides).329 Compounds of the formula (NH4)4AnF8

generally contain distinct dodecahedral [AnF8]
4� ions (An=Th, U, Pa, Np, Pu);330 the

exception is the thorium compound, in which ThF9 tricapped trigonal prisms share edges to
form chains.331

More recently, a number of novel uranium fluoride complexes have been produced in hydro-
thermal syntheses in the presence of organic structure-directing agents332–336 (see Table 22).
Reactions of UO2 with aqueous orthophosphoric acid, aqueous hydrofluoric acid, and organic
templating agents such as alkanediamines generate a variety of solid-state structures incorporat-
ing negatively charged sheets of uranium fluoride polyhedra separated by alkylammonium coun-
terions and occluded water molecules. In most of the layered structures, the layers are constructed
from equivalent UF9 tricapped trigonal prisms that share three edges and two corners, whereas the
complex [HN(CH2CH2NH3)3]U5F24 contains both UF8 bicapped trigonal prisms and UF9 tri-
capped trigonal prisms. The ammonium ions can subsequently be exchanged for a wide range of
group 1, group 2, and transition metals. A subsequent study investigated the role of water stoichiom-
etry in determining the structure of the product in the UO2/2-methyl-piperazine/HF(aq.)/H2O system.

Table 21 Classes of complex halides of tetravalent actinides.

MIMIVF5 MI=Li, MIV=Th, Pa, U, Np, Pu
MI=Na, K, Rb, MIV=U
MI=Cs, MIV=Th, U, Pu
MI=NH4, M

IV=Th, U, Np, Pu
MIMIV

2F9 MI=Li, MIV=Th; MI=Na, MIV=Th, U
MI=K, MIV=Th, U, Np, Pu; MI=Rb, MIV=Th, U;
MI=Cs, MIV=U

MIMIV
3F13 MI=Li, MIV=Th, U, Np, Pu;

MI=K, MIV=Th, U; MI=Rb, Cs, MIV=Th;
MI=NH4, M

IV=U, Np, Pu
MI

2M
IVF6 MI=Na, MIV=Th, U, Np, Pu

MI=K, MIV=Th, U, Np
MI=Rb, MIV=Th, Pa, U, Np, Pu
MI=Cs, MIV=Th, U, Pu
MI=NH4, M

IV=U, Np, Pu
MI=Et4 N, MIV=Pa, U

MIIMIVF6 MII=Ca, Sr, MIV=Th, U, Np, Pu
MII=Ba, Pb, MIV=Th, U, Np
MII=Cd, Eu, MIV=Th
MII=Co, MIV=U, Np (þ3H2O)

MI
2M

IVF7 MI=Li, MIV=Th, U; MI=Na, K, MIV=Th, Pa, U;
MI=Rb, Cs, MIV=Th, U; MI=NH4, M

IV=Th
MI

4M
IVF8 MI=Li, MIV=U, Np, Pu

MI=NH4, M
IV=Th, Pa, U, Np, Pu

MI
7M

IV
6F31 MI=Na, K, MIV=Th, Pa, U, Np, Pu

MI=Rb, MIV=Th, Pa, U, Np, Pu
MI=NH4, M

IV=U, Np, Pu
MI

2 [MIVCl6] MIV=Th, U; MI=Li–Cs, Me4N, Et4N
MIV=Pa, Np; MI=Cs, Me4N, Et4N
MIV=Pu; MI=Na–Cs, Me4N, Et4N

MII[UCl6] MII=Ca, Sr, Br
MI

2 [MIVBr6] MIV=Th, Pa; MI=Me4N, Et4N
MIV=U; MI=Na–Cs, Me4N, Et4N
MIV=Np; MI=Cs, Et4N
MIV=Pu; MI=Et4N

MI
2 [MI6] MIV=Th, U; MI=Et4N, Me3PhN

MIV=Pa; MI=Et4N, Me3PhN, Me3PhAs
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The reaction conditions appear to control the dimensionality of the complexes; an increase in solution
acidity results in an increase in bridging between uranium centers. The complex (C5N2H14)2(H3O)U2F13

is a molecular, or ‘‘zero-dimensional,’’ phase consisting of dimeric [U2F13]
5� units separated by

2-methyl-piperazine and hydronium cations. Each dimer consists of face-sharing trigonal prisms,
wherein uranium cations are bonded to eight fluorine atoms in a distorted bicapped trigonal
prismatic coordination. (C5N2H14)2U2F12�H2O has a one-dimensional structure and contains
uranium fluoride chains formed from edge-sharing polyhedra with eight-coordinate uranium.
(C5N2H14)(H3O)U2F11 consists of anionic sheets of nine-coordinate uranium cations that are
separated by protonated 2-methyl-piperazine and occluded hydronium cations. The related aqua
complex (C5H14N2)U2F10(H2O)337 has also been prepared under hydrothermal conditions, and
possesses a uranium fluoride chain structure. The complexes (NH4)7U6F31 and (NH4)U3F13 are
prepared in the presence of DABCO as the templating base;336 the ammonium counterion is
presumed to arise from decomposition of the organic base. (NH4)7U6F31 consists of chains of nine-
coordinate uranium fluoride polyhedra, while (NH4)U3F13 consists of a three-dimensional network.

The heavier halides display a significantly reduced propensity to form bridging structures, and
the dominant class of complexes is that containing the [AnX6]

2� unit, although evidence exists for
short chain-like ions such as [Th2Cl10]

2�, [Th3Cl14]
2�, and [Th3Cl10]

2þ in thorium-rich molten
salts such as ThCl4, A2ThCl6, and A3ThCl7 (A=Li, Na, K, Cs).338 Crystallographically
characterized examples of complexes A2[AnX6] (An=U, Np; X=Cl, Br, I) reveal octahedral
coordination about the metal center.339–342

Crystallization of complex halides from solution containing crown ethers results not in the
complexation of the actinide by the ether oxygen atoms, but rather in the isolation of [AnX6]

2�

salts in which the crown appears to act as a crystallization aid.304,343–345

Oxohalides. A number of oxohalides of the formula AnOX2 have been reported; the structure
of PaOCl2 consists of an infininte polymer in which the Pa atoms are seven-, eight-, and nine-
coordinate.346

3.3.2.2.3 Chelating ligands

(i) Multidentate donor ligands

Hydroxamates, cupferron, and related ligands. As anionic oxygen donor ligands, hydroxamates
have a strong affinity for the oxophilic tetravalent actinides, with solution complex formation
constants generally greatest for PuIV and decreasing as follows: PuIV > NpIV > UIV > UVI.
A significant effort has been made to prepare ligands with high specific affinity and selectivity for
actinides that could be used for mammalian chelation therapy or as a specific extractant.
A biomimetic approach to such ligand design, based on naturally occurring hydroxamate and
catecholate siderophores and hydroxypyridinoate moieties, has been the most vital. The actinide

Table 22 Uranium(IV) fluoride complexes produced by hydrothermal syntheses.

Compound References

(H3N(CH2)3NH3)U2F10�2H2O
a

(H3N(CH2)4NH3)U2F10�3H2O
a

(H3N(CH2)6NH3)U2F10�2H2O
a

[HN(CH2CH2NH3)3]U5F24
b

(C5N2H14)2(H3O)U2F13
c

(C5N2H14)2U2F12�H2O
c

(C5N2H14)(H3O)U2F11
c

(C4N2H12)2U2F12�H2O
d

(C5H14N2)U2F10(H2O) e

(NH4)7U6F31
f

(NH4)U3F13
f

a Francis, R. J. and O. H. D. Halasyamani Angew. Chem., Int. Ed. Engl. 1998, 37, 2214. b Francis, R. J., P. S. Halasyamani, et al.
Chemistry of Materials 1998, 10, 3131–3139. c Francis, R. J., P. S. Halasyamani, J. S. Bee and D. O’

´
Hare J. Am. Chem. Soc. 1999, 121,

1609. d Walker, S. M., P. S. Halasyamani, S. Allen and D. O’Hare J. Am. Chem. Soc. 1999, 121, 10513. e Almond, P. M., L. Deakin,
A. Mar and T. E. Albrecht-Schmitt. Inorg. Chem. 2001, 40, 886. f Cahill, C. L. and P. C. Burns Inorg. Chem. 2001, 40, 1347–51.
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complexes reported include synthetic and biogenic bi-, hexa- and octadentate hydroxamates.
Proposed therapeutic removal of actinides has evolved from substituting a nontoxic metal for
the metal bound in blood and tissue, to chelating the Pu with general or specific chelating
agents.347–352

Simple bidentate hydroxamates commonly bind actinides via replacement of the hydroxamate
proton by the metal to form a five-membered chelate ring. The known MIVL4 complexes are usually
prepared by treating an aqueous solution of the metal with an excess of the hydroxamic acid.353,354

The complexes Th[(CH3)2CHN(O)O(O)R]4 (R¼C(CH3)3 (1), or CH2C(CH3)3 (2)) have been
prepared directly in aqueous solution. The UIV analog of (1) was prepared similarly, but it is
unstable and undergoes an internal oxygen transfer reaction to form a bis(hydroxamato)uranyl
complex. These complexes have been characterized using single-crystal X-ray diffraction and optical
absorbance spectroscopy. Complex (1) has approximately S4 symmetry and the eight-coordinate
polyhedron is nearly cubic, whereas the structure of (2) shows an eight-coordinate metal, with D2d

trigonal-faced dodecahedral geometry (Figure 16).355 Somewhat surprisingly, one hydroxamic acid,
(PhCO)NHOH, has been reported to behave as a neutral ligand in a postulated 10-coordinate
complex, Th(NO3)4((PhCO)NHOH)2; however, the stoichiometry of the complex has not been
confirmed nor has the complex been fully characterized. Several complexes of N-phenyl-benzoylhy-
droxamic acid (HL1) and cupferron (N-nitrosophenlyhydroxylamine, (HL2) have been reported.356

The complexes Th(L1)4�4H2O and Th(L1)3�2H2O have been prepared by reacting an aqueous
solution of thorium nitrate with an excess of the ligand. Th(L2)4�H2O was obtained similarly
from combination of thorium nitrate and cupferron in H2O/MeOH. Several other ternary com-
plexes, including Th(L2)4Ph3PO, Th(L2)4py, and Th(L2)4dmf, were prepared by treating solutions of
Th(L2)4�H2O in CHCl3 with an excess of the ancillary ligand. Some UIV complexes of cupferronate
and neocupferronate were prepared and characterized by optical absorbance, vibrational, and
electron spin resonance spectroscopy.357,358 However, their solution and solid-state structures
have not been determined.

The complexation of actinides with multidentate hydroxamate ligands comprise naturally-
occurring siderophores and synthetic ligands designed based on these FeIII chelators. For example,
a series of ligands based on desferioxamines have been synthesized and their metal complexes
characterized. The structure of a PuIV–desferrioxamine E complex was determined from X-ray
diffraction analysis359 (Figure 17). Other types of ferrioxamine complexes of ThIV and PuIV have
been characterized in solution by NMR, potentiometry, and optical absorbance spectroscopy,
including desferrioxamine B (DFO), octadentate derivatives [N-(2,3-dihydroxy-4-carboxyben-
zoyl)desferrioxamine B (DFOCAMC), N-(1,2-dihydro-1-hydroxy-2-oxopyridin-6-yl)carbonyl)des-
ferrioxamine B (DFO-1,2-HOPO), and N-(2,3-dihydroxy-4-(methylamido)benzoyl)- desferrioxamine
B (DFOMTA)].360

The complexation of thorium(IV) and plutonium(IV) with a tetrahydroxamate ligand based on
the cyclohexane-1,2-diyldinitrilotetraacetate complexon, with hydroxamate instead of carboxylate
groups has been reported. The speciation appears to be pH dependent. Up to pH 9 the complexes
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Figure 16 Crystal structures of Th[(CH3)2CHN(O)O(O)R]4 (R=C(CH3)3 (1) or CH2C(CH3)3 (2). (Smith
and Raymond J. Am. Chem. Soc. 1981, 103, 3341–3349).
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are monomeric; then dimeric complexes, M2L2, have been suggested based on the magnetic
properties of these complexes and modeling calculations.361

Catecholate. Actinide(IV) complexes formed by catechol and the related compounds resorcinol,
phloroglucinol, orcinol, and pyrogallol include the mono, bis, tris, and tetra complexes as well
as polymeric compounds (Table 23). Thorium dichloride catecholate, and the corresponding
resorcinolate, phloroglucinolate, and orcinolate have been obtained by evaporating an ether
solution of the components to dryness and heating the residue until the evolution of hydrogen
chloride ceased. When thorium tetrachloride is added to an excess of the molten catechol using
this preparation, the product is H2[Th(C6H4O2)3].

362 More common complexes are tetrakis(cate-
cholato)uranate(IV) and -thorate(IV) complexes Na4[M (C6H4O2)4]�21H2O, M=Th, U, which
are obtained from basic aqueous solutions of the metal chlorides. The complexes show D2d

molecular symmetry (structure determined by single-crystal X-ray diffraction, see Figure 18).363

The geometry of the anion is a trigonal faced dodecahedron and the oxygen atoms of the water
molecules form a hydrogen-bonded network through the crystal. The other compounds, thorium-
(IV) bis derivatives of 2,20-dihydroxybiphenyl or dinaphthyl and 1,8-dihydroxynaphthalene,
ThL2, are precipitated from methanolic solutions of the tetrachloride and the diol in the presence
of base. These complexes have not been structurally characterized.362

Tiron complexes of ThIV and other actinides have been prepared, generally in aqueous solution364

The EXAFS data have been modeled to include binding of the sulfonate group to ThIV at low pH. This
preferred complexation of a sulfonate over a catecholate, even at low pH, is unexpected. Bidentate
catechol ligation of thorium Th(tiron)x, (x � 2), has been proposed at very high excess Tiron.

O1
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O7

O8

O10

O11
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Figure 17 Plutonium(IV) coordination sphere in the crystal structure of PuIV complexed by the siderophore
desferrioxamine E (Neu, Matonic et al. Angew. Chem., Int. Ed. Engl. 2000, 39, 1442–1444).

Table 23 Actinide(IV) catecholates and related compounds.

ThCl2(L) L= 1,2-dihydroxybenzene, C6H6O2; Resorcinol,
1,3-dihydroxybenzene, and hydroquinone, 1,4-dihydroxybenzene,
C6H6O2; Orcinol, 2,5-dihydroxytoluene, C7H8O2,; Phloroglucinol,
1,3,5-trihydrozybenzene, C6H6O3,; Resorcinol, 1,3-dihydroxy-
benzene, and hydroquinone, 1,4-dihydroxybenzene, C6H6O2

Th(L)2 L=C12H8O2, C20H12O2

MI
2[Th(C6H3O3)2]�7H2O MI=Na, K

MI[U(C6H4O2)2(OH)]�xH2O MI= pyH, x= 4; C2N4H5 (dicyandiamidinium), x= 20
MI

2[Th(C6H4O2)3]�xH2O MI=H, x= 0; NH4, x= 5
2(NH4)2[U(C6H4O2)3]�C6H6O2�8H2O
Na4[M

IV(C6H4O2)4]�21H2O MIV=Th, U
(NH)4H2[Th(C6H4O2)4] [or (NH4)2[Th(C6H4O2)3]�C6H6O2]
(NH4)2[Th3(C6H4O2)6(OH)2]�10H2O
MI

2[Th3(C6H4O2)7]�20H2O MI=Na, K
MI

2H2[U2(C6H4O2)7]�xH2O MI=K, x= 3; NH4, x= 6; CN3H6 (guanidinium), x= 14
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The similarities between PuIV and FeIII (charge to ionic radius ratios, formation of highly
insoluble hydroxides) have stimulated the design of specific PuIV sequestering agents modeled
after iron(III) chelators.81,347,350,365 This approach led to the design of potentially octadentate
catecholamide ligands including both catechol only and mixed functional catechol and hydro-
xypyridinone ligands. These ligands have been studied for intended application in mammalian
actinide decorporation.366–368 Plutonium and americium complexes have been reported for a
series of sulfonated and carboxylated catechols. The stoichiometry of the complexes formed
depends on pH. Above pH 12, the PuIV complex is tetrakis(catecholate) and at neutral pH it is
tris(catecholate).81,365 Tetravalent actinide complexes can also be prepared indirectly. For example,
the reduction of NpV by catecholate and hydroxypyridinoate ligands yields a NpIV species as
determined using X-ray absorbance spectroscopy.350

Pyoverdin. Pyoverdin complexes of tetravalent actinides have been investigated due to the potential
of this class of ligand to solubilize and sequester these metals (as they do for FeIII). At near-neutral pH
pyoverdine forms a 1:1 Pu:pyoverdine complex with PuIV. The stoichiometry changes to 1:2 when
excess ligand is present. Thorium(IV), UIV, and UVI complexes have also been reported. Their optical
absorbance spectroscopic properties, but no structural studies, are reported. The selectivity of
pyoverdin for common actinides in the order ThIV > UIV > UVI has been proposed.369,370

Pyridonate. Tetravalent ThIV and UIV complexes of 1 oxy-2-pyridonate, Th(C5H4NO2)4H2O,
and U(C5H4NO2)4CHCl3, have been prepared by slowly adding a basic aqueous solution of
excess ligand to solutions of the metal tetrachlorides. The crystal structure of the thorium
complex, Th(C5H4NO2)4H2O, shows a nine-coordinate, neutral complex of low symmetry. Four
bidentate ligands and one water molecule are bonded to thorium to form a D3h tricapped trigonal
prismatic coordination geometry.371 The related compound Th(C5H4NO2)4-MeOH was prepared
by refluxing a methanolic solution of thorium nitrate with excess O-hydroxypyridine-N-oxide.
The complex has the same general coordination geometry as the aqueous complex, with methoxide
in the inner coordination sphere.372 Multifunctional ligands containing one to four hydroxypyr-
idinone binding units have been researched for their potential use in actinide separations and and
chelation therapy. For example, the octadentate, mixed hydroxypyridinone (HOPO) ligand, 3,4,3-
LI-(1,2-Me-3,2-HOPO), when administered orally, removes actinides from animals more efficiently
than any injected ligand studied previous.349,367,373

1-hydroxy-6-N-octylcarboxamide-2(1H)-pyridinone (octyl-1,2-HOPO) has been shown to be a
highly selective extractant for tetravalent plutonium from acidic solutions. The structure of octyl-
1,2-HOPO is illustrated in Figure 19. The general equilibrium for the extraction from nitric acid
solutions is given in Equation (21):

Pu4+
(a) + m HHOPO(o) + (4-m) NO3

-
(a) [Pu(HOPO)m(NO3)4-m](o) + m H+

(a) ð21Þ

O2

O2
O2

O2

O1

O1

O1

O1

Th1

Figure 18 Crystal structures of Na4[M(C6H4O2)4]�21H2O, M=Th, U (Sofen, Abu-Dari et al. J. Am. Chem.
Soc. 1978, 100, 7882–7887).
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In Equation (21) the ligand acts in a deprotonated bidentate manner, where m can range from 0
to 4. While the hydroxypyridinonate ligands are themselves a class of compounds, their ability to
extract PuIV is directly related to their protonation constants. Octyl-1,2-HOPO has the lowest
protonation constants among all hydroxypyridinonates thus making it the best agent for extrac-
tion from acid solutions, particularly at low acid concentrations.

Extractant dependency at low concentrations indicates independent behavior, even though high
distributions are obtained. At high concentrations, slope analysis gives a value of four as
discussed in the equilibrium above. This could possibly be explained by the presence of Pu(HO-
PO)(NO3)3 at low concentration and at Pu(HOPO)4 at higher concentrations.226

From an X-ray single crystal diffraction study of ThIV with a 1-hydroxy-2(1H)-pyridinone, a
coordination number of nine can be seen. This coordination number is due to four of the bidenate
ligands chelating to thorium with the additional complexation of one methanol molecule, as
illustrated in Figure 20.374

8-Hydroxyquinoline and derivatives. The complex of ThIV with 8-hydroxyquinoline(Ox),
Th(Ox)4�HOx was prepared by precipitation from aqueous solution.375 The IR spectra of the Th
complexes have absorbance frequencies corresponding to a N-H���O bond, similar to those
observed in the spectrum of UO2(Ox)2HOx. This vibrational band is not observed in Th(Ox)4,
suggesting that HOx is bound to the metal through the phenolic O in this case.376 Several other
complexes of ThIV with 8-hydroxyquinoline derivatives have also been prepared similarly, includ-
ing those with 7-nitroso-8-hydroxyquinoline-5-sulfonic acid377 and 5-chloro-7-nitro-8-hydroxyquino-
line.378 When Th(Ox)4�HOx is dissolved in DMSO, the Th(Ox)4�2(DMSO) complex forms, in
which only one DMSO is coordinated to the metal center. The complexes were characterized in
solution by vibrational spectroscopy. The molecular structure of the complex determined from
X-ray diffraction is shown in Figure 21. The oxine groups are arranged in a distorted square
antiprismatic configuration about the metal ion, with the coordinated DMSO in a capping
position.379 Similarly, in the complex Th(Ox)4DMF, the four 8-quinolinolato ligands are biden-
tate, and a DMF ligand, bonded through the oxygen, completes the coordination sphere. In this
case the coordination polyhedron of the thoriumatom is best described as a slightly distorted tricapped
trigonal prism.380 Analogous heavier actinide complexes of Np and Pu with 8-hydroxyquinoline
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Figure 19 Octyl-1,2-HOPO.
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Figure 20 Crystal structure of Th(C5H4NO2)4CH3OH (Casellato, Vigato et al. Inorganica Chimica Acta
1983, 69, 77–82).
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and some of its 2-, 5-, 7-Me- and halogen-substituted derivatives have been reported and assigned the
stoichiometries Np(Ox)4 and Pu(Ox)4.

381

Carbamate. Thorium(IV) and uranium(IV) carbamate complexes M(R2NCX2) are usually
obtained by the insertion of CX2 (X=O, S, Se) or COS into the metal–nitrogen bonds of
thorium(IV) and uranium(IV) dialkylamides M(NR2)4.

382 The complexes are precipitated from
n-hexane solutions of the MIV-tetrakis dialkylamide by addition of excess CX2. A much simpler
route is by reaction of UCl4 with R2NH and carbon dioxide in benzene (R=Et) or toluene
(R=Me). The carbamates precipitate on addition of n-heptane after concentrating the solu-
tion.383 Complexes in Table 24 have been reported, based mostly on elemental analysis, IR and
NMR spectroscopy. The complex U(Et2NCO2)4, prepared by reaction of UCl4 with Et2NH and
CO2, is a monomer in benzene and the 1H-NMR spectra of this compound indicate that the alkyl
groups are equivalent. A by-product of the preparation of U(Et2NCO2)4 from the tetrachloride
and the amine is a product of composition U4O2(Et2NCO2)12. This is a tetramer in which there
are two inequivalent uranium(IV) sites. One UIV is coordinated in a distorted tricapped trigonal
prism, and the geometry of the other does not fit any type of regular polyhedron.383 These
compounds are very sensitive to oxygen and water. Related ThIV and UIV thiocarbamates
M(R2NCXY) (X and Y are O or S) are obtained similarly from the dialkylamides M(NR2)4.
For example, M(OSCNEt2)4 and M(S2CNEt2)4 have been characterized in direct analogy with the
carbamates.382 Related pyrazolylborate complexes of the form, U(O2CR)2L2 (R=NEt2, Me;
L= tris(pyrazolyl)borate) have also been prepared and characterized by elemental analysis and
NMR, IR, and reflectance spectroscopies.384 Cp2U(XYCNEt2)2 (X, Y=O or S and X=O,
Y= S) were prepared by treating Cp2U(NEt2)2 with CS2, COS, and CO2. The compounds,
Cp2U(S2CNEt2)2 and Cp2U(OSCNEt2)2 are monomeric in benzene; for Cp2U(O2CNEt2)2 poly-
meric behavior is indicated. Spectroscopic data are consistent with a bidentate coordination of the
carbamate ligands in all cases. The coordination geometry around the U center is pseudoocta-
hedral with cyclopentadienyl groups occupying mutually cis positions.385–387

Oxalate. A large number of oxalato and mixed oxalato complexes (Tables 25 and 26) have been
reported. The hydrated oxalates, M(C2O4)2�xH2O (x= 0, 1, 2 or 6) are precipitated from aqueous
media. The ThIV and UIV compounds are isomorphous. The neptunium(IV) compound consists of
[Np(C2O4)2]n layers, in which all oxalato ions are tridentate chelate-bridged, and the coordination
polyhedron of the neptunium atom is a distorted cube comprised of eight oxygen atoms from four

N41

N31 N21

O51

N51

N11
O41

O11

O21

Th1

Figure 21 Crystal structure of Th(oxine)4(DMSO) (Singer, Studd et al. Chem. Commun. 1970, 342).

Table 24 Tetravalent actinide carbamate complexes.

MIV(O2CNR2)4 MIV=U, Th, R=Me, Et
MIV(OSCNR2)4 MIV=U, Th, R=Me, Et
MIV(S2CNEt2)4 MIV=U, Th
U(Se2CNEt2)4
[U(O2CR)2L2] (R=NEt2, Me; L= tris(pyrazolyl)borate)
Cp2U(XYCNEt2)2 (X, Y=O or S and X=O, Y= S).
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oxalate ligands. The hydrated basic oxalate, UO(C2O4)�6H2O, precipitates on photoreduction of
UO2(HCO2)2 in the presence of oxalic acid. Other hydrates are known; some authors describe them
as hydroxo compounds [e.g., U(OH)2(C2O4)�5H2O], but this requires confirmation.

A few salts of the trisoxalato actinide(IV) anions are known, such as the acid benzylquinoli-
nium compounds (Table 25), but the more usual complexes are the tetraoxalato and pentaoxalato
species. The coordination geometry of the 10-coordinate thorium atom in the anion of
K4[Th(C2O4)4]�4H2O

388 is a slightly irregular bicapped square antiprism with an oxalate bridged
structure that is cross-linked into a three-dimensional framework by hydrogen bonding (Figure 22).
The geometry in both crystal modifications of K4[U(C2O4)4]�4H2O

389 is the same as in the
thorium compound. In one phase the three bidentate C2O4 groups and a tetradentate bridging
C2O4 group link the metal atoms in a one dimensional polymeric array; the other phase is
isostructural with the thorium compound. The uranium atom in Ba2U(C2O4)4�8H2O is nine-
coordinate, bound by four oxalates and one water molecule. The coordination geometry about
the U atom is between tricapped trigonal prism and mono capped square antiprism.390 Ba atoms
interact with the oxalate O atoms, making the oxalates appear as quadridentate ligands that
bridges U and Ba atoms. Additional AnIV oxalato complexes with molar ratios 1:5 or 1:6 metal
ion to oxalate have been reported, but little is known about their coordination geometry and they
could be mixtures of other known oxalato compounds.

Table 25 Actinide(IV) oxalate and oxalato complexes.

M(C2O4)2�xH2O M=Th, x= 0, 1, 2, 4, 6; U, x=O, 1, 2, 3, 5, 6; Np, Pu,
x= 2, 6

UO(C2O4)�xH2O x= 0, 4, 6
[Np(C2O4)32H2O]n�H2O

a

MI
2M

IV(C2O4)3�xH2O MIV=Th, MI=CN3H6, x= 6, 8; NH4, x unspecified
MI

2= [(PhCH2,)N(C9H7)]
þHþ, MIV=Th, U

(NC9H7),= quinoline)
H2Ca[U2(C2O4)6]�24H2O
MI

4[M
IV(C2O4)4]�xH2O MIV=Th; MI = Na, x= 0, 5.5, 6; K, x= 0, 4; NH4,

x= 0, 3, 4.7,6.5,7; Me2NH2, x= 0, 2, 9; Bun2NH2, x= 0, 4;
CN3H6, x= 2
MI

4= (CN3H6)3,(NH4), x= 3
MIV=U; MI=K, x= 0, 1,2, 4, 4.5, 5; NH4, x= 0, 3, 5, 6,7;
Cs, x= 3; CN3H6, x= 0, 2
MIV=Np; MI=Na, x= 3; K, x.= 4; NH4, x unspecified
MIV=Pu; MI=Na. x= 5; K. x= 4

Ba2U(C2O4)4�8H2O
b

K2MnU(C2O4)4�9H2O
MII

2[M
IV(C2O4)4]�xH2O MIV=Th, MII=Ba, x= 11; enH2, x= 2.5

MIV=U, MII=Ca, x= 0, 1, 4,6, 10; Sr, x= 0,4,6; Ba,
x= 0, 6, 6.5, 7, 8, 9; Cd, x= 0, 6, 7; Pb, x= 0, 6, 8;
[Pt(NH3)4], x= 3

MIII
4[M

IV(C2O4)4]3�xH2O MIV=Th, MIII= [Co(en)3], x= 22; [Co(tn)3], x= 3;
tn=H2N(CH2)3NH2

MIV=U, MIII=La, x= 22; MIII=Cr(urea)6], x= 6 to 11
MIV=Pu, MIII = [Cr(urea)6], x unspecified

[Pt(NH3)6][U(C2O4)4]3�3H2O
MI

6[M
IV(C2O4)5]�xH2O MIV=Th, MI=NH4, x= 3, 7.5;

MIV=Pu, MI=K, x= 4; NH4, x unspecified
MIII

2[M
IV(C2O4)5]�xH2O MIV=Th, MIII= [Co(NH3)6], x= 3; [Cr(NH3)6], x= 20;

[Cr(urea)6], x= 0.5
M2Np2(C2O4)5�nH2O (M=H, Na, K, and NH4)
MI

2[M
IV

2(C2O4)5]�xH2O MIV=Th, MI=H, x= 9a; NH4, x= 2, 7
MIV=U, MI=H, x= 0, 4, 8; Na, K, x= 8; NH4, x= 0,2,4, 8;
CN3H6, x= 0, 1, 4

MI
8[Th(C2O4)6]�xH2O MI=Et3NH, x= 0,3; Bun2NH2, x= 0

H2CaU2(C2O4)6�24H2O
MI

6Th2(C2O4)7�xH2O MI=Et2NH2, x= 0, 6; Prn2NH2, x= 0, 8; CN3H6,
x= 5, 8, 12.5 to 13.7

a Charushnikova, I. A., N. N. Krot, et al. Radiokhimiya 1998, 40, 538. b Spirlet, M. R., J. Rebizant, et al. Acta Crystallographica,
Section C: Crystal Structure Communications 1987, C43, 19–21.
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Analysis of crystals of M2Np2(C2O4)5�nH2O (M=H, Na, K, and NH4) by electronic absorption
spectroscopy in the long wave region of the spectrum showed that the coordination polyhedron of
neptunium(IV) in these compounds differs from that in previously studied crystal compounds of
NpIV. The crystal structure of H2Np2(C2O4)5�9H2O (Figure 23) shows that Np4þ cations and
C2O4

2� anions form an openwork skeleton with channels extending along z-axis of the crystal.
Oxonium cations and H2O molecules are located in the channels. Two independent neptunium(IV)
atoms are surrounded by oxygen atoms of five oxalate ions and four water molecules (CN 12); the
coordination polyhedron is a distorted hexagonal analogue of cubooctahedron.391

Mixed oxalates and oxalato complexes (Table 24) also require further investigation. The sulfito
and sulfato oxalates have been mentioned earlier and an equally large number of carbonato-
oxalato species have been recorded,388,392 some of which may well be mixtures. In addition to the
compounds listed in Table 24, products of the rather unlikely compositions K7[U(OH)(C2O4)2-
(CO3)3]�6H2O and K16[U2(OH)2(C2O4)3(CO3)8]�10H2O have been reported.

Polymeric K2MnU(C2O4)4�9H2O
393 has been prepared by the reaction of the tetraoxalato

uranate compound, K4U(C2O4)4, with MnII in aqueous solution. The U ion is linked to four
MnII ions via each of its oxalate ligands. The UIV ion is nine-coordinate, bonded to four oxalate
ligands and one water molecule.

�-Diketonates. �-Diketones chelate with metal ions, including actinides, to form neutral
species via the deprotonated enolate anions as illustrated in Figure 24.394 A very wide array of
homoleptic complexes of the general formula An(R1COCR2COR3)4 have been reported for

Table 26 Actinide(IV) mixed oxalate and oxalato complexes.

UF2(C2O4)�1.5H2O
UX2(C2O4)3�yH2O X=F, y= 0; X=Cl, y= 0, 2, 4 or 12
MI

4M
IVF4(C2O4)3�xH2O MIV=Th, MI=K, x= 0

MIV = U, MI = NH4, x= 4
K2(Pu(C2O4)2(CO3)�ca.1.5H2O
K4U(C2O4)4
MI

4M
IV(C2O4)x(CO3)4�x�yH2O M IV=Th, MI=K, x= 1, y= 4.6

M=NH4, x= 2, y= 0.5
MI

4= (CN3H6)3(NH4), x= 1, y= 1.5, or 2–3.5, and x= 2, y= 3
MIV=U, MI= (CN3H6)3(NH4), x= 1 y= 2
MIV=Pu, MI=Na, K, x= 1, y unspecified
MI=Na, x= 2, y= 3

(NH4)4Th2(C2O4)(CO3)5�10H2O
K6M

IV(C2O4)(CO3)5�x�yH2O MIV=Th, x= 1, y= 6-8 and x= 2, y= 0, 1 or 4
MIV=Pu, x= 2, y unspecified

MI
6Th2(C2O4)x(CO3)7�x�yH2O MI=K, x= 3, y= 6

MI=CN3H6, x= 2, y= 4 or 8 and x= 3, y= 14
Na8Th(C2O4)x(CO3)6�x�yH2O x= 1, y= 10 to 11 and x= 2, y= 9 to 10.5 or 11
MI

8Th2(C2O4)x(CO3)8�x�yH2O MI=K, x= 3, y= 13 or 16
MI=CN3H6, x= 1, y= 6 and x= 3, y= o

Na10Th(OH)2(C2O4)3(CO3)�xH2O x= 10, 11, 11.5 or 16
MI

10M
IV

2(C2O4)x(CO3)9�x�yH2O MIV=Th, MI=K, x= 2, y= 8, 12 or 14 and x= 4,
y= 5 or 7
MI = CN3H6, x= 1, y= 8
MIV=U, MI

10= (CN3H6)8(NH4)2, x= 1, y= 4 or 8
MI

10= [Cr(urea)6]3(NH4), x= 1, y= 6
Na12Th(C2O4)2(CO3)6�13H2O
K2Th2(OH)2(C2O4)(CO3)3�xH2O x= 0, 1 or 2
K5Th2(OH)(C2O4)2(CO3)4�2H2O
Na4[M

IV
2(OH)2x(C2O4)(CO3)5�x]�yH2O MIV=Th, x= 1, y= 4 and x= 3, y= 2

MIV=U, x= 2, y= 4
Na10Th(OH)2(C2O4)3(CO3)�xH2O x= 8-9
(NH4)4U2(C2O4)3(HCO2)3�H2O�2HCO2H
K[U(C2O4)2(NCS)(H2O)3]
Cs[U(C2O4)(NCS)2(H2O)x] x= 0 or 2
K4Th(C2O4)2(HPO4)2�6H2O
K4[Th(C2O4)2(C4H4O6)2]�3H2O C4H6O6= tartaric acid
K4[Th(C2O4)2(C6H5O7)2]�3H2O C6H8O7= citric acid
K2MnU(C2O4)4�9H2O
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An=Th, U, Np, and Pu. In complexing with metal ions, the �-diketones form planar six-
member chelate rings with elimination of the enol proton. The simpler �-diketones, such as
acetylacetone (HAA), are fairly water soluble, but form complexes that may be soluble in
organic solvents. This is especially true for the AnIV ions which form strong complexes with
HAA and can be effectively sequestered to the organic phase, making HAA a potentially useful
extractant (See Table 27). The four stability constants in Table 27 for tetravalent actinides imply
that four HAA ligands coordinate with each metal ion in the formation of the extracted neutral
ML4 complexes.395

Like with trivalent actinides (vide infra), 2-thenoyltrifluoroacetone (HTTA) is also effective at
complexing with tetravalent actinides. Extractant dependency studies have shown than ThIV

displays a 1:4 extraction stoichiometry (Th:extractant) with HTTA.396
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In perchlorate media, HTTA extracts ThIV according to the extraction equilibrium equation
(Equation (22)).This arguably makes HTTA a potentially useful extractant for ThIV by itself:397

Th4+ + 2 HTTA + 2 ClO4
- Th(TTA)2(ClO4)2 + 2 H+ ð22Þ

In many cases, synergists are added to HTTA extraction systems to enhance the separation of
actinide ions. One example is the addition of the crown ethers (CE) dibenzo-18-crown-6, dicyclo-
hexyl-18-crown-6, dibenzyl 24-crown-8, and benzyl-15-crown-5. These crown ethers have been
shown to synergistically enhance extraction into benzene and the increase follows Eu3þ > UO2

2þ >
Th4þ. The extraction equilibrium for crown ether/HTTA systems for the separation of ThIV is
shown in Equation (23). The binding of the crown ether in the extracted complex seems to be a
function of crown ether basicity and steric effects:396

Th4+
(a) + 4 HTTA(o) + CE(o) Th(TTA)4•CE(o) + 4 H+

(a) ð23Þ

Bis(1-phenyl-3-methyl-4-acylpyrazol-5-one) derivatives of the type H2BPn, where n= 3, 4, 5, 6,
7, 8, 10, and 22, will extract the tetravalent actinides U4þ, Np4þ, and Pu4þ. As with the trivalent
actinides, the H2BPn proved a better extractant than 1-phenyl-3-methyl-4-benzoylpyrazolone-5
(HPBMP), and the highest extractability occurred with the H2BP7 and H2BP8 ligands. Depen-
dency studies indicate that 1:2 (An:L) complexes are formed for UIV, NpIV, and PuIV upon extraction
from nitrate media into chloroform. Perchlorate solutions caused precipitates to form for various n
values(4–6), probably due to ion pair formation in greater than 5M HClO4 solutions.

398

An oxa-derivative of HPBMP, 3-phenyl-4-acetyl-5-isoxazolone (HPAI), has been studied as an
attractive extractant for ThIV. The structure is illustrated in Figure 25. HPAI, like other

Table 27 Stability constants for acetylacetonate complexes and distribution constants (from benzene or
chloroform) in perchlorate media.a

Anzþ Th4þ U4þ Np4þ Pu4þ

log K1 8.00 9.02 8.58 10.5
log K2 7.48 8.26 8.65 9.2
log K3 6.00 6.52 6.71 8.4
log K4 5.30 5.60 6.28 5.91
log KD4 (benzene) 2.52 3.64 3.45 2.54
log KD4 (chloroform) 2.55 4.0 2.6

a Adapted from Ahrland, S. In The Chemistry of the Actinide Elements; J. Katz, G. Seaborg, L. Morss, Eds.; Chapman and Hall: New
York, 1986; Vol. 2, p 1480.
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�-diketones, acts as a bidentate ligand in its enolic form. Extractant dependency indicates that
four HPAI molecules are involved in the extraction of ThIV from nitrate media into 4-methyl-2-
pentanone. HPAI shows higher extractability than both HPMBP and HTTA due to the lower
pKa value of the ligand. IR spectrophotometric measurements indicate deprotonation of the
enolic hydroxy group, allowing the charged oxygen to chelate with the metal. This is confirmed
by C¼O stretch shifts and the presence of typical 400–500 cm�1 metal/ligand bands, suggesting
that the carbonyl oxygen is involved in the chelation. The lack of bands between 3,100 cm�1 and
3,600 cm�1 confirm that no nitrogen interactions are occurring with the metal. Additionally, there
is no coordination of water to the metal complex.399

CMPO. CMPO, or octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (see Figure 26),
was developed by Horwitz and co-workers as an efficient actinide extractant for use in the TRUEX
process in the remediation of acidic nuclear waste solutions. Derivatives of carbamoylphosphine
oxides (CMPO) have been studied in nuclear fuel processing schemes involved in transmutation
concepts.400

In general, bifunctional carbamoylmethylphosphonates (CMP) and carbamoylmethylphosphine
oxides (CMPO) readily form complexes with actinide ions in aqueous and nonaqueous solutions.
Complexes isolated in the solid state contain ligands chelated to the central metal ion, and the
bidentate chelate interaction has been confirmed by single crystal X-ray structure determinations
with uranyl and ThIV.401–403 However, spectroscopic studies of several complexes suggest that the
ligands may only bind in a monodentate mode in solution, and this characteristic probably plays
a role in determining the solvent extraction performance.404 Although data for actinide complexes
are sparse, trifunctional CMP and CMPO-like ligands containing two P¼O donor groups and an
amide or ester group also have been studied as actinide chelators.405,40 In these cases, the ligands
generally form bidentate chelates where a six-membered ring results and the third donor group
acts as a bridging connector to another metal/ligand unit.

While the TRUEX process has been optimized for the removal of trivalent actinides, particu-
larly AmIII, from nuclear waste solutions, CMPO has the ability to complex with and extract
tetravalent actinides as well. ThIV, NpIV, and PuIV are all effectively extracted from hydrochloric
acid solutions into tetrachloroethylene, even at moderate HCl concentrations, with extractability
following the trend PuIV > NpIV > ThIV under all experimental conditions. Additionally,
PuIV shows the highest extraction efficiency of all actinides by CMPO into TBP–dodecane
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at HNO3 concentrations up to 6M. Extractant dependency studies show that CPMO complexes
with ThIVin a 3:1 ligand:metal stoichiometry to form the extracted species (see Equation (24)):

Th4+
(a) + 4 Cl-(a) + 3 CMPO(o) ThCl4•3CMPO(o) ð24Þ

Interestingly, extractant dependency shows two different extracted species with PuIV depending
on the acid from which it is extracted. Slope analysis for PuIV from HNO3 solutions indicate
the formation of a 2:1 CMPO:PuIV complex, while in HCl a 3:1 complex is observed (see
Equations (25) and (26)):

Pu4+
(a) + 4 NO3

-
(a) + 2 CMPO(o) Pu(NO3)4•2CMPO(o) ð25Þ

Pu4+
(a) + 4 Cl-(a) + 3 CMPO(o) PuCl4•3CMPO(o) ð26Þ

It is proposed that coordination of CMPO with PuIV is similar to that in AmIII, meaning that
monodentate coordination through the phosphoryl oxygen is observed for the nitrate complexes,
and bidentate coordination through both the phosphoryl and carbonyl oxygen atoms occurs for
the chloride complexes, yielding a coordination number of 10 for PuIV, which is interesting since it
must change its extractant dependency to maintain the same coordination number in both types
of complexes.407

Polydentate P,P- and N,P-dioxides. The coordination chemistry of polydentate phosphine
oxides with actinide ions is of interest since several of these ligands show unique solvent extrac-
tion properties.408,409

Polyfunctional phosphinopyridine N,P-dioxides, (phosphinomethyl)pyridine N,P-dioxides and
bis(phosphinomethyl)pyridine N,P,P-trioxides have been prepared, and selected coordination
chemistry with actinide ions has been explored. The phosphinopyridine N,P-dioxides form
bidentate chelates with uranyl and ThIV, and in the solid state these complexes display six-
membered chelate rings that appear to be relatively sterically congested.410,411 The solvent
extraction properties of these ligands are not unique since they resemble the performance of
trialkylphosphine oxides.412

The coordination chemistry of the (phosphinomethyl)pyridine N,P-dioxides and bis(phosphino-
methyl)pyridine N,P,P-trioxides shows that seven-membered chelate ring structures are quite
stable when formed with trivalent and tetravalent actinide ions. For example, crystal structure
determinations for 2:1 complexes between the trifunctional ligand, 2,6-[Ph2P(O)CH2]2C5H3NO
and Pu(NO3)4 and Th(NO3)4 show that two ligands bond in a tridentate fashion to the actinide
ions. Two bidentate nitrate ions also appear in the inner coordination sphere, but two are
displaced to the outer sphere.413,414 The structures also show that the metal ions are ‘‘encased’’
in a lipophilic envelope generated by the ligands, and as a result, the complexes are soluble in
organic solvents. The bifunctional ligand 2-[Ph2P(O)CH2]C5H4NO and Pu(NO3)4 produce a 2:1
complex [Pu(L)2(NO3)3][Pu(NO3)6]0.5 when combined in a 1:1 ratio. The two bifunctional ligands
chelate to the PuIV ion along with three bidentate nitrate ions resulting in a coordination number
of 10. Interestingly, an expected 4:1 ligand/metal chelate structure, related to that found with
lanthanide ions, was not isolated. Solvent extraction studies with chloroform and dodecane
soluble derivatives of these two ligands show performance closely parallel with CMPO ligands
in the same solvents.415–417

Diphosphonic acids. Phosphorus-based extractants with the structure shown in Figure 27 are
known as phosphonic acids. They are highly acidic and tend to form protonated complexes.
Diphosphonic acids have been studied for the extraction of tetravalent actinides such as ThIV.
P,P0-di(2-ethylhexyl)methanediphosphonic acid (H2DEH[MDP]) (see Figure 28) shows limited
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Figure 27 General diagram of a phosphonic acid.
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acid dependency for ThIV that allows H2DEH[MDP] to behave like a neutral extractant, even at
high acid concentrations, due to the competition between nitric acid and the metal for the
phosphoryl donor site.

Interestingly, extractant dependency studies with ThIV show a very small slope over the entire
extractant concentration range, indicating that its extraction is independent of both variables—
nitric acid concentration and extractant concentration. This is indicative of a low solubility of the
metal/extractant complex in both phases, perhaps due to a phenomenon observed in uranium/
dialkylpyrophosphoric acid extractions, where the actinide is part of a highly polymerized com-
plex present in the organic layer. This colloidal species is probably formed via oxo-bridges and
can be precipitated at high ThIV concentrations.418

P,P0-di(2-ethylhexyl)ethanediphosphonic acid (H2DEH[EDP]) extraction with ThIV into
o-xylene shows no acid or extractant dependency. At low ThIV concentrations, extraction occurs
via bonding with the phosphoryl oxygens, giving the protonated complexes. At high ThIV

concentrations, complexation leads to the release of Hþ ions. Furthermore, the lack of acid and
extractant dependency leads to the conclusion that the extracted complexes are polymeric in
nature under all conditions.419

Interestingly P,P0-di(2-ethylhexyl)butanediphosphonic acid (H2DEH[BuDP]) shows a strong
extractant dependency with ThIV, especially at higher nitric acid concentrations. At lower acid-
ities, a zero dependency is observed, indicating the formation of a polymeric species. At higher
acidities, this behavior is not observed.420 Unlike AmIII, where complexation stoichiometry
depends on extractant concentration, extractant dependency studies show a slope of two for
ThIV with all three extractants; H2DEH[MDP], H2DEH[EDP], and H2DEH[BDP]. Considering
the observed acid dependency having a slope of three, it is likely that ThIV is extracted by a
mechanism involving Th(NO3)3(L)(HL) species, where Th(NO3)4 only becomes important at high
acid concentrations, where L is one of the three diphosphonic acids.421

Diamides. Malonamides are a relatively new class of extractants that have chelating abilitities
with tetravalent actinides as well as with the lanthanides. Malonamides are nonphosphorus
containing extractants and are completely incinerable since they contain only carbon, hydrogen,
oxygen, and nitrogen, thus following the ‘‘CHON’’ principle. Malonamides are amide-substituted
malonic acids and have the general structure seen in Figure 29.

The R groups in Figure 29 can be hydrogenic, aliphatic, or aromatic, and the extracting
properties of malonamides can be fine-tuned by varying the identity of these substituents. The
R1 chain is usually a methyl or ethyl chain to decrease the steric hindrance that can occur when
complexing. R2 can be an aliphatic or aromatic carbon chain. R3 is usually a long carbon chain to
aid in the solubility of the malonamide in an organic solvent.
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Figure 29 General diagram of a malonamide.
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Figure 28 P,P’-di(2-ethylhexyl)alkanediphosphonic acids (n= 1: H2DEH[MDP]; n= 2: H2DEH[EDP];
n= 4: H2DEH[BuDP]).
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Several studies have looked at the extraction of ThIV and PuIV ions by malonamides of varying
structural character. Nigond et al. investigated the extraction of PuIV from nitric acid media with
the malonamide N,N0-dimethyl-N,N0-dibutyltetradecylmalonamide (DMDBTDMA).422 UV–vis
experiments indicate the presence of two extracted species that are formed according to the
following equilibria shown in Equation (27) (n=1 or 2):

Pu4+
(a) + 4 NO3

-
(a) + n DMDBTDMA(o) Pu(NO3)4•(DMDBTDMA)n(o) ð27Þ

The complexes that are formed are nonionic, and coordination to the PuIV metal occurs in a
bidentate mode through the carbonyl oxygens of the malonamide ligand. IR spectroscopy indicates
C2v geometry of the extracted complex due to nitrate stretching bands at 1530–1540 cm�1 and
1280 cm�1. The extracted species from complexation with DMDBTDMA are different than those
that would be obtained with monamides, where the anionic complex Pu(NO3)6H2(amide)xwould be
observed in the organic phase. Monamides are weaker complexants for PuIV than are malonamides,
due to nitrate/metal competition at high acid concentrations.422

Nair et al. studied the extraction of PuIV by N,N0-methyl-N,N0-butylmalonamide(MBMA),423

N,N,N0,N0-tetra-butyl-malonamide (TBMA), and its more sterically-hindered analogue,
N,N,N0,N0-tetra-isobutyl-malonamide(TiBMA).423 Extractant dependency studies yield a slope
of two for the malonamide ligands complexing with PuIV in extraction to the organic phase.424

Studies with PuIV polymer have shown that efficient extraction is possible by pentaalkylpropane
diamides over a large range of nitric acid concentrations (1–5M). The extractive ability of the diamide
is found to depend on the age of the plutonium polymer. When the polymer is over six months old,
better extraction is observed, although the mechanism is not clearly understood.425

The oxygen-based diglycolamide (see Figure 30), N,N0-dimethyl-N,N0-dihexyl-3-oxapentanedia-
mide (DMDHOPDA) is also an effective extractant for ThIV with HTTA as a synergist, and
experimental data indicates that two extracted species may be present. As a result, limits were set
on the experimental conditions for the extraction of only one of the two species
(�2.7< log[DMDHOPDA]<�2), resulting in an extraction stoichiometry consistent with the
extraction of Th(TTA)(DMDHOPDA)(ClO4)3 into the organic phase. Without the synergist,
the coordination environment around thorium is filled by the addition of another diglycolamide
and the perchloric anion for charge balance to generate Th(DMDHOPA)2(ClO4)4.

397,426

The sulfur-based thiodiglycolamides, as seen in Figure 31, N,N0-dimethyl-N,N0-dihexyl-3-thio-
pentanediamide (DMDHTPDA) and N,N0-dihexyl-3-thiopentanediamide (DHTPDA), both
extract thorium(IV) with HTTA as a synergist in the same manner. The extraction stoichiometry
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Figure 30 General diagram of a diglycolamide.
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Figure 31 General diagram of a thiodiglycolamide.
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for both DMDHTPDA and DHTPHA (L) is given by Equation (28). Extraction by the ligand
alone is negligible, indicating a synergistic mechanism with HTTA:

Th4+
(a) + 3 HTTA(o) + L(o) + ClO4

-
(o) Th(TTA)3(L)(ClO4)(o) + 3 H+

(a) ð28Þ

Polyoxometallates. As previously discussed, several classes of polyoxometallates can serve as
ligands in the complexation of tetravalent actinide ions. The first of these is the decatungsto-
metallates, [AnIVW10O36]

8�, An=Th, U.427,428 The molecular structure of the uranium complex has
been determined.427,429 The actinide ion in this complex is eight-coordinate, ligated by two
tetradentate W5O18 groups (lacunary derivatives of the W9O19 structure). The overall symmetry
of the anion is close to D4d, with U—O bond lengths of 2.29–3.32 Å. Although six distinct oxygen
chemical environments exist in the structure, only three signals are observed in the 17O-NMR
spectra.430 The complexes are not stable outside the pH range 5.5–8.5.

Among the first polyoxometallate complexes to be prepared were those of the dodecamolyb-
dometallate family, [AnMo12O42]

8� (An= tetravalent Th, U, Np). The thorium complex was first
prepared,431,432 followed later by uranium and neptunium analogues.433,434 The structure of the
complexes contains an icosahedrally coordinated actinide surrounded by six face-sharing Mo2O9

units linked by corner sharing.435 A variety of other characterization data on these complexes
have been reported.436–439 The uranium compound appears to undergo reversible oxidation to
form a UV complex.438 The complexes [AnMo12O42]

8� (An=Th, U) can themselves further act as
ligands toward other metal cations. Weak complexes of AnMo12O42 with varying stoichiometries
form in aqueous solution with M= divalent (Mn, Fe, Co, Ni, Zn, Cd, Cu), trivalent (Y, Er, Yb),
and tetravalent (Th) cations. 440,441 In the crystallographically characterized examples (NH4)2-
[UMo12O42(Er-(H2O)5)2]�nH2O and (NH4)3[UThMo12O42],

442,443 [UMo12O42]
8� serves as a triden-

tate ligand towards the other metal centers.
The complexes Th[XMo12O40]

n� (X=P, Si) have been proposed principally from analytical data.
A more extensive set of actinide complexes is formed with tungstates of the Keggin and

Dawson structure, An[XW11O39]2
n� and An[X2W17O61]2

n� (X=P, Si, B, As; An=Th, U,
Np, Pu).438,444–449 These ligands form very stable complexes of tetravalent lanthanides and actinides.
A review of complexes of f-elements with this class of polyoxometalates provides references to a
range of characterization data.450 The lacunary heteropolyanions act as tetradentate ligands
toward the actinide center, generating an eight-coordinate metal center in an approximate square
antiprismatic geometry.451 Although the stability of molybdenum analogs is markedly decreased,
a few mixed-metal analogs have been isolated, including K10[An(PMo2W9O39)2]�22H2O and
K16[An(P2MoW16O61)2]�28H2O (An=Th, U).452,453

Other. Complexes of tetravalent uranium have been synthesized using the anion
{(C5H5)Co[PO(OEt)2]3}

�, or a Kläui ligand, as the ancillary group. The complexes
LUCl3(THF)454 and L2UCl2,

455 L= {(C5H5)Co[PO(OEt)2]3}
�, have been prepared by metathesis

reactions employing uranium tetrachloride. The molecular structure of the complexes indicate
that the cobalt tris(phosphate) complex is tridentate, coordinating the uranium center through the
three P¼O groups (see Figure 32).

(ii) Schiff base-derived ligands

Schiff bases are macrocyclic or macro-acyclic ligands that typically contain both nitrogen and
oxygen donors and are often polydentate in coordinating ability. However, the identity of the
donor can be varied between sulfur, phosphorus, nitrogen, and oxygen to change the donor
properties, and hence the coordination abilities, of the ligand. Schiff bases are sometimes synthe-
sized as compartmental ligands where binding at one site influences a change in conformation in
another site on the molecule for cooperative complexation with two or more metal ions metals.
Schiff bases have been traditionally prepared by the condensation reaction between a formyl- or
carbonyl-containing derivative with primary amine groups in the presence of certain metal ions,
such as alkaline earth cations, that act as templating agents. However, tailoring of the Schiff base
often requires modifications to this very simplistic synthetic procedure.456

Thorium(IV) has been reacted with a pentadentate compartmental ligand for the first crystal
structure reported on a complex with ThIV as a binucleating metal ion. The crystal structure of
the complex has been solved to reveal two Mg[Th2L3]2�6H2O units in the unit cell. Each Th2L3

�

anion, where all the oxygen atoms are deprotonated, comprises a dinuclear unit, where the two
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thorium atoms are coordinated in a bridging fashion with the three central oxygen atoms from
three separate ligands (i.e., each central oxygen donates to both thorium atoms). Each ligand then
donates an oxygen and nitrogen to one thorium atom and the other oxygen and nitrogen to the
second thorium atom. The thorium atoms each have a coordination number of nine and adopt a
slightly distorted tricapped trigonal prismatic conformation.457

Examples of bidentate Schiff bases as extractants for ThIV have also been illustrated. The
ligands N-salicylidene-p-toluidene (HSalTol) and N-salicylidene-p-phenetidine (HSalPhen) can
nearly quantitatively extract ThIV from chloride media into benzene at a pH of 7. The depro-
tonated form of both ligands (designated HSB) is proposed to take place in complexing with
ThIV according to the following extraction equilibrium obtained from slope analysis (see
Equation (29)):

Th4+
(a) + HSB(o) + 3 Cl-(a) Th(SB)Cl3(o) + H+

(a) ð29Þ

The maximum in the extraction at pH 7 indicates that solubilization of the extracted complex
due to hydrolysis or ligand dissolution at high basicity.458

(iii) Macrocyclic ligands

N-Heterocyclic ligands. Porphyrins (see Figure 33) have been shown to complex well with late
transition metals and have recently been shown to complex with actinides of varying oxidation
state. Porphyrins are good as complexing agents, but have poor selectivity. The coordination of
the actinide with a porphyrin is controlled by the oxidation state of the actinide, the cavity size of
the porphyin, and the molar ratio between the metal and the porphyrin. There are cases of the
metal being completely contained within the cavity, adjacent to the cavity, or being sandwiched
between multiple porphyrins.459

5,10,15,20-Tetraphenylporphyrin (H2TPP) complexes with thorium to yield the product
Th(TPP)2. As indicated by X-ray single crystal diffraction data, a 2:1 sandwich style coordination
is present, which creates a coordination number of eight around the thorium. The phenyl groups
which are attached to the porphyrin cause some distortion in the square anitprismatic geometry,
causing the ligands to be offset by about a 30o angle, as seen in Figure 34.

2,3,7,8,12,13,17,18-Octaethylporphyrin (H2OEP) and thorium complex to give a crystal struc-
ture similar to that seen with H2TPP and thorium. In Th(OEP)2, the coordination environment
around the thorium is an ideal square antiprism. The replacement of phenyl groups with
ethyl chains removes any steric hindrance that was present in Th(TPP)2. This is illustrated in
Figure 35.460
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Figure 32 Crystal structure of LUCl3(THF) (L= {(C5H5)Co[PO(OEt)2]3) (Wedler, Gilje et al. J. Organomet.
Chem. 1991, 411, 271).
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Figure 33 A simple porphyrin.

Figure 34 Crystal structure of [Th(C44H28N4)2]�C7H8 (top and side views) (Girolami, Gorlin et al. Journal
of Coordination Chemistry 1994, 32, 173–212).

Figure 35 Crystal structure of Th(C36H44N4)2 (top and side views) (Girolami, Gorlin et al. Journal of
Coordination Chemistry 1994, 32, 173–212).
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A study of H2OEP ligand complexes with UIV and ThIV in the presence of a coordinating
solvent such as THF, benzonitrile, and pyridine give complexes of the type [MIV(OEP)Cl2Ln],
where L is the solvent-type ligand. From NMR and IR data, the proposed structure (Figure 36) is
similar to the Th(OEP)2 structure, except two solvent molecules are bound to the metal along
with two chlorides anions taking the place of one of the porphinato ligands. This would give the
metal a coordination number of eight.461

When H2TPP is treated with a five-fold excess of anhydrous UCl4 and 2,6-lutidine in benzonitrile,
the resulting structure is reported to be U(TPP)Cl2. Upon crystallization from THF, a solvent adduct
is formed of the type U(TPP)Cl2(THF). In Figure 36, a 4:3 piano stool coordination geometry of the
solvent adduct structure is observed with the uranium being complexed above the cavity of the
porphryin, due to the TPP cavity being too small to form a uranium inclusion complex. Bonding is
also improved via the ‘‘saucer-shape’’ of the porphyrin ring. The chlorides maintain charge balance,
while the THF increases the coordination up from six to seven. The coordination around the uranium
is not a traditional coordination arrangement.462

While not common, porphyrins can complex in a manner so as to create a trimeric metallopor-
phyrin as in the case with [(TPP)Th(OH)2]3�H2O. The thorium atoms lie within a square antiprismic
coordination environment with the hydroxides bridging between thorium atoms. The bridging
oxygens of the hydroxide group are in an ideal trigonal prism with respect to one another. This
environment around the thorium atoms can be seen in Figure 37, where all water molecules and
hydrogen and carbon atoms in the porphyrin rings have been removed for clarity.463

Examples of (�5-C4N) coordination in pyrrole-derived macrocyles may be found in the reaction
products of uranium halides with the tetraanion of the macrocycle {[(-CH2-)5]4-calix[4]tetrapyr-
role}.464 As described in Equation (30), the reaction of UI3(THF)4 with the potassium salt of the
tetrapyrrolide in THF generates a dinuclear UIV complex, {[{[(-CH2-)5]4-calix[4]tetrapyrrole}-
UK(THF)3]2(�-O)}�2THF; the oxo group is proposed to come from deoxygenation of a THF
molecule:
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Figure 36 Crystal structure of U(C44H28N4)Cl2(C4H8O) (top and side views) (Girolami, Milam et al.
Inorganic Chemistry 1987, 26, 343–344).
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Figure 37 Crystal structure of [(C44H28N4)3Th(OH)2]3�2H2O�3C7H6 (Kadish, Liu et al. J. Am. Chem. Soc.
1988, 110, 6455–6462).
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[K(THF)4]{calix-[4]-tetrapyrrole]UIC3(THF)4

N N
U

N

N

KTHF

THF

THF

O NN
U

N

N

K THF

THF

THF

+

ð30Þ

Reaction of UI3(THF)4 with the corresponding lithium tetrapyrrolide salt in a 1:2 ratio
generates instead [{[(-CH2-)5]4-calix[4]tetrapyrrole}ULi(THF)2]2�hexane, in which the �-carbon
of one of the pyrrole rings has undergone a metallation reaction. Reaction of the potassium salt
with UI3(DME)4 avoids the complication of THF activation, and the simple trivalent uranate
complex, [{[(-CH2-)5]4-calix[4]tetrapyrrole}U(DME)][K(DME)], is generated. The geometry about
the metal center in these compounds is qualitatively similar to a metallocene complex. The ligand
adopts a �/� bonding mode, in which two of the four pyrrole rings in the macrocycle are �5-bonded
to the uranium, and the other two rings are �-coordinated only through the pyrrole nitrogen. The
U—N (�) bond lengths for the tetravalent derivatives range from 3.39 Å to 2.47 Å; these distances
are slightly longer in the trivalent derivative (�2.53 Å). The �-coordination of the pyrrole
ring yields somewhat longer U—N bond distances (�2.65 Å in tetravalent compounds, 2.74 Å
in the trivalent compound), and U—Cpyrrole bond distances that range from 2.68 Å to 2.88 Å.

Reaction of UI3(THF)4 with [Li(THF)]4{[(-CH2-)5]4-calix[4]tetrapyrrole} in a 1:2 ratio generates the
dinuclear complex [Li(THF)4]2[U2I4{[(-CH2-)5]4-calix[4]-tetrapyrrole}].

465 Partial reduction of UCl4,
followed by reaction with one half of an equivalent of the lithium salt is reported to generate the
mixed-valence compound [Li(THF)2](�-Cl)2{U2[(-CH2-)5]4-calix[4]tetrapyrrole}Cl2�THF. Both of
these complexes display alternate �/�5,�-coordination to opposite pairs of pyrrole ligands in a single
tetrapyrrole group. The bridging nature of the macrocyclic ligand brings the uranium centers into
relatively close proximity (3.4560(8) Å and 3.365(6) Å, respectively); magnetic susceptibility measure-
ments on the UIII/UIII dimer suggests weak antiferromagnetic coupling occurs between metal centers.

Crown ethers. X-ray single crystal diffraction was used to determine the crystal structure of
UIVCl3(dicyclohexyl-18-crown-6) as seen in Figure 38. The coordination geometry around the
uranium is distorted tricapped trigonal prism where the two planar triangles are offset from one
another. This geometry is formed through the nonplanar oxygens of the crown ether and three
chlorides bound to the uranium. Distortion of the crown ether is required in order to achieve
complexation with the uraniumion.
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Figure 38 Crystal structure of [UCl3(C20H40O6)]2�UCl6
.(C3H8)2 depicting the coordination of the UIV in

one of the crown complexes (de Villardi, Charpin et al. J. Chem. Soc., Chem. Commun. 1978, 90–92).
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3.3.2.2.4 Borohydride ligands

Borohydride complexes of the tetravalent actinides are more common and members of the series
An(BH4)4 exist for An=Th, Pa, U, Np, and Pu. The initial method employed for the preparation of
An(BH4)4 involved reaction of AnCl4 or AnF4 with Al(BH4)3 or Li(BH4),

85,466,467 (see Equation (31)):

AnF4 + 2 Al(BH4)3 An(BH4)3 + 2 Al(BH4)F2 ð31Þ

Other synthetic routes have been reported,468,469 including metathesis reactions in ethereal sol-
vents.470 Given the difference in ionic radii of the metal ions, it is not surprising that not all An(BH4)4
compounds are isomorphous. Two different polymeric morphologies of U(BH4)4 have been identi-
fied.471–474 In the most common form,471,472 the uranium atom is coordinated by six borohydride
ligands in a pseudooctahedral fashion. Two cis-borohydride groups are tridentate, while the other
four are bidentate, and bridge two uranium atoms. The overall polymeric chain is helical. Another
form has been identified in which the two tridentate borohydride groups reside in trans-positions of
the octahedron, while equatorial bidentate BH4 groups bridge metal centers to create a polymeric
sheet structure. Th(BH4)4 and Pa(BH4)4 are reported to be isostructural with the major form of
U(BH4)4.

466,475 In contrast, the neptunium and plutonium compounds are monomeric, with a
pseudotetrahedral arrangement of tridentate borohydride groups surrounding the metal center.475

Substituted analogues An(MeBH3)4 (An=Th, Pa, U, Np) have been prepared either by
reaction of An(BH4)4 with BMe3 (see Equation (32)),476 or by metathesis routes employing
LiBH3Me (see Equation (33)):477–479

AnCl4 + 4 LiBH3Me An(MeBH3)4 + 4 LiCl

(An = Th, Pa, U, Np)

ð32Þ

PaCl5 + LiBH3Me `Pa(MeBH3)4 ð33Þ

As in the case of trivalent borohydride complexes, a number of base adducts have been
prepared and characterized. In the case of adducts of U(BH4)4, the size of the base can control
the dimensionality of the resulting product. The 1:1 adducts with small dialkylethers (e.g.,
[U(BH4)4(OMe2)]n, [U(BH4)4(OEt2)]n)

480 form chains in the solid state, in which bidentate boro-
hydride groups bridge pseudooctahedral uranium centers; the remaining borohydride groups are
tridentate, and the remaining coordination site is occupied by the ether ligand. Use of the slightly
larger Prn2O ligand results in the formation of an unusual dimer formulated as (Prn2O)2(�

3-
BH4)3U(�-�2,�2-BH4)U(�3-BH4)4

481 (see Figure 39). Use of the methylborohydride group inhibits
the formation of polymeric products, due to its inability to act as a bridging bidentate ligand.
Therefore, the diethylether and THF adducts of Th(MeBH3)4 are found to be dimeric, with two
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Figure 39 Crystal structure of (n-Pr2O)2 (�3-BH4)3U(�-�2,�2-BH4)U(�3-BH4)4 (Zalkin, Rietz et al. Inorg.
Chem. 1978, 17, 661).
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bridging methylborohydride ligands.482 The complex (MeBH3)3Th(�-MeBH3)2Th(MeBH3)3(OEt2)
only exhibits ether coordination to one end of the dimer, presumably due to steric factors.

Tetrahydrofuran forms 2:1 adducts with U(BH4)4 and U(MeBH3)4. In the solid state the
complexes exists as a pseudooctahedral monomer with trans-THF ligands and tridentate borohy-
dride groups.318,483,484 The tetrahydrothiophene analog of U(MeBH3)4 is not isostructural. The
complex [U(MeBH3)4(THT)]2 is a dimer with metal centers bridged by the sulfur atoms of the
tetrahydrothiophene groups.318 The complex U(BH4)4(OPPh3)2 has also been reported.485,486

Coordination of U(MeBH3)4 by the bidentate ligands Me2PCH2CH2PMe2, MeOCH2CH2OMe,
Me2NCH2CH2NMe2, and MeSCH2CH2SMe produces monomeric, octahedral adducts.45,181

Few cationic or anionic derivatives are known. Addition of LiBH4 to Th(BH4)4 is reported to
generate the ‘‘ate’’ complexes Li[Th(BH4)5] and Li2[Th(BH4)6].

470

3.3.2.3 Pentavalent Oxidation State

3.3.2.3.1 General characteristics

Protactinium, uranium, neptunium, and plutonium all can be generated in the pentavalent
oxidation state in aqueous media, although hydrolysis results in the formation of the dioxo
species AnO2

þ for all but protactinium. The NpO2
þ ion is most stable in aqueous solutions; in

contrast, UO2
þ and PuO2

þ disproportionate readily. The actinyl ions display a linear O—An—O
unit, and coordination chemistry is restricted to that of the equatorial plane, or ‘‘belly band’’
about the metal center. The lower charge-to-surface area ratio of these ions makes them much
weaker acids, thereby reducing hydrolysis. Complexes of pentavalent early actinides not contain-
ing the AnO2

þ unit can be isolated from nonaqueous media, either by oxidation of lower valent
precursors or from reactions employing precursors such as the pentavalent halides.

3.3.2.3.2 Simple donor ligands

(i) Ligands containing anionic group 15 donor atoms

Amide complexes. Pentavalent amide and related N-donor complexes of the actinides are
relatively rare in comparison to analogous alkoxide complexes (vide infra). In most cases, these
species are prepared by oxidation of tetravalent precursors. The complexes [Li(THF)]2-
[U(NMe2)6] and [Li(THF)][U(NEt2)5], prepared by the reaction of UCl4 with excess lithium
amide salts LiNMe2 and LiNEt2 in THF,106 can be oxidized by either TlBPh4 or AgI to generate
the uranium(V) species [U(NMe2)6]

� and U(NEt2)5, with concommitant formation of Tl0

or Ag0.104,106 Determination of the molecular weight of U(NEt2)5 indicates that it is a monomer in
benzene solution.

In several instances, the generation of a uranium(V) complex is the result of fortuitous oxida-
tion during reaction. A hexakis(amido)uranate complex, [Li(THF)x][U(dbabh)6]

� (Hdbabh=
2,3:5,6-dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene) is generated in an unusual redox reaction
employing UI3(THF)4 as a starting material (see Equation (34)):487

NU

6

-

[Li(thf)x]+UI3(THF)4 + 7 Li(OEt2)(dbabh)
THF, -100 °C, warmed to 20 °C  

-3 LiI, -anthracene, -"Li3N"

ð34Þ

UCl4 + 2 MeC6H4C(NSiMe3)(NSiMe3)2 [4-MeC6H4C(NSiMe3)2]2UCl3
O2 ð35Þ
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The complex UCl2{N[CH2CH2P(Pr
i)2]2}3 has also been reported.488 This complex was pro-

duced adventitiously in the reaction of UCl4 with LiN[CH2CH2P(Pr
i)2]2, presumably by oxidation

of UIV by traces of oxygen.
Amidinate complexes. In other cases, isolation of UV comes about as the result of aerobic

oxidation. The interesting pentavalent benzamidinate derivative [4-MeC6H4C(NSiMe3)2]2UCl3
was produced by adventitious aerobic oxidation during reaction of UCl4 with the corresponding
silylated benzimidine (Equation 35).489

(ii) Ligands containing neutral group 15 donor atoms

Ammonia and amines. Complexes of pentavalent actinides with ammonia or amine adducts are
rare. The only reported members of this series are adducts of the electron-poor alkoxide complex,
U(OCH2CF3)5. The ammonia adduct, U(OCH2CF3)5�(6–12)NH3, was proposed as the product of
the reaction between UCl5 and CF3CH2OH in the presence of excess ammonia. The amine
adducts U(OCH2CF3)5�xR2NH (x= 3, R=Me; x= 2, R=Prn) and U(OCH2CF3)5�2NMe3 are
prepared by reaction of the alkoxide complex with excess amine in ether, followed by removal
of the solvent under reduced pressure, and vacuum distillation of the products. All are reported to
be green liquids.

Heterocyclic ligands. Complexes of UCl5 with a variety of N-heterocyclic ligands, including
pyridine, 2-mercaptopyridine, quinoline, isoquinoline, 2,20-bipyridine, pyrazole, and substituted
pyrazoles, pyrazine, pthalazine, and phenazine have been reported. These complexes are generally
prepared by reaction of the ligand with UCl5 or its trichloroacrylolyl chloride compound,
UCl5�C3Cl4O. The majority of the complexes in this series are not well characterized. In addition,
ambiguity exists in several cases regarding the ligand to metal ratio, which also brings
into question the coordination number of the uranium species. In at least one case (UCl5�bipy),
the complex is a 1:1 electrolyte in solution, and is therefore probably best formulated as
[UCl4(bipy)]Cl.

490 Adducts have been reported to form between N-heterocycles 1,10-phenanthro-
line, and phenazine and the ion UOCl5

2�;491,492 it is likely that these are ionic species in solution
as well.

A more thorough study has been conducted of the chemistry of UF5 with the heterocyclic bases
2-fluoropyridine (F-py) and 2,2-bipyridine (bipy).493 While the reaction of F-py with �-UF5

appears to lead to reduction of the metal center, reaction with bipy in acetonitrile generated the
compounds UF5(bipy) and [(bipy)2H][UF6] (obtained in the presence of excess bipy). The com-
plex UF5(bipy) has been characterized by single crystal X-ray diffraction. Two different morpho-
logies may be isolated from solution, depending on the temperature of the reaction. In both forms,
the coordination geometry about the uranium center is a distorted fluoride monocapped trigonal
prism (see Figure 40).

Nitriles. Reaction of UF5 in acetonitrile with either Me3SiCl or UCl5 gives rise to the mixed
halide nitrile adduct, UCl2F3(MeCN).494 Acetonitrile adducts of the pentabromide complexes
AnBr5(MeCN)x (An=Pa, x= 3; An=U, x= 2–3) have also been reported, as has the complex
Pa2O(NO3)8�2MeCN.495

Phosphines, arsines. It has been reported that the adducts UCl5(PPh3) and UCl5(dppe) can be
prepared by reaction of UCl5 with the corresponding phosphine,490,496 although subsequent

N2
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U1
F3

F4

F1
F2

Figure 40 Crystal structure of UF5(bipy) (Arnaudet, Bougon et al. Inorg. Chem. 1994, 33, 4510).
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papers have called these formulations into question.497 One example of a crystallographically
characterized pentavalent phosphine complex has appeared; the complex UCl2[{[(Pr

i)2
PCH2CH2]2N}3 has been reported.488

The diars complex PaCl5(diars)x (x= 1�2) has been reported (diars= o-phenylenebis(dimethyl-
arsine)).192

Thiocyanate and selenocyanate. Thiocyanate complexes of dioxoneptunium(V) have been
prepared. The species Cs4[NpO2(NCS)5] and NpO2(NCS)(urea)4 have been reported; the latter
complex has been structurally characterized.498

(iii) Ligands containing anionic group 16 donor atoms

Oxides. The most common pentavalent actinide oxides are the monoclinic Pa2O5 and Np2O5.
499

There are also mixed valent oxides, such as U3O8 and some evidence that the superstoichiometric
oxide PuO2þx contains PuV.500 Ternary oxides, M3AnO4 and M7AnO6 exist for An=Pa, U, Np,
and Pu, where M is generally an alkali metal and Ba2U2O7 has been reported.

Hydroxides. The hydrolysis of NpV has been studied more than that of any other pentavalent
actinide because it is the most stable oxidation state for Np and it is an actinide ion of significant
concern for environmental migration. Pentavalent uranium disproportionates in aqueous solution at
pH values where hydrolysis would occur. Hydrolysis products for PaV, PuV, and AmV are very similar
to, but much less stable than those of Np, so only Np hydroxides will be described in detail. Neptunyl
hydrolyzes at about pH 9, to form the stepwise products, NpO2(OH) and NpO2(OH)2

2þ, which have
been identified by optical absorbance and Raman spectroscopy.501–503 In addition to the hydroxide
these complexes likely have two or three inner-sphere waters in the equatorial plane and pentagonal
bipyramidal coordination geometry.

The monohydroxide hydrate solid is amorphous and has not been fully structurally characterized.
Attempts to increase the crystallinity have produced Np2O5. Mixed hydroxo carbonato complexes,
such as NpO2(OH)(CO3)2

4� or NpO2(OH)2(CO3)
4� have been proposed to explain the solubility

behavior of NpV solids in basic carbonate solution but they have not been characterized.
Single crystal structure X-ray diffraction analyses and structural classification of synthetic and

natural mineral phases have revealed interesting actinide coordination chemistry.504,505 This
approach has led to the identification of UV in CaU(UO2)2(CO3)O4(OH)(H2O)7, the mineral
wyartite.506 The structure contains three unique U positions. Two of these are uranyl ions with
the typical pentagonal-bipyramidal coordination. The third is also seven-coordinate, but does not
contain ‘-yL0 oxygens; and polyhedral geometry and electroneutrality requirements indicate that
this site contains UV.

Carbonates and Carboxylates. Pentavalent actinide carbonato complexes are generally prepared
by addition of alkali metal carbonate solutions to acidic solutions of the AnV ion. For example,
the mono-, bis- or triscarbonato Np complexes, NpO2(CO3)

�, NpO2(CO3)2
3�, and

NpO2(CO3)3
5�, can be isolated by varying the carbonate concentration.507 The triscarbonato

complexes of NpV and PuV can also be prepared electrochemically, and the UV complexes has
only been prepared electrochemically from UO2(CO3)3

4�.508 These complexes all have the general
actinyl carbonate structure with the axial AnO2 and the oxygen atoms of the aquo and bidentate
carbonato ligands arrayed about the equatorial plane to form a pentagonal or hexagonal bipyr-
amidal coordination polyhedron. The triscarbonato complex is isostructural with the hexavalent
analog, with a longer actinyl distance of 1.85 Å (vs. �1.75 Å for NpVI) and very similar carbonate
bond distances.509 Interestingly, the Raman frequencies of the actinyl decrease linearly with
increasing atomic number of the actinide.510 Mixed hydroxo carbonates, NpO2(CO3)2(OH)2�

and NpO2(CO3)2(OH)2
3�, have been studied in solution.502

Solids corresponding to nearly all of the solution species (the UV is one exception) have been
prepared as microcrystalline powders via precipitation.511–515 The structures of compounds
MNpO2(CO3) and M3AnO2(CO3)2, where M is an alkali metal or ammonium, have been
described in detail.47,515,516 These compounds show interesting structural changes due to the
alkali metal cation present (size), the size similarity of hydrated ions such as K and NpO2

þ,
and the extent of hydration.

For example, for MNpO2(CO3) where M=Csþ, Rbþ, NH4
þ, Kþ, Naþ, and Liþ, a hexagonal-

to-orthorhombic phase change is observed within the NpO2(CO3) layer at the potassium–sodium
boundary. The solids both contain actinyl carbonate layers and the hexagonal and orthorhombic
sheets are related by displacement of the chains of actinyl units through half a translation along
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the crystallographic a-axis. The orthorhombic structure appears to allow for the closer contacts
necessary for the smaller sodium and lithium cations. The potassium monocarbonate appears to
swell along the c-axis with (reversible) hydration, suggesting the pentavalent actinides have a
more complex structure than the actinyl(VI) carbonate layers and may be represented by the
general formula of KanO2(CO3)�nH2O with intercalated water molecules (see Figure 41).

The biscarbonato solid M3NpO2(CO3)2 maintains the same orthorhombic layered structure as
seen in MAnO2(CO3), except that one half of the AnO2

þ ions in the anionic carbonate layer have
been replaced by alkali metal cations. One can envision that Mþ and AnO2

þ cations form
alternating chains within the familiar hexagonal sheet and give rise to the approximate compos-
ition [M0.5(AnO2)0.5(CO3)] within the layer. The cation and anion layers are now oriented such
that an alkali metal cation, Mþ, lies directly above and below the linear AnO2

þ ion of adjacent
sheets. The anionic carbonate layer and the cationic potassium layers line up such that they are
parallel to the crystallographic c-axis, and this allows for an M—O¼An interaction between
layers. In this way, a second infinite chain of O¼An¼O—M—O¼An¼O units is formed,
resulting in a maximally ordered structure.

The observations by Volkov et al.517 that alkali cations can occupy the same sites as the AnO2
þ

ion explains the structure of M3AnO2(CO3)2, and may explain the presence of nonstoichiometric
solids such M4AnO2(CO3)2.5�nH2O (see Figure 42). This solid could easily arise from further replace-
ment of AnO2

þ ions in the layers by alkali metal cations,Mþ. In this way it was proposed that solids of
intermediate compositions M(3þ2x)AnO2(CO3)(2þx)�nH2O, where 0= x= 0.5, with cations and waters
exchanging into the solid, could exist while still preserving the basic structural features.517

Neptunium(V) complexes with polycarboxylic acid ligand are the most described among other
actinides in the pentavalent oxidation state. In solution of EDTA at pH 5–6 NpO2Y

3� is formed,
its thermodynamic stability and the complex extractability have been reported. With citric acid
at pH 4–5 the compounds NpO2Cit2- and NpO2Hcit are formed. The formation [Co-
(NH3)6][NpO2L].3H2O, and (NpO2)2H2L.5H2O through the reaction of NpO2

þ with EDTA(H4L)
in aqueous solution has been reported.

Nitrates. No inner-sphere AnV nitrate solution complexes have been characterized. The
solid nitrates of NpV and PaV, NpO2(NO3)�xH2O (x= 1, 5), RbNpO2 (NO3)2�H2O, and
PaO(NO3)3�xH2O (x= 1–4) can be precipitated from aqueous solution at high nitrate concentra-
tions.518 The hexanitratoprotactinates, MPa(NO3)6, where M is a alkali metal or quaternary
amine, have been prepared by treating the chloro complex salts MPaCl6 with liquid N2O5. The
acid, MPa(NO3)6 is also known. In these compounds the protactinium(V) is presumably
12-coordinate by comparison with the tetravalent Np and Th nitrates. Neptunyl(V) nitrates have
been starting materials for the preparation of ‘‘cation—cation’’ complexes, where actinyl ion
interactions such as NpV–NpV and NpV–UVI are thought to be significant. An interesting solid
in this class is the orthorhombic Cs4(NpO2)3Cl6(NO3)2�H2O, in which pentagonal bipyramidal Np
polyhedra are linked to form layers of composition [(NpO2)2Cl4(NpO2)(Cl) (H2O)]n
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Figure 41 Molecular structures of MNpO2(CO3) (two morphologies).
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this compound and its mixed-valent NpV/NpVI decomposition product, which also contains
neptunyl oligomers, have structures and bond distances that suggest actinyl–actinyl interac-
tions.520 While these structural features in the solid state can be alternatively attributed to packing
forces, the numerous reports of increased extraction of one actinyl with the addition of another
actinyl suggest the interaction may be significant.521 For example, the extraction of NpV with
CMPO from nitric acid increases with the addition of UVI.522 A pentavalent actinide nitrite
complex, NpO2NO2, was reported in a study of Np complexation by a variety of inorganic
ligands but it has not been characterized.523

Phosphates and arsenates. Neptunyl and plutonyl phosphate complexes have been prepared
from AnIV phosphoric acid solutions. There is good evidence for NpO2HPO4

� and PuO2HPO4
�,

but their structures were not reported.524,525 Additional complexes undoubtedly are formed, but
their stoichiometries are not certain.46 Protactinium phosphate solids, such as PaO2(H2-

PO4)3�2H2O, have been reported, but without structural information. Simlarly PaV and NpV

arsenato complexes, such as H3PaO2(PhAsO3)2 NpO2H2PO4 have been reported, but no struc-
tural information is available for them.

Sulfates and selenates. Two types of neptunyl sulfates have been well characterized. The simple
binary salt, (NpO2)2SO4�xH2O, where x= 2, 4.5, and 6, can be precipitated from neptunyl
sulfuric acid solutions. And bis(sulfato) complexes, [Co(NH3)6]NpO2 (SO4)2�3H2O and
[Co-(NH3)6]NpO2(SO4)2�M2SO4 xH2O, where M=Na, K can be isolated by adding NpV to the
preparation of Co(NH3)6(SO4)2.

526 Interestingly, AmV analogues of these sulfates have been
reported, but those for PuV have not. Protactinium oxosulfate, H3PaO(SO4)3 can be be precipitated
from H2SO4/HF. Similarly, H3PaO(SeO4)3 can be precipitated from H2SeO4/HF solutions of PaV.

Perchlorates and iodates. Hydrated neptunium(V) iodate and a salt of a complex anion,
[Co(NH3)6](NpO2)2(IO3)5�4H2O, have been reported based on elemental analyses and powder
diffraction data. The structure of NpO2(IO3) was determined by single crystal X-ray diffrac-
tion.527 Its structure consists of neptunyl(V) cations linked to one another by both NpO2

þ—
NpO2

þ bonds and bridging iodate anions creating a pentagonal bipyramidal NpO7 unit. Oxygen
atoms from the iodate anions occupy three of the equatorial sites in the NpO7 units. Both oxo
atoms of the neptunyl(V) units are involved in coordinating adjacent NpV centers, leading to the
creation of a two-dimensional neptunium oxide sheet. A perrhenate complex of PaV, PaO-
(ReO4)3�xH2O, has also been reported.

Alkoxide complexes. In contrast to the propensity of many uranium(V) species to dispropor-
tionate to uranium(IV) and uranium(VI), homoleptic uranium(V) alkoxide compounds are quite
stable toward disproportionation. Gilman and co-workers reported the synthesis of dark brown
uranium(V) pentakis(ethoxide) from a metathesis reaction between UCl4 and four equivalents of
sodium ethoxide.528. In this early report, it was noted that better yields were obtained ‘‘when no
great care was taken to exclude air from the reaction,’’ and in the presence of oxygen, the product
yield was 80%. The mechanism shown in Equations (36) and (37) was suggested for this reaction.
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UCl4 + 4 Na(OCH2CH3) U(OCH2CH3)4 ð36Þ

5 U(OCH2CH3)4 + O2 4 U(OCH2CH3)5 + UO2 ð37Þ

Molecular weight determinations were consistent with a dimeric structure, [U(OCH2CH3)5]2,
and the compound can be distilled at 123 �C (0.001 Torr). Species that are thermally stable,
distillable or sublimable are desirable for use in the separation of metal isotopes. The number of
ensuing reports describing various synthetic routes to [U(OCH2CH3)5]2 are evidence of that
motive.528–536 Some of these methods are described by Equations (38) to (43):

U(OCH2CH3)4 + 1/2 Br2 U(OCH2CH3)4Br
Na(OCH2CH3)

-NaBr
U(OCH2CH3)5

ð38Þ

UCl5 + 5 NaOCH2CH3 U(OCH2CH3)5 + 5 NaCl ð39Þ

UCl5 + 5 HOCH2CH3 + 5 NH3 U(OCH2CH3)5 + 5 NH4Cl ð40Þ

NaU(OCH2CH3)6 + HCl U(OCH2CH3)5 + NaCl + HOCH2CH3 ð41Þ

(C5H6N)2U(O)Cl5 + 5 NH3 + 3 HOCH2CH3 OU(OCH2CH3)3 + 5 NH4Cl + 2 C5H5N

ð42Þ

UF5 + 5 NaOCH2CH3 U(OCH2CH3)5 + 5 NaF ð43Þ

Uranium(V) homoleptic pentakisalkoxides, mixed alkoxides, oxo/alkoxides (UO(OR)3), or
solvate derivatives (OR, R=Me, Pr, Pri, Bu, Bui, Bus, But, CH2CF3, CH2CH¼CH2,
(CH2)4CH3, CH2CH2Pr

i, CH2CHMeEt, CH2Bu
t, CHEt2, CHMePr, CHMePri, CMe2Et,

CMe2Pr, CMe2Pr
i, CMeEt2, CMeEtPri, CEt3) were prepared using these reaction routes or simple

alcohol exchange in refluxing benzene.262,529,537,538 Displaced ethanol is removed azeotropically
with benzene.

Molecular weight determinations of uranium(V) pentakisalkoxide complexes537–540 suggest that
most are dimeric, except for polymeric [U(OMe)5]x and a few species incorporating sterically
bulky alkoxide ligands. Spectroscopic data (absorption, 1H NMR) supports the prediction that
[UV(OCH2CH3)5]x exists as a dimer at room temperature, and 1H-NMR analysis suggests that
[UV(OPri)5]x exists as a monomer–dimer equilibrium at room temperature.541–544 The structure of
[U(OPri)5]2 dimer was later confirmed and further elucidated by single crystal X-ray diffraction
analysis. The compound has an edge-sharing bioctahedral structure.262

Attempts to prepare other homoleptic An(OCH2CH3)5 compounds (An=Pa, Np) have been
reported. Protactinium(V) pentakisethoxide was prepared from the metathesis reaction between
PaCl5 andNaOCH2CH3 in ethanol, and the compound was formulated as [Pa(OCH2CH3)5]x (x> 5)
based upon analysis of the infrared spectrum and molecular weight determination in benzene.545

Another study showed that oxidation of Np(OCH2CH3)4 with bromine and NaOCH2CH3 in CCl4
produced NpBr(OCH2CH3)4.

269 Further addition of NaOCH2CH3 to a solution of
NpBr(OCH2CH3)4 in tetrahydrofuran only resulted in reduction to an unidentified NpIV species,
based on absorption spectra of the solution.

Complex salts have also been prepared. The M[U(OCH2CH3)6]x salts (M=Na, x= 1; Ca, x= 2;
Al, x= 3) were prepared by allowing U(OCH2CH3)5 to react with respective metal alkoxides in a
1:1 ratio.530,543 NaU(OCH2CH3)6 decomposed with heat, but Ca[U(OCH2CH3)6]2 was purified by
sublimation and Al[U(OCH2CH3)5]3 can be distilled.

Lewis base adducts of U(OCH2CH3)5 have been prepared with acetonitrile, THF, pyridine, and
SO2,

543 and adducts of U(OCH2CF3)5 were prepared with a number of aliphatic amines (NMe3,
NPrH2, NPriH2, NPr2H, NMe2H, ethylenimine).529,530 Later reports of the synthesis of poly-
fluoroalkoxides ethanol adducts U[OC(CF3)3]4(OCH2CH3)(HOCH2CH3), and U[OCH-
(CF3)2]4(OCH2CH3)(HOCH2CH3) from the reaction between the respective fluorinated alcohol
with U(OCH2CH3)

543,546 determined these complexes to be monomeric.
A variety of mixed ligand/alkoxide uranium(V) products are also isolable. Substitution com-

pounds (U(OR)4L, U(OR)3L2, U(OR)2L3) were prepared from the reactions of U(OCH2CH3)5
with HCl, �-ketoesters (2,2,2,-trifluoroaceto acetate, methyl acetate, ethyl acetate), acetyl chlorides
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(MeCO2R, R=Et, Pri, Pentylt) or �-diketones (acetylacetone, benzoylacetone).530,547,548 Other
mixed halogen/alkoxide uranate products have been reported.549 Anhydrous ethanol was allowed
to react with hexahalogenouranates, MUVX6 (M=N(CH2CH3)4, As(C6H5)4; X=Cl, Br) at room
temperature to yield MU(OCH2CH3)2X4. The reaction of HF with U(OCH2CH3)5 is suggested to
form U(OCH2CH3)2F3.

543

The mixed valence dinuclear species U2(OBut)9 was obtained from unstable K[U2(OBut)9]. The
dimer crystallizes as a face-sharing bioctahedron.262 Theoretical studies have been carried out to
understand the lack of metal–metal bonding in these dinuclear uranium alkoxide structures.550

Syntheses of a variety of uranium(V) species employing phenoxide ligands have been described.
In the preparation of uranium(V) aryloxide compounds via alcohol exchange, both products of
partial alcohol replacement (U(OC6H5)4(OCH2CH3) and U(OC6H5)3(OCH2CH3)2)

551 and com-
plete exchange (U(OPh)5)

543 have been reported from reactions with U(OCH2CH3)5, depending
on stoichiometry and reaction conditions. The synthesis and characterization of analogous
uranium(V) perfluorophenoxide, U(OC6F5)5(HOCH2CH3), have also been presented.543 The
metathesis reaction between CsUCl6 and NaOC6H5, followed by extraction with N,N-dimethyl-
formamide led to an ‘‘ate’’ product of composition close to U(OC6H5)4Cl�2 DMF.551 A unique
UV/UVI mixed valence uranium phenoxide aggregate, {[UV(OC6H5)3(THF)]2[U

VIO2(THF)]2}-
(�-OC6H5)4(�-O)2, was synthesized by the reaction of NaOC6H5 with UCl3�xTHF in tetrahy-
drofuran.55 The structure of the complex consists of two seven-coordinate uranium(V) metal
centers and two five-coordinate uranyl groups (UVIO2

2þ) bridged by phenoxide and oxo ligands.
Thiolate complexes. Uranium(V) thiolate compounds have also been prepared. It was reported

that addition of H5C6SSC6H5 to UCl5-Cl2C¼CClCOCl allowed for the formation of a
uranium(V) arylsulfide compound, [UCl4(SPh)]2, as characterized by elemental analysis.490,552 In
another report, p-thiocresol was allowed to react with [UV(OCH2CH3)5]x in benzene under reflux
to obtain U(SC6H4CH3)4(OCH2H3) in 74% yield.551 Reactions of [UV(OCH2CH3)5]x were carried
out with a series of thiosalicylic, thiolactic, and thiobenzoic acids, as well as alkyl thioglycolates in
variable stoichiometric ratios to form substitution compounds that were characterized by ele-
mental analysis.553

(iv) Ligands containing neutral group 16 donor atoms

The pentavalent oxidation state is accessible for the early actinides uranium, protactinium,
neptunium, and plutonium. Pentavalent species with neutral Group 16 bases can include either
adducts of AnX5 or complexes incorporating oxo-containing cations, AnO3þ or AnO2

þ.
Aqua species. Ready hydrolysis ensures that all aqua species of pentavalent actinide species

include oxo or hydroxide ligands. Representative aqua species are presented in Table 28. Early
reports of hydrates were unable to differentiate between coordinated water and water included in
the lattice of a complex. There are several structurally characterized examples in this class.
Examples include the complex [(NpO2)2 (SO4)(H2O)], in which the water is bound to one of the
two neptunium centers to complete a coordination number of eight,554 and NpO2-ClO4�4H2O,555

which is shown to be an ionic complex with four water molecules in equatorial positions of the
pentagonal bipyramidal geometry. Other structurally characterized neptunyl hydrates include
(NpO2)2 (NO3)2�5H2O,556 NpO2Cl�H2O,554 and the tri- and tetrahydrates of neptunyl malonate,
(NpO2)2C3H2O4�xH2O (x= 3, 4).556

Ethers. The only reported ether compounds of pentavalent actinides are the species UCl5�ether,
where ether=THF or R2O (R=Me, Et, Pri, Bun, and i-C5H11). Dioxane is suggested to form
either both 1:1 and 1:3 (U:L) adducts.557

Ketones, aldehydes, esters. Adducts of UCl5 with a number of ketone derivatives of polycyclic
aromatics have been reported. The complexes UCl5�L (L= anthr-10-one, 9-methyleneanthr-
10-one, 1,9-benzoanthr-10-one, and 9-benzylideneanthr-10-one) are likely six coordinate.
The ligands anthr-10-one and 1,9-benzoanthr-10-one also appear to form 1:2 (An:L) complexes.
The trichloroacryloyl chloride complex UCl5�Cl2C¼CClCOCl has been identified as the initial
product of the reaction of UO3 with hexachloropropene; this species subsequently thermally
decomposes to yield UCl5. Under the common reaction conditions the UCl5 thus generated
spontaneously converts to UCl4.

The ester complexes U(OR)X4�MeCO2R (R=Et, X=Cl or Br; R=Pri, X=Cl) were generated
by the reaction of U(OR)5 with acyl halides MeCOX.

Carbamides. The only reported carbamide complex is U(OC6H5)4Cl�2DMF.551
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Urea. The complex NpO2(NCS)(urea)4 has been structurally characterized;498 the four urea
molecules lie in the equatorial plane of the pentagonal bipyramidal geometry.

Phosphine oxide. Many reported actinide-phosphine oxide adducts are those of the actinide
halide complexes (see Table 29). Most are obtained by direct reaction of the two constituents
in nonaqueous media. UCl5(OPPh3) has been structurally characterized;558 the coordination
environment is best described as approximately octahedral.

Sulfoxide. The complex Pa(tropolonate)4Cl�DMSO has been reported.559

Phosphine sulfide, phosphine selenide. Considering the aforementioned instability of P¼S and
P¼Se bonds, it is not surprising that the only reported complexes in this class involve PaV, the
most stable actinide of that oxidation state. The complexes PaX5L (X=Cl, Br; L=Ph3PS,
(Ph2PS)2CH2, Ph3PSe, and (Ph2PSe)2CH2 have been identified.560

(v) Ligands containing Group 17 ligands

Binary halides. A number of homoleptic halides of pentavalent protactinium, uranium, and
neptunium have been reported. In particular, the fluoride complexes AnF5 are prepared by high

Table 29 Complexes of actinide(V) compounds with P-oxides.

MX5�R3PO R= n-C8H17, M=U, X=Cl
R=Me2 N, M=U, X=Br
R=Ph, M=Pa, U, X=Cl, Br

PaCl5�Ph2(PhCH2)PO
MX5�2Ph3PO M=Pa, X=F, Cl, Br; M=U, X=F, Cl
UCl2F3�2Ph3PO
PaBr5�(Ph2PO)2CH2

Pa(OEt)2X3�Ph3PO X=Cl, Br
PaOX3�2Ph3PO X=Cl, Br
NpO2NO3�3(n-C8H17)3PO
[NpO2{(n-C8H17)3PO}4]ClO4�H2O

Table 28 Some hydrates of protactinium(V), uranium(V), neptunium(V), and plutonium(V) compounds.

PaF5�xH2O x= l, 2
(Et4N)2(UOF5)�2H2O
NpOF3�2H2O
NpO2(ClO4)�xH2O x= 3, 7

MIMVO2(CO3)�xH2O MI=Na, MV=Np, x= 0.5, 1, 2, 3, 3.5 or 4; MV=Pu, x unspecified
MI=K, Rb, MV=Np, Pu
MI=NH4, M

V=Np, Pu (x= 3)
(NH4)2PuO2(CO3)(OH)�xH2O
K3M

VO2(CO3)2�xH2O MV=Np, Pu (x � 2)
Pa(C2O4)2(OH)�6H2O
PaO(C2O4)(OH)�xH2O 2< x< 4
NpO2(HC2O4)�2H2O
(NpO2)2C2O4�H2O
MINpO2(C2O4)�xH2O MI=Na, x= 1, 3; K, x= 2; NH4, x= 2.2, 3; Cs, x= 2, 3
MNpO2(C2O4)2�xH2O MI=Na, K, NH4

MNpO2(C2O4)3�xH2O MI=Na, K, NH4, Cs
PaO(NO3)3�xH2O 1< x< 4
NpO2(NO3)�xH2O x= l, 5
RbNpO2(NO3)2�H2O
PaO(H2PO4)3�2H2O
NH4PuO2HPO4�4H2O
[Co(NH3)6]NpO2(C2O4)2nH2O
(n= 3, 4)

[Co(NH3)6]NpO2(SO4)2�3H2O
[Co(NH3)6]NpO2(SO4)2� MSO4�xH2OMI=Na, K
[Co(NH3)6](NpO2)2(IO3)5�4H2O
PaO(ReO4)3�xH2O
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temperature oxidation of the tetravalent fluorides with fluorine or other potent fluorinating agents
(e.g., KrF2), or by reduction of the hexafluorides with iodine or PF3. The synthesis of NpF5

by oxidation of [NpF6]
� with BrF3 in anhydrous HF has also been reported.561 Two crystal-

lographic forms (�-, �-) exist for UF5; the neptunium compound is reported to be isostructural
with �-UF5,

562 whereas PaF5 has the same structure as �-UF5.
563 In the alpha form, the uranium

lies within an octahedral coordination environment. In the beta form, the uranium center is eight-
coordinate, with a geometry intermediate between dodecahedral and square antiprismatic.564

Heavier pentahalides have also been reported for protactinium and uranium. Protactinium is
reported to form PaCl5, PaBr5, and PaI5; the chloride and bromide derivatives have been
structurally characterized.565,566 UCl5 exists in two morphologies (�-, �-); UBr5 appears to be
isostructural with �-UCl5.

Several mixed halides AnXnX’5�n have also been reported.
Complex halides. The major classes of complex halides are M[AnX6], M2[AnX7], and M3[AnX8]

(M= alkali metal). The complexes are generally prepared either by reaction of the appropriate
pentahalide complex with the alkali metal halide salt, or by in situ reaction, where the pentahalide is
produced directly in the presence of MX. The uranium complexes M[UX6] (X=F, Cl); the metal ion is
octahedrally coordinated,567–570 as are the actinide centers in [NO][AnF6] (An=Np, Pu).571 For the
larger protactinium ion, higher coordination numbers can be accomodated, and the complex RbPaF6,
the metal center is eight-coordinate.572 Similarly, the compounds MPaF7 display a nine-coordinate
metal center,573whereas the smaller metal ions in Rb2AnF7 (An=Np, Pu) can only accommodate seven
fluoride ions in their coordination sphere. The octafluoro complexes Na3[AnX8] (An=Pa, U, Np) have
been reported; each the metal center lies in a cubic environment.574

Oxohalides. Binary oxohalides of the formulae AnOX3, AnO2X, An2OX8, An2O3X4, and
An3O7X have been reported, most commonly for protactinium, but also in some cases for
uranium and neptunium. The complexes are polymeric in the solid state; the structure of
PaOBr3 demonstrates that the metal center is in a pentagonal bipyramidal geometry of three
oxygen and four bromine atoms.575 The structure of NpO2Cl�H2O has been determined.576

A limited number of complex oxohalide complexes have been characterized. Complexes of the
classes (NR4)2[AnOX5], MAnO2X2, and M3[UO2Cl4] (M= alkali metal) have been reported.
Several members of the latter class have been structurally characterized and display a pseudo-
octahedral geometry about the metal center.577

3.3.2.3.3 Chelating ligand

(i) Multidentate donor ligands

Hydroxamate. Similar to trivalent hydroxamates, pentavalent actinide hydroxamate complexes
are generally unstable relative to tetravalent and/or hexavalent complexes. PuVI or PuV hydro-
xamate complexes can be prepared; however, at near-neutral and basic pH they rapidly reduce
to PuIV complexes.80

8-Hydroxyquinoline and derivatives. A NpV complex of 8-hydroxyquinoline NpO2(Ox)(H2O)2
has been prepared by precipitation from aqueous solution.578 The NpO2(Ox)�DMSO is prepared
by replacing the two water molecules by DMSO. The bis(quinoline) complex, NpO2(Ox)2

�

is formed by increasing the pH of a NpO2(Ox)(H2O)2 solution. This anion precipitates as
[(C6H5)4As][NpO2(Ox)2�H2O] with addition of tetraphenylarsonium chloride.

Oxalate. Pentavalent actinide oxalates are limited to a few NpV hydrated oxalates and oxalato
complex salts (see Table 26). The structure of a simple neptunyl oxalate complex (NpO2)2-
(C2O4)�6H2O has been determined by X-ray difraction. The complex was precipitated from
aqueous solutions by the reaction of NpO2NO3 and (NH4)2C2O4. The structure of the complex
consists of electroneutral layers of (NpO2)2 (C2O4)�4H2O between which coordinated aqua
ligands and waters of crystallization are located. Neptunyl(V) acts as a monodentate ligand for
the adjacent Np and oxalate coordinates each Np in a bidentate mode.579

Diamides. Sasaki and Choppin used the diglycolamide, N,N0-dimethyl-N,N0- dihexyl-3-
oxapentanediamide (DMDHOPDA), to successfully extract NpV from an aqueous
NaClO4 solution into nitrobenzene or toluene (less effective). This is significant since NpV

possesses weak complexation ability with organic extractants. NpO2
þ was characterized in

solution by absorption spectroscopy. Extraction dependency studies show nonintegral slopes,
indicative of NpO2(DMDHOPDA)þ and NpO2(DMDHOPDA)2þ species being present in the
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extracted phase; pH studies also show an acid dependence on its extraction (90% complete at
a pH of 3).580

Polyoxometallates. The relatively high negative charge of the Dawson and Keggin anions
[XW11O39]

n� and [X2W17O61]
n� render them capable of supporting actinides in higher oxidation

states. Chemical or electrochemical oxidation of the UIV species U[PW11O39]2
10�, U[P2W17O61]2

16�,
and U[SiW11O39]2

12� results in the formation of stable pentavalent complexes without
the formation of actinyl-type species.438,581 Other examples of the complexation of pentavalent
actinides with polyoxometallates indicate somewhat weaker bonding. Absorption spectroscopy
suggests the complexation of NpV by [P2W17O61]

10� in solution, but this complexation is supressed
by the addition of excess Naþ or Kþ, suggesting that the pentavalent actinide may be only weakly
coordinated to the outer sphere of the oxoanion as the actinyl species NpO2

þ.582,583

(ii) Macrocyclic ligands

N-Heterocyclic ligands. The porphyrin [22]hexaphyrin(1.0.1.0.0.0) has been complexed with
NpO2

þ to form an inclusion complex. This complex was studied by single crystal X-ray diffraction
and the crystal structure is shown in Figure 43. In this complex the neptunium and the nitrogen atoms
of the porphyrin are almost perfectly co-planar. The coordination around the neptunium is nearly an
ideal hexagonal bipyramidal with the two oxo-ligands being trans to the equatorial plane.584

The plutonium(V) analog of the neptunium(V) [22]hexaphyrin(1.0.1.0.0.0) was confirmed by UV–
vis spectroscopy. In this complex, plutonium(VI) is exposed to the ligand and is reduced to pluto-
nium(V). It is postulated that the coordination is the same as the neptunium(V) complex.585

Crown ethers. In neptunium(V) and neptunium(VI) crown ether complexes, the two axial
oxygen ligands help in forming more stable complexes. The reaction of neptunium(VI) with
18-crown-6 in the presence of 1M HX (X¼ClO4 or CF3SO) results in the reduction of neptun-
ium(VI) to neptunium(V), thus allowing better metal complexation. The geometry around NpV in
the complex is hexagonal bipyramidal. Disorder in the crystal leads to two possible spatial
locations for the crown ether: 30o offset from one another and each refined with 50/50 occupancy.
This does not affect the coordination environment of the metal.586

3.3.2.4 Hexavalent Oxidation State

3.3.2.4.1 General characteristics

Stable hexavalent ions of the type AnO2
2þ (An=U, Np, Pu) can be generated in aqueous media.

The uranyl ion (UO2
2þ) is the most stable form of uranium in aqueous media under aerobic

conditions. In general, aqueous NpVI and PuVI compounds can be prepared from NpV and PuIV

N
N

N

N
N

N
Np

O O

Figure 43 Crystal structure of [NpO2(C44H51N6)]
.(HN(C2H5)3) (Sessler, Seidel, et al. Angew. Chem., Int. Ed.

Engl. 2001, 40, 591).
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or PuV electrochemically by adding chemical oxidants such as ozone. Resulting PuVI complexes
are generally more stable than NpVI complexes, but both classes are far less stable than their UVI

analogues. For example, hydrated NpVI and PuVI carbonates will decompose to NpV carbonates
and PuIV oxyhydroxides, respectively, in days to weeks, depending on the initial preparation. The
hexavalent actinyl ions also display a linear O—An—O unit, with other ligands coordinating
roughly in the plane bisecting and perpendicular to this unit. Consistent with the lower thermo-
dynamic stability of NpO2

2þ and PuO2
2þ, these ions possess weaker An—O bonds. Non-actinyl

coordination complexes of hexavalent actinides are rare, and are limited to a few ligand types
(generally those containing halide or alkoxide ligands, although one example of a stable homo-
leptic amide complex of UVI has been reported).

3.3.2.4.2 Simple donor ligands

(i) Ligands containing group 14 donor atoms

The most recent class of Group 14 donor ligands to be employed in actinide chemistry is that of
N-heterocyclic carbenes. These ligands act as �-donor bases toward a number of metals in
coordination chemistry. Reaction of UO2Cl2(THF)3 with 1,3-dimesitylimidazole-2-ylidene and
its 4,5-dichlorosubstituted derivative generate 1:2 (uranium:carbene) adducts, UO2Cl2(L)2.

587 Crystal-
lographic characterization reveals an octahedral metal center, with trans-oxo, chloro, and carbene
ligands. The uranium–carbon bond distances in these species are long at 2.626(7) Å and
2.609(4) Å, consistent with the formulation of the C—U bond as a dative interaction.

A rare example of U–C interaction in hexavalent actinide chemistry is found in the isolation of
a bis(iminophosphorano)methanide complex of the uranyl ion588 Reaction of UO2Cl2(THF)3 with
Na[CH(Ph2P¼NSiMe3)2] generates the dimer {UO2(�-Cl)[CH(Ph2P¼NSiMe3)2]}2. The U–C
distance is 2.691(8) Å; the length indicates a very weak interaction, although it falls within the
sum of the van der Waals radii of the two atoms.

An adduct of uranyl chloride with cyclohexylisocyanide has been reported.101

(ii) Ligands containing anionic group 15 donor atoms

Amide complexes.
Hexavalent complexes containing N-donor ligands comprise two major classes: homoleptic

amide complexes, and species derived from the uranyl ion (UO2
2þ). Only two homoleptic amide

complexes have been reported. The complex U(NMe2)6 is reportedly produced in the oxidation of
[U(NMe2)6]

� by silver iodide;104,106 the complex is unstable in solution, and could be character-
ized only by its NMR spectrum. It decomposes to form U(NMe2)5 and unidentified side products.
A more stable hexavalent amide complex is produced by the oxidation of [Li(THF)x][U(dbabh)6]

�

(Hdbabh= 2,3:5,6-dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene) by any of several oxidants (air,
Cp2Fe

þ, Agþ, I2).
487 The complex U(dbabh)6 has been characterized crystallographically (see

Figure 44). The coordination environment of the metal center is nearly octahedral, with U–N
distances ranging from 2.178(6) Å to 2.208(5) Å. Density functional theory (DFT) calculations
suggest that the HOMO is triply degenerate with U—N �-bonding character. Although the
orbitals are largely nitrogen-based, they contain contributions from U 6d and 5f-orbitals.

A series of uranyl complexes containing the bis(trimethyl)silylamide ligand have been
reported.12,589,590 The complex UO2[N(SiMe3)2]2(THF)2 is produced in the reaction of UO2Cl2 with
two equivalents ofK[N(SiMe3)2]. The anionic species [Na(THF)2]2{UO2[N (SiMe3)2]4} is produced in the
reaction of UO2Cl2 and excess Na[N(SiMe3)2]. The intervening members of the series,
[M(THF)2]{UO2[N(SiMe3)2]3} (M=Na, K) have been more recently reported, and serve as rare exam-
ples of uranyl complexes with only three ligands in the equatorial plane.While the sodium derivative can
only be produced by Lewis-acid abstraction or protonation of N(SiMe3)2

� from the ‘‘ate’’ complex
[Na(THF)2]2{UO2[N(SiMe3)2]4}, the potassium derivative may be directly synthesized by reaction of
[UO2Cl2(THF)2]2 with K[N(SiMe3)2]. A base adduct, UO2[N(SiMe3)2]2(OPPh3)2, has also been
reported.591 Attempts to introduce more electron-rich ligands into the coordination sphere of the
uranyl ion are found to result in reduction of themetal center. Reaction of [K(18-crown-6)]2[UO2Cl4]
with the tris(amido)amine ligand Li3[N(CH2CH2NSi(But)Me2)3] produces the mixed valence oxo-
and imido-containing species [K(18-crown-6)(Et2O)][UO(2-CH2CH2N(CH2CH2NSi-(But)Me2)2)]2
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as the major isolated uranium product in moderate yield.592 The multidentate triamidoamine
ligand coordinates to uranium through the capping amine and two of the three pendant amido
ligands, while the third pendant amido donor has been activated to generate a bridging imido
ligand by loss of the silyl substituent. One of the uranyl oxo groups is retained as a terminal ligand
to complete the coordination sphere for each uranium center. The oxo and imido nitrogen may be
regarded as the axial ligands of a capped trigonal bipyramidal geometry about the metal center,
while the two amido ligands and the other imido donor occupy equatorial coordination sites. The
central amine of the tripodal set serves as the capping ligand.

Amidinate ligands. The benzamidinate ligand has also been found to coordinate the uranyl
ion. The uranyl complex, [C6H5C(NSiMe3)2]2UO2, was prepared by a metathesis reaction with
UO2Cl2.

593

Pyrazolylborate. Only one reported complex of a tris(pyrazolyl)borate complex has been
reported. The chelating ligand tris[3-(2-pyridyl)-pyrazol-1-yl]borate (pyTp) reacts in a 1:1 ratio
with uranyl nitrate to yield the complex UO2(

pyTp)(OEt) after recrystallization from EtOH/
CH2Cl2.

170 The ethoxide ligand is presumably derived from the alcohol of recrystallization. The
three bidentate arms of the pyrazolylborate ligand are incapable of spanning the equatorial plane
of the uranyl unit; instead two arms provide four ligands of the pentagonal bipyramidal
plane. The third arm of the ligand is pendant, with the pyridyl and pyrazolyl rings adopting a
trans-coplanar arrangement (see Figure 45).

Phosphoraniminato complexes. A very different class of species with U—N bonds is derived
from the uranyl ion by replacement of one or both of the oxo groups by a phosphoran iminato
group (PR3-N

2�). The first example of such a complex, [PPh4][UOCl4{NP(m-Tol)3}] (Tol= tolyl)
was generated in modest yield by elimination of Me3SiCl from the mono-oxo complex [UOCl5]

�

(Equation (44)):594

[PPh4][UOCl5] + Me3SiNP(m-Tol)3 [PPh4][OUCl4(NP(m-Tol)3)] + Me3SiCl ð44Þ

N1
N1

N2

N2 N3

U1

Figure 44 Crystal structure of U(dbabh)6 (Meyer, Mindiola et al. Angew. Chem., Int. Ed. Engl. 2000, 39,
3063–3066).
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The procedure was subsequently extended to include other members of the class
[UOCl4{NPR3}]

�.595 The resulting complexes are stable in the absence of moisture; in the
presence of water they undergo rapid hydrolysis to generate uranyl salts. The molecular structure
of the compound [PPh4][UOCl4{NP(m-Tol)3}] reveals that the O—U—N unit retains the linearity
inherent to the actinyl species (179.0(6)�), and that the U—O bond is within the range expected
for uranyl complexes (1.759(13) Å). The U—N bond is short (1.901(14) Å), suggesting a signifi-
cant degree of metal–ligand multiple bonding. Bis(iminato) complexes UCl4{NPR3}2 can be
isolated from the same reaction mixture by controlling the conditions under which the products
are isolated. They appear to be formed concurrently with UO2Cl4

2�, although isolated complexes
of [UOCl4{NPR3}]

� appear to be stable to redistribution. In the vibrational spectra of these
species the antisymmetric U—N—P stretching frequencies in the oxo-iminato complexes appear
to lie at higher frequencies than those in the bis(iminato) species. This has been cited as support-
ing evidence for the existence of an inverse trans influence in actinide complexes.596 More recently,
a sulfiliminato analogue, [PPh4][UOCl4{NSPh2}], has been produced by the reaction of
[PPh4][UOCl5] with Me3Si{NSPh2}.

597

Additional support for the existence of non-oxo uranyl analogues may be found in the
reactions of uranium atoms with small molecules (N2, NO, CO, etc.) in argon matrices. Although
not stable outside of the stabilizing matrix, vibrational spectroscopy is consistent with the
formation of other linear triatomic species such as NUN, NUO, and CUO.598–601

Cyanate and thiocyanate. Cyanate salts of the uranyl ion are thought to be formed in reactions
of uranyl and Et4N(NCO). The complex (Et4N)2[UO2 (NCO)4(H2O)] has been reported,602

and the partially hydrolyzed salt K3[(U2O5) (NCO)5]�H2O has also been reported. Although no
complexes have been isolated, anions of the formula [UO2(NCO)4]

2� and [UO2(NCO)Cl3]
2� are

thought to be formed in solutions containing UO2Cl4
2� and R4N[Ag(NCO)2], on the basis of IR

data.603

Neutral complexes of the formula UO2(NCS)2(H2O)x have been reported, as have monoanionic
species containing the [UO2(NCS)3Lx]

� anion and the complex anion [UO2(NCS)5]
3�. The com-

plex Cs3[UO2(NCS)5] has been crystallographically characterized;604 as expected, the metal lies
within a pentagonal bipyramidal coordination sphere.

It has been found that addition of crown ethers facilitates the crystallization of anionic
derivatives. In this manner, the anion [UO2(NCS)4(H2O)]� has been isolated both as the ammo-
nium and potassium salts.605

N6

N3

N1

N2
N8

N4 N5

B1

U1O1
O3

O2

Figure 45 Crystal structure of UO2(pyTp)(OEt) (pyTp¼tris[3-(2-pyridyl)-pyrazol-1-yl]borate) (Amoroso,
Jeffery et al. Polyhedron 1995, 15, 2023–2027).
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Azide. There are few reports of actinide azide complexes. One compound isolated by the
reaction of uranyl with tetraalkylammonium azide salts has an extended structure in the solid
state.606 The structure of catena-(tetraethylammonium bis(�2-azido-N,N)azidodioxouranium
incorporates a chain of uranyl ions bridged in the equatorial plane by two azide group; each
uranyl is further ligated by a terminal azide to complete a pentagonal bipyramidal coordination
environment about uranium. If a tetramethylammonium counterion is used, the large aggregate
[NMe4]8[(UO2)6(�3-O)2(�2-N3)8(N3)8] is isolated (see Figure 46).

(iii) Ligands containing neutral group 15 donor atoms

All neutral base adducts of hexavalent actinides are those of the dioxo, or actinyl ions (AnO2
2þ).

Although at least one report has appeared which indicates the stability of base adducts of UF6.
607

However, subsequent researchers have demonstrated that reduction occurs in these systems.493

Ammonia and amines. A number of ammonia and amine adducts of uranyl complexes have
been reported (see Tables 30 and 31), isolated from reaction of the uranyl salt with amine either in
aqueous or nonaqueous media. The molecular structure of the acetylacetonate derivative
UO2(CF3COCHCOCF3)(NH3) is prototypical of the class. The uranyl trans-dioxo geometry is
preserved, and the ammonia nitrogen is one of the five coordinating atoms in the ‘‘belly band’’ of
the ion.608 Occasionally ammonia can react with the coordinating ligand; reaction with electron-
rich acetylacetonate ligands leads to condensation to form �-ketoimine complexes. Several
proposed hydrazine adducts of the uranyl ion have also been reported,609 although little char-
acterization data is available. Several simple salts of uranyl with chelating diamine ligands have
also been reported (see Table 32).

Heterocyclic ligands. Complexes of actinyl complexes with coordinating N-heterocycles in the
equatorial plane are proposed to have metal coordination numbers ranging from six to eight,
depending on the anion and the size of the base (cf. uranyl complexes presented in Table 33).
Several compounds containing pyridine or bidentate heterocyclic ligands have been crystallo-
graphically characterized, and are found to contain seven- or eight-coordinate actinide(VI) ions.
The structure of UO2(NO3)2(py)2 has been determined.610 The complex consists of an eight-
coordinate (considering nitrate as bidentate) uranium, with mutually trans-pyridine and nitrate
ligands. A cis geometry of two nitrate ligands is enforced by the use of the chelating ligand 1,10-
phenanthroline (phen) in the complex UO2(NO3)2(phen);

611 this ligand also coordinates to the
uranyl species [UO2(O2CCH3)(phen)(�-OH)]2.

611 Monopyridine adducts AnO2(acac)2(py)

O1 O21
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Figure 46 Crystal structure of [NMe4]8[(UO2)6(�
3-O)2(�

2-N3)8] (Charpin, Lance et al. Acta Crystallogr.,
Sect. C 1986, 42, 1691).
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(An=U, Np; acac= acetylacetonate) provide examples of seven-coordinate uranium.612 In the
presence of weakly coordinating anions, it is possible to displace the anion from the coordination
sphere of the metal (as is proposed for the complex [UO2(py)5][ClO4]2), but formation of ionic
salts is not always the outcome. The base-free complex UO2(OTf)2 (OTf= triflate) is generated
from the reaction of UO3 with triflic acid or its anhydride. Given the weakly coordinating nature
of the triflate ion, it might be anticipated that it could readily be replaced by N-heterocyclic
ligands. Recrystallization of UO2(OTf)2 from pyridine, however, merely results in the base adduct

Table 30 Ammonia complexes of dioxouranium(VI) compounds.

UO2F2�xNH3 x= 2, 3 or 4
UO2Cl2�xNH3 x= 0.5, 1, 2, 3, 4, 5 or 10
UO2Y2�xNH3 Y=Br, I, x= 2, 3 or 4
UO2Y2�xNH3�Et2O Y=Cl, Br, I, NO3 and x= 2; Y=Cl, NO3 and x= 3
UO2(NO3)2�xNH3 x= 2 or 4
UO2(NO3)2�3NH3�2H2O
UO2(NH)�xNH3 x= l or 2
UO2Y2�xNH3 Y=MeCO2, 0.5SO4 and x= 2, 3 or 4;

Y=HCO2, 0.5C2O4, and x= 2
UO2(OH)Y�NH3 Y=HCO2, 0.5C2O4

UO2(C10H8NO)2�NH3 C10H9NO= 7-methyl-8-hydroxyquinoline
UO2(RCOCHCOR)2�NH3 R=CF3, Ph

Table 31 Amine complexes of dioxouranium(VI) compounds.

UO2Cl2�2RNH2 R=PhNH2, H2NC6H4NO2, 2-, 3-, 4-MeC6H4NH2,
2-, 3-MeOC6H4NH2, 4-EtOC6H4NH2, H2NC6H3-3,
4-Me2, 1-, 2-H2NC10H7

UO2Cl2�2 to 3RNH2 R=Me, Et, Prn, Bun

UO2Cl2�R2NH R2=Ph2, (PhCH2)2, (Ph)(Et), (Ph)(PhCH2)
UO2Cl2�2L L=Ph3 N, PhCH=NPh, Et2N(C2H4OH)
UO2(NO3)2�2L L=MeNH2, PhNH2, 2-H2NC6H4OH, Et2NH, Et2N
UO2(HCO2)2�2MeNH2

UO2(MeCO2)2�2RNH2 R=Me, Ph
UO2(EtCO2)2�2MeNH2

UO2SO4�2PhNH2�3H2O
UO2C2O4�2PhNH2�2H2O
UO2(C7H3NO4)�2C3H7N C3H7N= allylamine; C7H5NO4= pyridine-2,6-dicarboxylic acid
UO2A2�L HA=H(acac) with L=Me3 N and Et2N; PhCOCH2COPh,

C7H6O2 (tropolone), C9H7NO (8-hydroxyquinoline) with L=PhNH2

[UO2(S2CNEt2)2(Et2NH)]

Table 32 Complexes of ethylenediamine and other polydentate nitrogen ligands with dioxouranium(VI)
compounds.

Ethylenediamine, en
UO2(NO3)2�xen x= l or 2
UO2(HPO4)�en
L= 1,2-diaminopropane
UO2(NO3)2�L
L= hexamethylenetetramine, (CH2)6N4

UO2X2�L X=NCS, MeCO2

Diaminoarenes
UO2Cl2�xL x= 1 or 2, L= 1,2-diaminobenzene
UO2Cl2�2L L= 1,3- or 1,4-diaminobenzene
UO2(NO3)2�2L�H2O L= 1,2-diaminobenzene
UO2(NO3)2�xL�yH2O x= 3, y= 0, L= 3,4-diaminotoluene;

x= y= 2, L= 2,3-diaminotoluene
UO2SO4�L�THF L= 4,40-diaminobiphenyl (benzidine)
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UO2(OTf)2(py)3.
613 It is only in the structure of the hydrolysis product, [{UO2(py)4}2(�-O)][OTf]2,

that displacement of the triflate anions is observed.
N-heterocyclic adducts have also been reported for piperidine, quinoline, isoquinoline, imidi-

zoles, dipyridylamines, 2,2-bipyridine, and 1,10-phenanthroline.
Nitriles. Acetonitrile adducts have been reported for several uranyl salts, including the chloride

and nitrate. Although lower metal coordination numbers (e.g., five) have been suggested in the
formulation of some of these compounds, it is likely that the species contain six- or seven-
coordinate metal ions. As illustration of this, the molecular structure of UO2Cl2(MeCN)2(H2O)614

possesses a seven-coordinate uranium center, with mutually trans-acetonitrile and chloride ligands.
The adduct {(C10H21)4N}NpO2Cl3�MeCN has also been reported.615

(iv) Ligands containing anionic group 16 donor atoms

Oxides. The binary actinide oxides include AnO3, An3O8, An4O9�y, and AnO2�x with all of the
phases well characterized in the solid state for U. An additional oxide, An3O7 has been
reported;616 the distinct stoichiometric tetragonal phase is not prevalent and many reported
occurances may in fact correspond to mixtures of the other more stable oxides.617 In addition
to being characterized by X-ray diffraction studies, X-ray photoelectron spectroscopy, and optical
and X-ray absorbance techniques have also been used to distinguish the phases.196,618,619

Although there have been numerous reports of analogous phases that may contain NpVI and PuVI,
and there is evidence for some of them in the oxidation of mixed U, Np, Pu oxide fuels, most have not
been structurally characterized or otherwise confirmed. For example, neptunium trioxide has been
reported, and is thought to be the solid formed from neptunyl hydroxide precipitates (formulated as
either NpO3�2H2O or NpO2(OH)2�H2O).620,621 Plutonium trioxide has only been observed in the gas
phase when PuO2 or (U, Pu)O2 are oxidized.622 Reported preparations of Np3O8, yielded instead
Np2O5, or mixtures of Np2O5 and NpO2.

499,623 The superstoichiometric PuO2�x was reported to

Table 33 Some complexes of N-heterocyclic ligands with dioxouranium(VI) compounds.

Pyridine and substituted pyridines
UO2X2�yL X=Cl, y= 1 (þH2O) or 2, L= py; y= 2, L= 2-Me-, 3-Me- and

2-H2N-C5H4N; y= 4, L= py
X=NO3, y= 1 (þH2O or Et2O) or 2, L= py
X=OPh, O(2- or 4-MeC6H4), O(4-ClC6H4), y= 1, L= py
X=O(2-MeC6H4), y= 3, L= py
X=MeCOCHCOMe, MeCOCHCOPh, PhCOCHCOPh, y= 1, L= py
X=MeCOCHCOMe, y= 1, L= 3- or 4-H2N-, 4-HO-, 3- or 4-MeCO-,
3- or 4-NC-, 3-Cl, or 4-Me-C5H4N
X= S2CNEt2, y= 1, L= py, 4-But-, 4-Ph-, 4-Ph(CH2)3-,
or 2-(CHEt2)-C5H4N
X=C9H6NO, y= 1, L= py; C9H7NO= 8-hydroxyquinoline

UO2X�ypy X= SO4, y= 2 or 3; Cr2O7, y= 2; dibasic Schiff base anions, y= 1
[UO2(py)5](ClO4)2
Piperidine, C5H11CN
UO2L2�C5H11N HL=CF3COCH2CO(2-C4H3S) or n-C3F7COCH2COBut

Quinolines
UO2X2�L X=NO3, L= quinoline (þH2O) or 2-methylquinoline (þH2O)

X=MeCOCHCOMe, L= quinoline
X=C9H6NO (8-hydroxyquinolinate), L= quinoline

UO2SO4�L L= 2-methylquinoline
UO2Cr2O7�2L L= isoquinoline
UO2X2�ybipy X=Cl, NO3, MeCO2, 2-, 3- or 4-H2NC6H4CO2,

C8H4F3S (tta), y= 1
X=NCS, NCSe, NO3, N(CN)2, y= 2

UO2X2�yC10H8N2 X=Cl, y= 1; X=NO3, y= 1.5
UO2Cl2�bipy�xH2O x= 1 or 2
UO2(OH)X�bipy X=NO3, MeCO2

UO2X�ybipy X= SO4, y= 1; X=Cr2O7, y= 2
UO2SO4�C10H8N2

UO2X�bipy�yH2O X= SO4, y= 4; X=CrO4, C2O4, y= 1
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contain PuVI;193 however, more recent X-ray absorbance studies suggests that both the hydrated solid
and solution suspension contain PuV.500

Uranium trioxide has been very well studied in part because of its applications in the nuclear
fuel cycle. It occurs naturally in pitchblende and is generally prepared by thermal decomposition
of oxide hydrates and uranyl salts or oxidation of lower oxides or halides.624 The trioxide has
been isolated in six well-defined stoichiometric modifications as well as a substoichiometric UO2.9.
The alpha phase comprises a three-dimensional network of chains of bicapped hexagonal prisms
of UO8 polyhedra and it contains structural features observed in numerous mineral phases. The
U—O bond length along the chains are 2.083 Å and the bonds in the pentagonal chains are 2.07
to 2.7Å. This coordination geometry is also observed in molecular hydroxides. The uranyl type
bond length is 2.08 Å and the bonds in the hexagonal plane range from 2.03 Å to 2.80 Å in length.
The trioxide decomposes into lower oxides prior to melting or subliming.

Uranium trioxide is a key precursor to UF4 and UF6, which are used in the isotopic enrichment
of nuclear fuels.625–627 It is also used in the production of UO2 fuel,628 and microspheres of UO3

can themselves be used as nuclear fuel. Fabrication of UO3 microspheres has been accomplished
using sol-gel or internal gelation processes.629–632 Finally, UO3 is also a support for catalytic
oxidative destructive of organics.633,634

Triuranium octaoxide, U3O8, is also found in pitchblende. The common centered orthorhombic
structure contains staggered chains of UO7, similar to molecular uranyl species. XPS studies of
U3O8 have indicated the presence of two oxidation states, UIV and UVI, in a 1:2 ratio, respect-
ively.635 The relatively flexible structure and mixed valency allows for super- and substoichio-
metric phase formation, depending on the temperature and O2 partial pressure during
preparation. The preparation of U3O8 has been accomplished by thermal decomposition of
urananites, oxide hydrates and uranyl salts. In addition to the varying U/O ratios, U3O8 has
been found to exist in at least five crystalline forms.

Industrially, U3O8 has been shown to be active in the decomposition of organics, including benzene
and butanes,636,637 and as supports for methane steam reforming catalysts.638 In the nuclear fuel
industry, U3O8 is an oxidation product of UO2 (SIMFUEL), and thus a major component of spent
fuel rods.639,640 The density of U3O8 is significantly less than that of UO2 and as a result, the
production of U3O8 in nuclear fuel can lead to the destruction of the UO2 pellet by pulverization.
Triuranium octaoxide is used in the initial production of UO2 pellets for fuel,

641,642 in the manufac-
turing of MOX (mixed oxide) pellets,643 as well as a dispersive nuclear fuel itself.644

Two oxygen-rich UO2þx phases, U3O7, and U4O9 contain UVI units with unusual coordination
geometries. The beta form of triuranium heptaoxide, formed by the low temperature oxidation of
UO2, has an anion excess defect structure. The tetragonal, alpha-U3O7 is naturally occurring, although
rare.645 The cubic phase U4O9 has different coordination geometries of uranium; uranium polyhedra
from eight- to eleven-coordinate are found in interesting combinations within the unit cell, including
UO11 polyhedra and UO8 square antiprisms (see Figure 47).646

The uranyl oxide hydrates are important corrosion products of uraninite and UO2 in spent
nuclear fuel under oxidizing conditions. However, the systematics of the structures had not been
well described until the studies reported by Miller et al.505 With the exception of the synthetic
UO2(OH)2 polymorphs, all hydrate crystal structures are based on sheets of edge-sharing uranyl
pentagonal or square bipyramids. Only four structural unit chains are required to construct the
uranyl oxide hydrate sheets (as well as the structurally similar U3O8 sheets). One chain is made up

Figure 47 An unusual 11-coordinate UIV within the extended structure of U4O9 with a pseudotricapped
cubic geometry, where the longer, ‘‘capping’’ oxygens are shown in white (Bevan, Grey et al. J. Solid State

Chem. 1986, 61(1), 1–7).

The Actinides 269



of hexagonally coordinated uranyl ions sharing opposing edges. A second chain, composed of
pentagonal bipyramids sharing edges and alternating with trigonal vacancies, is present in all
other UOH sheets. Another zigzag chain consists of edge-sharing pentagonal bipyramids forming
a zigzag chain. And the remaining structural unit is a discontinuous ‘‘chain’’ of rhombic bipyr-
amids. This chain occurs in sheets which contain only four-coordinate uranyl ion and those
containing both four- and five-coordinate uranyl ions. Burns, Miller, and Ewing have similarly
analyzed a large number of UVI minerals and describe their systematic structural and thermo-
dynamic properties using a number of uranyl polyhedra.505

There are a tremendous number of ternary oxides, generally alkali and alkaline earth salts of
the form M2AnO4 and MAnO4 with many known for U, Np, and Pu. In addition, there are large
families of uranates, with the sodium and ammonium salts being the most common. In nuclear
fuels production the ‘‘yellow cake’’ contains ammonium diuranate which is actually a mixture of
compounds ranging from (NH4)2UO4 to (NH4)2U8O25, and having the approximate composition
(NH4)2U2O7.

647 Also characterized are Li4AnO4 for Np, Pu, M2UO4, M2UO5, M2U2O7,
Li2U3O10, Li2U4O12, Cs2Np3O10, Li6AnO6, for Np, Pu, and M2Np2O7, many characterized by
Cordfunke and co-workers.648–654 The phase Li6AnO6 and its transition to Li2U3O10 has been
re-evaluated.655 The structure of the anion in Li2U3O10 (Li2(UO2)3O4) consists of octahedral
(UO2)O4 and pentagonal bipyramidal (UO2)O5 groups linked by oxygen bridges.656 Burns and
co-workers have characterized numerous hydrated ternary oxy/hydroxides, particularly those
containing Na, NH4, Ca, and Pb, related to minerals.657–660

Hydroxides. The hydrolysis of hexavalent actinides has been studied extensively and recently
reviewed.46,197,661,662 For uranyl, the primary solution and solid state species have been well
characterized and include polymers and low dimensional solids. An impressive number of potentio-
metric titration studies established several solution species that have been confirmed by
fluorescence, X-ray absorbance, and X-ray diffraction studies. The products often have interest-
ing structural features, including linked uranyl oxo/hydroxo/aqua polyhedra. Within these
structures U centers are generally seven-coordinate, with pentagonal bipyramidal geometry, but
also may be six- or eight-coordinate with rhombic and hexagonal bipyramidal geometries.

At approximately micromolar and lower solution concentrations, the initial hydrolysis product
is UO2(OH)þ, which likely has four waters in addition to the hydroxide in the equatorial plane
and a pentagonal bipyramidal geometry.663,664 The hydrolysis proceeds stepwise to form
the bishydroxo, UO2(OH)2, which has very low solubility. At higher uranium concentrations
the first hydrolysis product is the dimer, (UO2)2(OH)2

2þ, with two bridging hydroxides and
pseudopentagonal bipyramidal coordination of the dioxo, hydroxo, and aquo oxygens.197,665

Further hydrolysis products include the trimeric uranyl hydroxide complexes (UO2)3(OH)5
þ

and (UO2)3(OH)4
2þ.197 A triply bridging oxygen has been identified in an adamantane-like trimer

of this type, the species [(UO2)3(�3-O)(�2-OH)3]
þ, formed in the sol-gel process.666 There is good

evidence for additional trimeric species with the formulas (UO2)3(OH)7
�, (UO2)3(OH)8

2�, and
(UO2)3(OH)10

4�.667

Solids precipitated from these systems have been formulated based on stoichiometry as UO2(OH)2
or various hydrated UO3�xH2O phases, but their structural formulas can be very complicated. Several
researchers have recently analyzed these hydroxides and related weathered minerals, such as schoepite
([(UO2)8O2(OH)12](H2O)12), metaschoepite, and becquerelite (Ca[(UO2)6O4(OH)6]�8H2O), and have
described useful structural classifications.505,668–673 The schoepite structure, for example, consists of
(UO2)8O2(OH)12 sheets of edge- and corner-sharing uranyl pentagonal bipyramids that are hydrogen-
bonded to each other through interstitial waters.674 There are also a large number and variety of
mixed ligand hydroxide species, particularly for carbonate and other oxoanion complexes.

There are a number of structurally interesting mixed-ligand uranyl hydroxides. For example,
the basic compound of composition Zn(UO2)2SO4(OH)4�1.5H2O, has a structure based on chains
of UO2(OH)3O2 pentagonal bipyramids containing tridentate bridging OH� groups. Species of
this type have also been studied in solution, but the complexity of the system has precluded
structural characterization.673 There are many hydrated binary and ternary uranium oxides, such
as the uraninites, that contain uranyl hydroxide complexes within their structure.

There is much less known about the hydrolysis of the transuranic ions. Data indicate they
hydrolyze at higher pH, approximately 5–6 for PuVI, and form the stepwise hydroxide products
AnO2(OH)þ and AnO2(OH)2. Tetrahydroxide species have been suggested, but not yet well
characterized. Polymerization is less pronounced than for uranyl, with dimers, (AnO2)2(OH)2

2þ,
indicated in PuVI and NpVI solutions of approximately 0.1mM and higher concentrations. Only
one trimeric species, (NpO2)3(OH)5

þ, is suggested for NpVI; and none have been identified
for PuVI.
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Peroxides. Peroxide has been used on a large scale in the production of ‘‘yellow cake’’ in
uranium processing. There is a simple UVI peroxide, UO4�2H2O, which is probably of the form
[(UO2)(O2)(H2O)]. Hydrated salts of peroxo complex anions, such as Na4AnO2(O2)3�9H2O, have
been prepared. The anion has approximate D3h symmetry, common to many actinyl oxoanion
complexes, with three coplanar peroxide groups surrounding the linear uranyl group.675 Ternary
uranyl peroxide complexes containing triphenyl phosphine oxides and related ligands
[U(O)(O2)L2)]�H2O, L=Ph3PO, Ph3AsO, pyNO have been prepared.676 Uranyl complexes with
bridging peroxide, such as M6[(UO2)2(�-O2)(C2O4)], M=Na, K, NH4, have been prepared by
combining the peroxide, UO4�2H2O, with oxalates, carbonates, and other salts.

Carbonates. Hexavalent actinide carbonates have been very thoroughly studied by a variety of
solution and solid state techniques. These complexes are of interest not only because of their
fundamental chemistry and environmental behavior, but also because of extensive industrial
applications, such as in uranium mining and nuclear fuel production and reprocessing. Uranyl
carbonates are very soluble, very stable, and can be readily precipitated to produce powders
suitable for industrial scale transformations.

A general feature seen in all actinyl carbonate structures is that the linear triatomic AnO2 unit
forms the axis of a hexagonal bipyramidal coordination polyhedron and the oxygen atoms of the
carbonato ligand are arrayed about the equator. In solution, carbonato complexation is stepwise
with increasing pH and carbonate concentration to yield the mono-, bis-, and triscarbonato
species, AnO2(CO3), AnO2(CO3)2

2�, AnO2(CO3)3
4� (for An=U, Np, and Pu). For uranyl there

is also a great deal of evidence for additional polymeric species and (UO2)2(CO3)(OH)3
�,

(UO2)3O(OH)2(HCO3)
þ, and (UO2)11(CO3)6(OH)12

2� under conditions of high metal ion con-

centration or high ionic strength.197 In the solid state, AnO2(CO3), M6(AnO2)3(CO3)6, and
M4AnO2(CO3)3 are well characterized for uranium. The analogous neptunium and plutonium
solids are not as well described, and only the triscarbonato complex is known for americium.
(A very high carbonate concentration has been used to stabilize this high oxidation state for Am).
Bicarbonate complexes are, at most, minor species. Those that had been reported previously are
now generally believed to be ternary carbonato, hydroxo species, or the known pure carbonates.

The triscarbonato species have hexagonal bipyramidal geometry and can be readily precipitated
to form salts with monovalent cations. Single crystal X-ray diffraction studies have been reported
for a large number of this type of uranyl carbonate and a few of the neptunyl analogues. The
anion in the M4AnO2(CO3)3 and M0

2AnO2(CO3)3 salts, where M is an alkali metal or other
monovalent cation and M’ is a alkali earth or other divalent cation, essentially has the same
coordination geometry, with approximately D3h symmetry, where three bidentate carbonate
ligands lie in the plane perpendicular to the actinyl axis (see Figure 48). Structural parameters
vary little among the many compounds, with An¼O bond distances of 1.7–1.9 Å, and An—O
carbonate bond lengths of 2.4–2.6 Å. Not only are the triscarbonato uranyl complexes among the
most studied synthetic compounds, they are also the basis for numerous naturally occurring
minerals, such as andersonite (Na2CaUO2(CO3)4�nH2O), bayleyite (Mg2UO2(CO3)4�nH2O), and
liebigite (Ca2UO2(CO3)3�10H2O), to name a few.505,677 Uranyl carbonate units can be linked
together via counter ions or hydrogen bonds or to form polyhedra clusters and sheets as
exemplified in new calcium uranyl carbonates.678

Figure 48 The triscarbonato uranyl anion in the crystal structure of the hydrated guanadinium salt,
showing the hexagonal bipyrimadal coordination of UVI that is common to most uranyl oxo anion

complexes (Anderson, Bombieri et al. J. Chem. Soc., Dalton Trans. 1972, 2059).

The Actinides 271



Analogous NpVI and PuVI carbonates can be assumed to be isostructural with the well-character-
ized uranyl compounds, albeit with slightly shorter bond distances to reflect the actinide contraction.
For the triscarbonato complexes of NpVI this has been confirmed by the structures of K4NpO2(CO3)3
by single-crystal structure determinationof [(CH3)4N]NpO2(CO3)3.

679,680

For uranyl, the biscarbonato species, which is likely seven-coordinate, is in equilibrium with the
hexakiscarbonato trimer, (UO2)3(CO3)6

6�, and is therefore prevalent only at relatively low
uranium concentrations.681 The trimer, (UO2)3(CO3)6

6�, was inferred from NMR data and
other solution methods until being structurally characterized using EXAFS and single crystal
X-ray diffraction (Figure 49).682 The anion in [C(NH2)3]6[(UO2)3 (CO3)6]�6.5H2O possesses nearly
ideal D3h symmetry in which the three uranyl axis are perpendicular to the plane defined by the
six carbonates and the three uranium atoms.682 A number of solids previously believed to contain
the monomeric biscarbonato uranium(VI) complex may in fact also be salts of this anion. Similar
to the hexavalent hydroxides, polymer formation, or at least stability of polymers, appears to
decrease dramatically across the series. Mixed actinyl trimers, such as [(UO2)2(NpO2)(CO3)6],
have been identified from NMR and optical absorbance studies for both Np and Pu;683,684

however, (NpO2)3(CO3)6
6� and (PuO2)3(CO3)6

6�, have not been isolated in the solid state.
The solid state structure of rutherfordine, UO2CO3, has been determined from crystals of both the

natural mineral and synthetic samples (see Figure 50). It has a layered structure in which the local
coordination environment of the uranyl ion is hexagonal bipyramidal, with the uranyl units perpen-
dicular to the orthorhombic plane. Each uranium atom forms six equatorial bonds with the oxygen
atoms from two bidentate and two monodentate carbonates. The neptunyl and plutonyl analogs are
isostructural with UO2CO3 based on Rietveldt analysis of powder X-ray diffraction data.

Figure 50 Uranyl carbonate layers in the crystal structure of the mineral rutherfordine, UO2CO3 (Finch,
Cooper et al. Cannadian Mineralogist 1999, 37, 929–938).

Figure 49 The pseudo D3h symmetric trimeric uranyl carbonate anion in the crystal structure of
[C(NH2)3]6[(UO2)3(CO3)6]�6.5H2O (Allen, Bucher et al. Inorg. Chem. 1995, 34, 4797–4807).
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In addition to the pure carbonates and hydroxy carbonates, there are mixed-ligand uranyl
carbonates, such as in K4[UO2(O2)(CO3)2] and K3[UO2F3(CO3)].

Nitrates. The actinyl nitrates are weak complexes formed in the presence of excess nitrate. For
uranyl, the mono-, bis-, and trisnitrato actinyl species, AnO2(NO3)

þ, AnO2(NO3)2, AnO2(NO3)3
�

have been inferred from spectrophotometric solution studies. For neptunyl only the mono- and
bis-, and for plutonyl only the mono-, species are significant. The coordination geometries of
these complexes are presumably the same as the related carbonates, although some of the species
may be protonated in the nitrate system. Indeed, a protonated tris species HUO2(NO3)3 is
reported; but as a minor species and not in most studies. Mixed tributylphosphate (TBP), nitrate
complexes have been widely studied, including an EXAFS study of the structural changes as the
actinyl species are reduced to AnIV.685

The hydrated solids, AnO2(NO3)2�xH2O, are easily obtained and are very common AnVI

starting materials. The orthorhombic uranyl nitrate hexahydrate is prepared from dilute nitric
acid solutions, and the trihydrate from concentrated acid. Analogous neptunyl and plutonyl
trihydrate and hexahydrate solids have also been studied. Uranyl nitrates are used on an
industrial scale in the nuclear fuel cycle; for example, for extraction by TBP and other separations
processes. Trisnitrato actinyl salts MAnO2(NO3)3�xH2O where M is a monovalent cation are well
known.468,686 The anions in this class of compounds are isostructural. The complex NpVI anion in
RbNpO2(NO3)3, for example, consists of a hexagonal bipyramidal arrangement of oxygen atoms
about the Np atom with six oxygen atoms from the bidentate nitrate groups in the equatorial
plane. Nitrites of the formula AnO2NO2 have been prepared and characterized, but quantitative
structural data are lacking.

Phosphates. Most actinyl phosphates have been prepared in aqueous solution at low pH and
very high phosphate concentrations. These conditions lead to a number of species in equilibria,
with most containing one or two partially protonated phosphates. The products are relatively
insoluble making structural and spectroscopic characterization of the species even more challen-
ging. The major species identified are UO2(PO4)

�, UO2(HPO4), UO2(H2PO4)
þ, UO2(H2PO4)2,

UO2(H3PO4)
2þ, and UO2(H3PO4)(H2PO4)

þ. A detailed discussion of the complex formation in
the uranium–HkPmOn system and its chemical thermodynamics has been reported.197 Since NpVI

and PuVI are far less stable at low pH and generally have less affinity for oxoanionic ligands than
UVI, the species that have been characterized contain less protonated forms of the ligand and the
bis ligand complexes are less stable. For NpVI, NpO2H2PO4

�, NpO2(HPO4), and NpO2(HPO4)2
2�

have been reported. Only the first two are known for PuVI.687,688

Uranium(VI) phosphates have been widely investigated and can be divided in several structure
types: orthophosphates M(UO2)n(PO4)m�xH2O, hydrogenphosphates M(UO2)n(HkPO4)m�xH2O,
pyrophosphates UmOnP2O7, metaphosphates (UO2)n(PO3)m�xH2O, and polyphosphates (UO

2
)n

(PaOb)m�xH2O.689 They have commonly been prepared from dissolution of uranium metal in
phosphoric or mixed acid solutions, by addition of phosphate to aqueous solutions of the nitrates,
or by decomposition.689,690

More recently hydrothermal conditions and amine or ammonium structure-directing agents
have been used to prepare [NHEt3][(UO2)2(PO4)HPO4] and [NPr4][(UO2)3(PO4)HPO4)2] (Figure
51).233 The structures of these compounds contain infinite chains of edge-sharing UO7 pentagonal
bipyramids cross linked by bridging PO4 tetrahedra to form two-dimensional anionic sheets. This
same method yielded the first uranyl phosphate with a three-dimensional open framework
structure, [Et2NH2]2(UO2)5(PO4)4 (Figure 52).691

Several salts of formula, M(UO2)n(PO4)m�xH2O, where M¼ Hþ, Mþ or M2þ, have also been
characterized. Some of the latter compounds are identical with natural minerals. In fact the Ca salt,
the very common mineral autunite Ca[(UO2)(PO4)2]�11H2O, has recently been redetermined.692

This same group has prepared the Cs, Rb, and K salts by hydrothermal methods. The structures
consist of sheets of phosphate tetrahedra and uranyl pentagonal bipyramids, [(UO2)(PO4)]

�. These
sheets are connected by a uranyl pentagonal bipyramid in the interlayer that shares corners with two
phosphate tetrahedra on each of two adjacent sheets and whose fifth equatorial ligand is water.693

The hydrogen uranyl phosphates readily exchange the hydrogen with alkali or alkaline earth metals.
The tetrahydrate, H(UO2)(PO4)�4H2O, is reported to form three different polymorphic modifica-

tions at room temperature.694 The geometry about the uranyl ion in K4(UO2)(PO4)2 is tetragonal
bipyramidal with four oxygen atoms in the equatorial plane from four tetrahedral phosphate groups,
making up a [UO2)(PO4)2]n

4n� layer.695 The neutral compound, (UO2)3(PO4)2�xH2O, has been
synthesized as mono-, tetra-, and hexahydrate. Orthorhombic (UO2)3(PO4)2�4.8H2O was prepared
by addition of 0.5M uranyl nitrate to 0.36M H3PO4 at 60

�C and pH 1.696
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A few uranyl metaphosphates have been reported. UO2(PO3)2 is formed in 85% H3PO4 at 300–
350 �C or by thermal decomposition of UO2(H2PO4)2 at 800–850

�C. In addition, there are uranyl
phosphites, UO2HPO3�xH2O, x= 0,3, and hypophosphites UO2(H2PO2)2�xH2O. A new
phosphite with a three-dimensional structure was recently prepared using hydrothermal
methods.697

The trihydrate of uranyl dihydrogenphosphates, UO2(H2PO4)2�3H2O, has been obtained from
a suspension of HUO2PO4�4H2O in 85% phosphoric acid after stirring for several days. The
monohydrate is also known. It has been reported that UO2HPO4�3H2O behaves as a solid ionic
conductor because of Hþ mobility across the hydrogen bonds network in the compound.698

Pyrophosphates, (UO2)2P2O7 and UO2H2P2O7 have been studied.699

Uranium(VI) polyphosphates, (UO2)2(P3O10)2�xH2O, were obtained by precipitation of a uranyl
solution with Na5P3O10 M2UO2P2O7, with M= alkali metal, have been synthesized by heating
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Figure 52 Coordination environment (a) about uranyl and within and (b) between uranyl phosphate layers
in the first organically templated open-framework uranium phosphate, [Et2NH2]2[(UO2)5(PO4)4] (Danis,

Runde et al. Chem. Commun. 2001, 2378–2379).

U1

U2

U2

U2
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Figure 51 Phosphate coordination geometries and cocrystallized template from the structure-directed pre-
paration of a layered uranyl phosphate (Francis, Drewitt et al. Chem. Commun. 1998, 279–280).
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uranyl nitrate in the presence of alkali metal pyrophosphates and ammonium dihydrogenphos-
phate. The new mixed valence U(UO2)(PO4)2 has been synthesized and characterized spectros-
copically showing the absence of pyrophosphate and the existence of the dioxocation unit, UO2

2þ,
as one of the two independent U atoms. Bidentate phosphates are connecting the chains generat-
ing a three-dimensional network.700

Several NpVI and PuVI phosphates have been prepared well-characterized. They have not been
characterized by single-crystal X-ray diffraction; thus their coordination chemistry has not been
fully described.

Arsenates. Similar to the phosphates, the actinyl arsenate AsO3, AsO4, and As2O7 units bind to
the actinide center to produce open framework and extended structures. The arsenates have not
been studied in solution, as expected given their low solubilities. Examples of recently character-
ized arsenates include (UO2)3(AsO4)2, (UO2)2As2O7, and UO2(AsO3)2.

689,699,701

Molybdates. Common types of molybdates are M2(UO2)(MoO4)2�xH2O and
M6(UO2)(MoO4)4�xH2O, where M is a monovalent cation (Na, K, Rb, Cs, NH4,).

702,703 Struc-
tures of these compounds include linked MoO4 tetrahedra and uranyl square bipyramids and/or
uranyl pentagonal bipyramids. Some related and characterized molybdates include alkyl amine salts,
(C6H14N2)3(UO2)5(MoO4)8�4H2O and (C2H10N2)[(UO2)(MoO4)2], which contain sheets of molyb-
date linked uranyl bipyramids, and the amine cations in the interlayers.704 A silver salt (Ag6(UO2)3-
(MoO4)5) has been reported; it is one of the dozens of known inorganic uranyl compounds containing
sheets of polyhedra that contain trimers of uranyl pentagonal bipyramids that are connected only by
the sharing of vertices with other polyhedra.705 Transuranic analogues formulated as NpO2-
MoO42�xH2O and PuO2MoO42�xH2O and Pu(M=Np, Pu) have also been prepared.706,707

The common six- and seven-coordinate uranyl-based polyhedra are also observed in the
extended structures of uranyl molybdates containing Mo2O7 units. For example, the mineral
iriginite, [(UO2)Mo2O7(H2O)2](H2O), and the hydrothermally prepared [(UO2)Mo2O7(H2O)2],
which is formed under more basic conditions, contain electroneutral sheets of [(UO2)Mo2O7

(H2O)2].
705

Sulfates and sulfites. Mono- and bis-sulfate complexes of actinyl ions, AnO2SO4 and
AnO2(SO4)2

2�, are generally prepared from acidic solutions. The geometry about the actinide
metal center is pentagonal biypyramidal from actinyl, sulfato, and aquo oxygen atoms. A
tris(sulfato) complex has been reported, but it is very weak if it does exist. Ternary hydroxo,
sulfato complexes have been reported for uranyl, but they have not been structurally character-
ized.

These solution species can be precipitated to prepare uranyl sulfate hydrates. The anhydrate
and additional hydrates are formed after subsequent dehydration or other treatments to complete
the series, UO2SO4�xH2O, where x= 0, 0.5, 1, 2, 2.5, 3, 3.5 and UO2SO4)2�xH2O, where x= 0, 4, 8.
The same types of compounds have been prepared for NpVI and PuVI, but they are not as
numerous or as well characterized. Like the carbonates, the sulfates have been used in leaching
uranium from ore. After acidic dissolution, addition of ammonia gives a precipitate thought to be
(NH4)2(UO2)2SO4(OH)4�nH2O. While the solution ternary hydroxo, sulfato complexes are not yet
well known, the related solid, M2(UO2)6(SO4)3(OH)10)�8H2O (M= divalent cation), the mineral
zippeite, has been known since the early nineteenth century.708 New uranyl sulfates with extended
structures containing both inner- and outer-sphere sulfates continue to be discovered.709,710 Novel
hydrothermal synthetic methods, such as the organic templating that has produced interesting
uranyl fluorides and phosphates has also been applied to prepare uranyl sulfates, such as
[N4H12](UO2)6(H2O)(SO4)7.

711 The fluorosulfate, UO2(SO3F)2, is obtained by treating
UO2(MeCO2)2 with HSO3F.

254 A large number of ternary UVI sulfates of the general formula
M(UO2)m(SO4)n�xH2O, where M= alkali metals, ammonia or transition metals (Mn, Cd, Hg),
have been reported. A layered structure is observed for (NH4)2UO2(SO4)2�2H2O with local
pentagonal biypyramidal coordination around the uranium atom, and bridging sulfate groups
joining the uranyl polyhedra.712 In K4UO2(SO4)3 each uranium in the pentagonal bipyramid is
coordinated to five oxygen atoms from four sulfate groups in the equatorial plane.713 Analogous
sulfates have been isolated for NpVI and characterized by IR and X-ray diffraction.714

Similar to the sulfates, mono- and bis(sulfites) have been prepared in solution and precipitated
as the solids, UO2SO3 and UO2SO3�4.5H2O. The analogous Np and Pu compounds have not
been structurally characterized.

Selenates, selenites, and tellurates. Uranyl selenates and selenites have been prepared and can
be expected to have the same coordination features as the sulfates and sulfites. In addition to
the selenate, UO2SeO4, the ternary selenite (UO2)2(OH)2(SeO3), has been reported to form in
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uranyl, selenous acid solutions.715,716 A uranyl tellurate, UO2TeO4, has been reported, but no
tellurites.197

Perchlorates, iodates. Actinyl(VI) iodates are generally prepared via hydrothermal syntheses,
rather than solid state reactions owing to the thermal disproportionation of iodate at
high-temperature. In the absence of additional cations, UO2(IO3)2, AnO2(IO3)2(H2O) (An=U,
Np), and AnO2(IO3)2�H2O (An=Np, Pu) form under both mild and supercritical hydrothermal
conditions.717,718 UO2(IO3)2 is one-dimensional, and contains chains of edge-sharing UO8 hexa-
gonal pyramids. AnO2(IO3)2(H2O) (An=U, Np) and AnO2(IO3)2�H2O (An=Np, Pu) are both
layered and contain AnO7 pentagonal bipyramids linked by iodate anions. The structure of
AnO2(IO3)2�H2O (An=Np, Pu) is also polar owing to the alignment of the stereochemically
active lone-pair of electrons on the iodate anions. The incorporation of alkali metal, alkaline-
earth metal, and main group cations into these hydrothermal syntheses allows for the isolation of
structurally complex compounds exemplified by M2[(UO2)3(IO3)4O2] (M=K, Rb, Tl) and
M[(UO2)2(IO3)2O2] (M= Sr, Ba, Pb).717 The former compounds contain one-dimensional chains
of edge-sharing UO6 tetragonal bipyramids and UO7 pentagonal bipyramids. The latter com-
pounds contain one-dimensional ribbons of distorted UO7 pentagonal bipyramids that share
edges. In both cases, the edges of the one-dimensional chains are terminated by iodate anions.
Finally, UO2

2þ can be used to stabilize the new iodate anion, tetraoxoiodate(V), IO4
3�, in

Ag4(UO2)4(IO3)2(IO4)2O2.
717 The uranium oxide substructure of Ag4(UO2)4(IO3)2(IO4)2O2 con-

tains ribbons of edge-sharing UO8 hexagonal bipyramids and UO7 pentagonal bipyramids.
Crystals of uranyl perchlorate, UO2(ClO4)2�xH2O, have been obtained with six and seven

hydration water molecules. The uranyl is coordinated with five water molecules in the equatorial
plane with a distance of U—O(aqua) of 2.45 Å. The unit cells contain two [ClO4]

� and one or two
molecules of hydration water held together by hydrogen bonding.719 Because perchlorates and
perchloric acid solutions (similar to nitrates) are very common starting materials in actinyl
chemistry there are numerous types of perchlorate containing structures. Examples are provided
by the diperchlorates of uranyl complexes of neutral donor ligands, as in the phosphoramide
complex.720

Carboxylates. Uranyl complexes formed with numerous aminocarboxylate ligands, such as
IMDA, NTA, HEDTA, EDTA, CDTA, or DTPA, have been prepared in water and other
very polar solvents and characterized predominantly by optical and NMR spectroscopy.
Mixed ligand complexes, MLL0 have also been reported, with the secondary ligands including
resorcinols, salicylic acids, amines, and nucleosides, (e.g. adenosine, guanosine, adenine, etc.)
EDTA and mixed EDTA, hydroxide complexes of Pu(VI) have been reported; but these com-
plexes slowly reduce to corresponding Pu(IV) compounds. In complexes of malonic acid deriva-
tives with the uranyl ion, bidentate bonding is unaffected by the substitution of the alpha carbon.
X-ray single crystal diffraction of the complex (C4H12N2)�[UO2(C4H4O4)2(H2O)]�2H2O shows
that alkyl substitution on the alpha carbon of malonic acid has no affect on the coordination
environment around the uranium. In all cases, pentagonal bipyramidal coordination is observed
around the uranium with the ligand forming a six-membered ring. To achieve the desired
coordination around the uranium, one water molecule is complexed in the inner sphere. The
six-membered rings are not planar in nature; in fact, the alpha carbons stray away from planarity
in a trans orientation to one another.721

In some cases, malonic acid has been shown to bridge between two uranyl ions. In the structure
of (C10H26N2)[(UO2)3(C7H10O4)5]�2H2O, the two bridging malonic acids clearly create pentagonal
bipyramidal geometry around the uranium. The malonic acid bonds in two possible ways: either
as a bidentate ligand or as a tridentate ligand where one acid molecule has 1,3-bridging betwen
two uranyl moeities and another is mondentate to the uranyl group.721

Malonic acid has the ability to form several different polymeric complexes with uranyl, many of
which have been studied by X-ray single crystal diffraction. A zig-zag polymer is shown in Figure 53
having two different coordination environments around the uranium atoms. In this polymeric chain,
two closely-neighboring uraniums are bridged by two tetradentate malonic acid ligands. One of the
carboxylic acids has �2 bonding forming an oxo-bridge between the two uraniums. The other
carboxylic acid forms a monodentate bond to one of the uraniums. Also bound to each uranium is a
tridentate malonic acid molecule with one side having an �2 bond through one of the carboxylic acids
and the other having monodentate coordination to the third uranium of the asymmetric group. The
two uraniums which are doubly bridged have a hexagonal bipyramidal coordination environment
while the third uranium has a pentagonal bipyramidal environment.721

Another version of the previous polymeric chain has been studied with X-ray crystallography,
where the only difference lies in the uranyl with the pentagonal bipyramidal coordination.
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In another case, the bidentate malonic acid is replaced with two trans-water molecules, leaving the
coordination environment the same, but causing the trans-oxo ligands to rotate 90o.722

Alkoxides. Exposure of the pentavalent alkoxide complex U(OCH2CH3)5 to oxygen
was first reported to produce a small amount of a volatile and thermally unstable red liquid
byproduct.723 Elemental analysis of the compound was consistent with the stoichiometry
U(OCH2CH3)6, and molecular weight determinations suggested a monomeric structure in ben-
zene. Improved yields of U(OCH2CH3)6 have been achieved using other reaction routes (see
Equations (45) to (47)):

NaU(OCH2CH3)5 + 1/2 Br2 (3.45)U(OCH2CH3)6 + NaBr ð45Þ

NaU(OCH2CH3)6 + 1/2 Pb(CO2CH3)4 U(OCH2CH3)6 + NaCO2CH3 + 1/2 Pb(CO2CH3)2

ð46Þ

U(OCH2CH3)5 + NaOCH2CH3 NaU(OCH2CH3)6 

2 NaU(OCH2CH3)6 + (C6H5CO2)2 2 U(OCH2CH3)6 + 2 NaO2CC6H5  ð47Þ

Reduction of U(OCH2CH3)6 to the more stable UV(OCH2CH3)5 occurs in the presence of
UIV(OCH2CH3)4, ethanethiol, diethylamine, or ethyl cyanoacetate in ether solution.

Other homoleptic uranium(VI) hexakisalkoxides are prepared from alcohol exchange reactions
of U(OCH2CH3)6 with other alcohols (OR: R=Me, Pr, Pri, Bu).723

Bradley reported that homoleptic uranium hexakis(alkoxide) complexes coordinated by sec-
ondary and tertiary alkoxides (U(OR)6: R=Pri, Bus, But) were produced from thermal dispro-
portionation of UO(OR)4 (vide supra).724 U(OMe)6 was initially prepared from oxidation of
UV(OMe)5 in the presence of benzoyl peroxide.723 Interest in a more convenient synthetic route
to U(OMe)6 was stimulated by its potential use in uranium isotope separation, which can be
achieved with a CO2 laser.

725–727 Facile syntheses of U(OMe)6 were reported by different groups
(see Equations (48) to (51)):725,726,728

UF6 + 6 NaOCH3 U(OCH3)6 + 6 NaF
-78 °C, CH 2Cl2 ð48Þ

UF6 + 2 CH3Si(OCH3)3 U(OCH3)6 + 2 CH3SiF3
-78 °C, CH 2Cl2 ð49Þ

UCl4 + 6 LiOCH3

2 NaU(OCH2CH3)6 + (C6H5CO2)2 2 U(OCH2CH3)6 + 2 NaO2CC6H5  

Li2U(OCH3)6 + 4 LiCl

ð50Þ

UF6 + 6 Si(OCH3)4 U(OCH3)6 + 6 FSi(OCH3)3 ð51Þ

Chemical, vibrational spectroscopic, and infrared multiphoton photochemical properties of
U(OMe)6 were reported725 and the electronic structure and bonding of this compound was

Figure 53 Crystal structure of (C10H26N2)[(UO2)3(C7H10O4)5]�2H2O depicting the polymeric coordination
of the UVI (Zhang, Collison et al. Polyhedron 2002, 21, 81–96).
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investigated by using a combination of He I/He II photoelectron spectroscopy and discrete
variational DV-X� molecular orbital calculations.729

The reaction of U(OCH(CH3)2)6 with lithium, magnesium, or aluminum alkyls does not
generate uranate(VI) compounds containing uranium–carbon bonds, but rather addition com-
plexes.544 The structures of these products, (MeLi)3-U(OPri)6, (R2Mg)3-U(OPri)6 (R=Me,
CH2Bu

t, CH2SiMe3), and (Me3Al)6-U(OPri)6, were suggested based upon 1H-NMR spectroscopic
analysis. There was no evidence that an anionic complex could be prepared from treatment of
U(OCH2CH3)6 with NaOCH2CH3.

723

Mixed uranium(VI) halide/alkoxide products have been described. The compound
U(OCH2CH3)5Cl is prepared by reaction of one equivalent of HCl with U(OCH2CH3)6.
A thermally unstable mixed halide/alkoxide compound, U(OMe)F5, is prepared from the
reaction of UF6 with MeOH in CFCl3 at �90 �C.730 The methoxyfluorouranium(VI) com-
pounds, U(OCH3)nF6�n, n= 1–5, are obtained from the reaction of UF6 with Me3Si(OMe) or
U(OMe)6.

725 Characterization by 1H- and 19F-NMR spectroscopy suggests that these mono-
mers have six-coordinate uranium centers, and undergo rapid intermolecular ligand exchange.

The first uranyl alkoxide complex, uranyl di-iso-amyloxide, was reported in 1952.731 Conflicting
reports ensued regarding the composition of uranyl bisalkoxide compounds. Gilman and
co-workers reported that the yellow brown, ether and alcohol soluble uranyl ethoxide,
UO2(OCH2CH3)2-3HOCH2CH3, was prepared from a metathesis reaction between anhydrous
uranyl chloride and sodium ethoxide, and the bright red ethanol soluble uranyl t-butoxide
analogue, UO2(OBut)2-4HOBut, was formed upon oxidation of UIV(OBut)4.

732 Bradley and
co-workers, however, were unable to reproduce the preparation of UO2(OCH2CH3)2-
3HOCH2CH3 using Gilman’s synthetic procedure. A compound of stoichiometry
UO2(OCH2CH3)2-2HOCH2CH3 was instead prepared from the metathesis reaction between
UO2Cl2 and LiOCH2CH3 or ethanol exchange with uranyl methoxide.724

In a later report, UO2(OMe)2-MeOH was prepared from solvolysis of uranyl nitrate in alcohol
solutions in the presence of tridecylamine as the deprotonating base, although no yield was
reported.733 Alcohol exchange was identified between UO2(OMe)2 and primary alcohols
(OR: R=Et, Pr, Bui, amyl), generating a new route for the production of uranyl bisalkoxides.724

However, when UO2(OMe)2 was allowed to react with secondary or tertiary alcohols (OR: R=Pri,
Bus, But), the exchange was accompanied by redistribution resulting in loss of a uranyl oxo ligand to
form UO(OR)4-HOR (along with an insoluble residue), which further disproportionated to U(OR)6
upon heating. The compound assignments were based solely upon elemental analysis.

Subsequent studies in nonalcoholic solvent confirm that redistributive exchange of uranyl oxo
and ancillary alkoxide ligands can occur. Reaction of two equivalents of potassium t-butoxide
with uranyl chloride results in the formation of the trimetallic species [UO2(OBut)2][UO(O-
But)4]2.

734 Apparently, redistributive exchange is precluded by steric saturation of the uranyl
alkoxide through coordination of a strong Lewis base. The complex UO2(OBut)2(Ph3PO)2 is
prepared from the reaction of KOBut and UO2Cl2(Ph3PO)2 in tetrahydrofuran.591

Electron-poor donor alkoxide ligands, such as aryloxides or fluoroalkoxides, also inhibit ligand
redistribution. The metathesis reaction of UO2(NO3)2�2THF with sodium nonafluoro-t-butoxide
yielded the yellow diamagnetic complex UO2[OC(CF3)3]2�2THF.12 In order to assess the relative
influence of steric versus electronic effects on formation of oxo-alkoxide bridged species, a series
of binary uranyl alkoxide complexes were studied.735 The reaction of uranyl chloride with
primary alkoxide potassium neopentoxide gives as the sole isolable species a uranium complex
generated by replacement of each oxo ligand by two alkoxide groups, U(OCH2CH3)6. A reaction
pathway for the redistributive exchange of alkoxide and oxo ligands was proposed. Sterically
bulky alkoxide ligands inhibit redistributive exchange. Metathesis reactions of KOR (R=CHPh2,
CH(But)Ph) with uranyl chloride allowed for the isolation of simple monomeric uranyl species,
UO2(OCHPh2)2(THF)2 and UO2[OCH(But)Ph)2(THF)2. Larger aggregates can be isolated utiliz-
ing bulky alkoxide ligands. The tetrameric aggregate, [UO2(OCH(Pri2)2)2]4, was isolated from the
reaction of KOCH(Pri2)2 with uranyl chloride. Mixed ligand uranyl alkoxide compounds have
been reported. A chloride alkoxide compound, U2O5Cl(OPri)-0.5CH3COOPri, was reported in
which Bradley’s proposed uranyl isopropoxide species, U2O5(OPri)2-2HOPri (vide supra) was
reacted with one equivalent of acetyl chloride in refluxing benzene.724,736 A series of air and
moisture stable monothiocarbamate uranyl alkoxide products, [R2NH2][UO2(R2NCOS)2(OR0)]
(R=Me, Et, Pr; R0 =Me, Et), were prepared from the reaction of uranyl chloride trihydrate with
a solution in which carbonyl sulfide was bubbled through dipropylamine in ethanol.737–739 Uranyl
phenoxide compounds have also been prepared. In an initial study of binary uranyl aryloxides,
compounds UO2(OR)2 (R=Ph, 2-NO2C6H4, 2-ClC6H4) were prepared from refluxing uranyl
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chloride or uranyl acetate with an excess of the appropriate phenol in xylene.740 The authors
suggested that these species were polymeric, but could form monomeric Lewis base adducts in the
presence of the appropriate ligands (pyridine, piperidine, phenanthroline). They also reported that
the salts, M2UO2(OC6H5)4 (M=Na, K) were isolated from a refluxing solution of UO2(OC6H5)2
and two equivalents of MOR in xylene. Subsequently, a series of uranyl aryloxide complexes
(UO2(O-2,6-But2C6H3)2(THF)2, UO2(O-2,6-Ph2C6H3)2(THF)2, [UO2(O-2,6-Cl2C6H3)2(THF)2]2,
and [UO2 (O-2,6-Me2C6H3)Cl(THF)2]2) were prepared via metathesis reactions between uranyl
chloride and the appropriate o-substituted phenoxides.741 The formation of monomeric or dimeric
compounds appears to be dictated purely by the steric requirements of the ligands. Alcoholysis of
uranyl amide complexes with substituted phenols leads to the formation of neutral (UO2(O-2,6-
Pri2C6H3)2(py)3) and anionic [Na(THF)3]2[UO2(O-2,6-Me2C6H3)4] uranyl phenoxide species.589

A series of pyridine uranyl phenoxide adducts, UO2(OR)2�n C5H5N, were prepared (OR: R=Ph,
n= 1; R= p-ClC6H4, n= 1; R= p-MeC6H4, n= 1; R= o-MeC6H4, n= 3).274 A series of pyridi-
nium ‘‘ate’’ species [pyH]2[UO2(OR)4] were also reported.

Thiolates, selenates. Few thiolate complexes of uranyl exist. Those complexes that have
been prepared are stabilized by the use of ligands with pendant heteroatom bases that can
coordinate to the metal center.742,743 Reaction of UO2(NO3)2 with pyridine-2-thiol and 3-trimethyl-
silyl-pyridine-2-thiol results in the formation of the complexes [HSC5H4][UO2(NO3)2(SC5H4N)] and
[(C5H3NS-3-SiMe3)2H][UO2(NO3)2(C5H3NS-3-SiMe3)], wherein each uranyl contains a 2-mercap-
topyridine ligand in the equatorial ligand plane.744 The latter contains a protonated disulfide
counterion derived from coupling of two pyridylthiol anions. When reaction of uranyl nitrate
with 2-mercaptopyrimidine or 2-mercapto-4-methylpyrimidine is carried out in the presence of
atmospheric oxygen and triethylamine, the binuclear complexes [HNEt3]2[(UO2)2(O2)(SC4N2H3)4]
and [HNEt3][H(UO2)2(O2)(SC4N2H2Me)4]-Me2CO-0.5Et3N are isolated; these species are unique
examples of peroxo-bridged diuranyl compounds.745 The analogous reaction with 2-mercaptopyr-
idine yields the tetranuclear bridging oxo complex [HNEt3]2[(UO2)4(O)2(SC5NH4)6�Me2CO.745

Triflates. The synthesis of UO2(O3SCF3)2(H2O)n was first reported in 1994,746 and involved the
treatment of UO3 with triflic acid in water. The molecular structure of the complex
UO2(O3SCF3)2(H2O)3�2(15-crown-5) was subsequently reported,747 as was the solution spectrum of
UO2(O3SCF3)2(MeCN)3. The metal coordination environment in both complexes are best regarded
as pentagonal bipyramidal uranyl units. Anhydrous and solvent free uranyl triflate has since been
prepared by several routes,613 but most conveniently by reaction of UO3 with neat triflic acid or triflic
anhydride at elevated temperatures. As discussed above, recrystallization of UO2(OTf)2 from pyridine
generates the base adduct UO2(OTf)2(py)3.

(v) Ligands containing neutral group 16 donor atoms

The dominant species in the þ6 oxidation state is the actinyl ion, AnO2
2þ; where the most stable

member of the series is the uranyl ion, UO2
2þ. The majority of well-characterized coordination

compounds are of this species, with the exception of some halide and hydroxide complexes.
Aqua species. Among isolated solids, hydrates of actinyl species are common (see Table 34),

although it is not always clear that water is coordinated directly to the metal center. The
equatorial plane of the actinyl ion can accommodate between one and five coordinated water
molecules, depending both on the extent of inner-sphere anion coordination and the size of the
metal ion. A total coordination number of seven for the metal ion is very common; pentagonal
bipyramidal geometries are found in such complexes as (enH2)[UO2F4(H2O)]748 and UO2(acac)2-
(H2O).749 EXAFS investigations indicate that the aquated uranyl ion in solution also has the
expected pentagonal bipyramidal structure [UO2(H2O)5]

2þ.746 An experimental study of the
exchange between [UO2(H2O)5]

2þ and bulk water (observing 17O-NMR signals) suggests that
the mechanism for exchange is dissociative.750 Crown ethers have been found to effect the
inclusion of uranyl hydrates. Crystallization of a variety of uranyl salts from acids (or from
biphasic liquid clathrate systems133) in the presence of crowns results in the formation of these inclusion
compounds. Some of the structurally characterized examples in this class are listed in Table 35.
Little structural variability is observed in these complexes; all display metal coordination numbers
of seven or eight.

Ethers. Complexes with dialkylether ligands (as well as tetrahydrofuran) have been reported
for uranyl chlorides, nitrates, thiocyanides, perchlorates, and beta-diketonate ligands. The
formulation of the complexes would suggest uranium coordination numbers ranging from six
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to eight. The rigid directionality and hence accessibility of the electron pairs (donor strength) of
tetrahydrofuran make it particularly well suited to facilitate isolation of uranyl complexes. The
molecular structures of several THF adducts have been determined (see Table 36). The complex
UO2Cl2(THF)3 is isolated from the dehydration of UO2Cl2(H2O)x by Me3SiCl in THF; it readily
loses THF under reduced pressure to generate the known compound [UO2Cl(�-Cl)(THF)2]2. This
species is particularly useful as an anhydrous reagent for subsequent nonaqueous synthetic
chemistry.

Table 35 Structurally characterized UVIO2 crown ether inclusion compounds.

Compound References

UO2(NO3)2(H2O)2�2(dibenzo-18-crown-6) a

UO2(NO3)2(H2O)2�2(15-crown-5) b

UO2(O2CCH3)2(H2O)2�2(dibenzo-18-crown-6) c

UO2Cl2(H2O)2(12-crown-4-O)�(12-crown-4) d

UO2(NO3)2(H2O)2�2(15-benzo-crown-5) e

[H3O][UO2Cl3(H2O)2]�(15-crown-5) f

UO2Cl2(H2O)3�(18-crown-6) g

UO2(O3SCF3)2(H2O)3�2(15-benzo-crown-5) h

UO2Cl2(H2O)3�(15-crown-5) f

[UO2(H2O)5][ClO4]2�3(15-crown-5) g

[UO2(H2O)5][ClO4]2�2(18-crown-6) g

[UO2(H2O)5][O3SCF3]2�(18-crown-6) i

a Xinmin, G., T. Ning, et al. J. Coord. Chem. 1989, 20, 21. b Gutberlet, T., W. Dreissig, et al. Acta Crystallogr., Sec. C. 1989, 45,
1146. c Mikhailov, Y. N., A. S. Kanishcheva, et al. Zh. Neorg. Khim. 1997, 42, 1980. d Rogers, R. D., M. M. Benning, et al. Chem.
Commun 1989, 1586. e Rogers, R. D., A. H. Bond, et al. J. Crystallogr.Spectrosc. Res. 1992, 22, 365. f Hassaballa, H., J. W. Steed,
et al.Chem. Commun. 1998, 577. g Rogers, R. D., L. K. Kurihara, et al. J. Inclusion Phenom. Macrocyclic Chem. 1987, 5, 645. h Thuery,
P., M. Nierlich, et al. Acta Crystallogr., Sect. C 1995, 51, 1300. i Deshayes, L., N. Keller, et al. Acta Crystallogr., Sect., C 1994, 50, 1541.

Table 34 Some hydrates of dioxoactinide(VI) compounds.

UO2X2�yH2O X=Cl, y= 1, 3; X=Br, y= 3; X=NCS, y= 1, 3;
X= acac, y= 1

MVIO2(NO3)2�6H2O MVI=U, Np, Pu
MVIO2(ClO4)2�xH2O MVI=U, x= 3, 5, 7; MVI=Pu, x= 6
MVIO2(IO3)2�xH2O MVI=U, x= 1, 2; MVI=Np, x= 2
UO2(RCO2)2�xH2O R=H, x= 1; R=Me, Et, Prn, Pri, Bun, x= 2
MVIO2(C5H4N-3-CO2)2�2H2O MVI=U, Np, Pu
MVIO2C2O4�3H2O MVI=U, Np, Pu
UO2(H2PO4)2�3H2O
(UO2)3(PO4)2�3H2O
(enH2)[UO2F4(H2O)]
MIPuO2F3�H2O MI=Na, K, Rb, Cs, NH4

MIIUO2F4�4H2O MII=Zn, Cd, Cu, Mn, Co, Ni
Rb2UO2Cl4�2H2O
MU2O5Cl4�2H2O MI=Rb, Cs
MI[UO2(NCS)3(H2O)2] MI=K, Rb, NH4

MII[UO2(MeCO2)3]2�xH2O MII=Mg, x= 6, 7, 8, 12; MII=Ca, x= 6;
MII= Sr, x= 2, 6; MII=Ba, x= 2, 3, 6, 10

M[UO2(CO3)3]�xH2O MII=Mg, x= 16–18, 20; MII=Ca, x= 4;
MII= Sr, x= 9; MII=Ba, x= 5, 6

MIMVIO2PO4�xH2O MVI=U, MI=H, Na, NH4, x= 3; MI=Li, Na, K, x= 4;
MVI=Np, MI=H, Li, x= 4; MI=Na, K, NH4, x= 3

MII(MVIO2PO4)2�xH2O MVI=U, MII=Ca, Sr, x= 6; Cu, x= 8;
MVI=Np, MII=Ca, Sr, Ba, x= 6

MIMVIO2AsO4�xH2O MVI=U, MI=H, x= 4; MI=NH4, x= 3
MVI=Np, MI=H, Li, x= 4; MI=Na, x= 3.5;
MI=K, NH4, x= 3

MII(MVIO2AsO4)2�xH2O MVI=U, MII=Mg, Zn, Ni, Co, x= 8
MVI=Np, MII=Mg, x= 8, 10; MII=Ca, x= 6, 10;

MII= Sr, x= 8; MII=Ba, x= 7
Na4NpO2(O2)3�9H2O
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Alcohols. Alcohol adducts of uranyl species of the formula UO2X2�yROH (X=Cl, NO3,
MeCO2, alkoxides, beta-diketonates, tropolonate, etc.; y= 1–3) have been reported. In some
instances, adducts are formed in alcohol solvent, while in others they are prepared by removal
of water by azeotropic distillation. An interesting example of an alcohol adduct is the compound
formed between uranyl chloride and the polyethyleneglycol (PEG), hexaethyleneglycol, UO2Cl2-
(H2O)(PEG).751 The molecular structure of this and a handful of other structurally characterized
complexes in this class752,753 demonstrate that the coordination geometry about the uranium atom
is pentagonal bipyramidal.

Ketones, aldehydes, esters. The majority of representatives in this class of compounds contain
cyclic or acyclic ketones as ligands (see Table 37). Complexes are known for uranyl halides,
nitrates, cyanates, beta-diketonates, etc. The formulation of the compounds would suggest typical
six- to eight-coordinate uranium. Confirmation of this is found in the structure of the acetic acid
solvate UO2Cl2[OC(CH¼CHPh)2]2�2MeCO2H. The uranium center is six-coordinate, with all of
the identical ligands mutually trans. Fewer compounds are known of adehydes and organic esters,
most of the formula UO2X2(L)2 (X= chloride, nitrate, L= aldehyde, ester), although mixed
ligand (carbonyl-containing base, water) species have also been reported.

Carbamide and related ligands. Given the somewhat ‘‘harder’’ acid nature of actinyl ions relative
to lower oxidation states, carbonyl-containing compounds constitute strong donor groups, and
carbamides are perhaps the most widely studied type of ligand in this class (see Table 38);
monamides are widely explored in extraction chemistry. This class of compounds also includes
closely related ligands such as lactams, lactones, and antipyrines. In particular, the use of
antipyrine (atp) for preciptitating uranyl from solution in the presence of thiocyanate (presumably
as UO2(SCN)2(atp)3) was used as an assay for uranium in minerals. Adducts are most often
prepared by direct reaction of actinyl salt and ligand in nonaqueous media. The stoichiometry of
the adducts is controlled by the size of the coordinating ligand; stoichiometries between 1:1 and
1:5 (metal:ligand) are observed. The molecular structures of a number of amide complexes have
been determined; most are monomeric, and possess uranium coordination numbers of seven or
eight (see Table 39).

Oxoanions promote the formation of dimeric or polymeric products. The local coordination
environment in these species is that of pentagonal bipyramidal uranyl groups with two neutral
ligands and three oxo groups from two different bridging sulfate, chromate, or acetate groups.754

Table 37 Some ketone complexes of dioxouranium(VI) compounds.

L= ketones RCOR0

[UO2Cl2L2]�2MeCO2H R=R0 =PhCH=CH
UO2(NO3)2�xL�yH2O R=R0 =Me, x= 1, y= 2 or 3; x= 2, y= 0

R=Me, R0 =Et, x= l, y= 3; x= 2, y= 0
R=Me, R0 =Bui, x= 1, y= 2; x= 2, y= 0

UO2X2�L R=R0 =Me, X=NCO, acac, trop
UO2SO4�L�2H2O R=R0 =Me
L= cyclic ketones
UO2(NO3)2�2L L= cyclohexanone
UO2(trop)2�L L= cyclopentanone, cyclohexanone

Table 36 Structurally characterized UVIO2 THF adducts.

Compound References

UO2(NO3)2(THF)2
a

UO2(CF3COCHCOCF3)2(THF) b

UO2Cl2(THF)3
c

[UO2Cl(�-Cl)(THF)2]2
d

UO2Br2(THF)3
e

[UO2Cl(THF)4][UCl5(THF)] f

a Reynolds, J. G.; Zalkin, A.; et al. Inorg.Chem. 1977, 16, 3357. b Kramer, G. M.; Dines, M. B.; et al. Inorg. Chem. 1980, 19,
1340. c Wilkerson, M. P.; Burns, C. J.; et al. Inorg. Chem. 1999, 38, 4156. d Rogers, R. D.; Green, L. M.; et al. Lanth. Actin. Res.
1986, 1, 185. e Rebizant, J.; Van den Bossche, G.; et al. Acta Crystallogr., Sect. C 1987, 43, 1298. f Noltemeyer, M.; Gilje, J. W.; et al.
ActaCrystallogr., Sect. C 1992, 48, 1665.
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Extraction of UVI from nitrate and thicyanate solutions into various organic solvents has been
performed using three different monamides: N,N-methylbutyldecanamide (MBDA), N,N-dibutyl-
decanamide (DBDA), and N,N-dihexyldecanamide (DHDA). Distributions from nitrate vary as a
function of organic diluent and are greatest for aromatic diluents. A similar trend is not observed
for thiocyanate. The extraction equilibria from NO3

� and SCN� media from slope analysis are as
follows (see Equations (52) and (53); L= ligand):

UO2
2+

(a) + 2 NO3
-

(a) + nL(o) UO2(NO3)2 •nL(o)

(n = 2 for dodecane,
1.6 for other organics)

ð52Þ

UO2
2+

(a) + 2 SCN-
(a) + 3L(o) UO2(SCN)2•3L(o)

(all organics)

ð53Þ

Table 38 Amide complexes of dioxouranium(VI) compounds.

[UO2F2(L)]n L=HCONMe2(DMF), MeCONMe2(DMA), MeCONH2

UO2Cl2�xL X= 1, L=Me2NCO(R)CONMe2 with R=CMe2 or
CH2C(Me)2CH2

x= 1.5, L=Me2NCO(CH2)nCONMe2 with n= 1 or 3
x= 2, L=MeCONH2(þH2O); MeCONHR with R=Pri,
p-H2NC6H4 or p-EtOC6H4; HCONMe2, MeCONR2

with R=Me, Prn, Pri or n-C8H17; RCONMe2
with R=Pri, Me2CHCH2 or Me3C

x= 3, L=MeCONH(p-EtOC6H4), MeCONHEt, HCONMe2
UO2Br2�xL x= 2, L=DMA

x= 3, L=DMF
x= 4, L=MeCONH(p-EtOC6H4)

[UO2(DMA)6][UBr6]
UO2I2�4DMF
Cl(L)2UO2{�2-(O2)}UO2(L)2Cl L=DMF, DMA
UO2(NO3)2�xL x= 1, L=RNCOCH2CONR2

2 with R1=Bun or Bui and
R2=Me(CH2Ph)
x= 2, L=DMF, HCON(Me)(CH2Ph), MeCONH2,
MeCONH(p-EtOC6H4), MeCONR2 (with R=Et,
Pri, n-C8H17, n-C10H21, n-C12H25 or Ph),
MeCONEt(MeC6H4), RCONMe2 (with R=Pri,
Bun, Me2CHCH2 or Me3C), Pr

nCONBun2,
Me3CCONBun2

x= 3, L=MeCONHPh
[UO2L5](ClO4)2 L=DMF, DMA or MeCONEt2
UO2(NCS)2�2L�H2O L=MeCONH2

UO2(MeCO2)2�xL L=DMF, x= 1 or 2; L=DMA, MeCONPri2, x= 1
UO2(MeCCO2)2�L L=MeCONPri2
UO2(C2O4)�xL x= 1, L=MeCONH2

x= 2, L=MeCONH(p-EtOC6H4)
x= 3, L=DMF

UO2SO3�xL�yH2O L=HCONH2, x= 1, y= 2; L=MeCONH2, x= 1, y= 1.5
or x= 1.5, y= 0.5; L=DMF, x= 1, y unspecified

UO2SO4�xL�yH2O L=MeCONH2, x= 1, y= 2; x= 2, y= 0 or x= 3, y= 1;
L=DMF, x= 2, y= 0

UO2CrO4�2L L=MeCONH2, DMF
UO2(HPO3)�L L=H2NCOCH2CONH2

UO2(HPO3)�2L L=MeCONH2

[UO2(HPO3)(H2O)L] L=MeCONH2, DMF
UO2(Et2NCS)2�xL x= 1, L=DMF; x= 2, L=HCON(CH2Ph)(Me)
UO2L2�DMF L=CF3COCHCO(2-C4H3S)
UO2L�DMF L=OC6H4CH=NCH2CH2N=CHC6H4O
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Extraction of uranyl with all three amides was always much higher from the SCN� solution
than from the NO3

� solution, possibly indicating a more stable UVI/SCN�complex. IR spectra
and 1H-NMR data confirm the bonding of the amide carbonyl directly to the metal ion in all
three ligands. Lack of OH stretching modes in the IR spectra eliminates the presence of water in
the extracted complexes. IR data also confirms direct bonding on NO3

� and SCN� to the metal.
These analyses confirm the slope analysis observations.755

The monamides N,N-di(ethyl-2-hexyl)butanamide (DOBA) and N,N-di(ethyl-2-hexyl)-i-butan-
amide (DOiBA) extract UVI, as well as the lower oxidation state AnIV. DOiBA tends to have
lower extractive ability due to the bulky isobutyl groups attached to the nitrogen. Uranium(VI)
extracts better than PuIV for both monamides and always forms 2:1 UVI/monamide complexes.
Hence, the observed extracted complexes at low acidity are UO2(NO3)2(DOBA)2 and
UO2(NO3)2(DOiBA)2. IR analysis indicates direct carbonyl bonding to the metal and C2v

geometry in the final extracted complexes. Metal nitrate anions coordinated with protonated
ligands are the likely species extracted in high acid conditions.756

Ureas. The coordination environment of complexes with urea (and related) ligands is very
similar to that of carbamide ligands (see Table 40). Nearly all representatives of this class consist
structurally of pentagonal bipyramidal uranyl units. Adducts with three or four neutral ligands
are monomeric; those with two urea ligands are dimeric (edge sharing units bridged by anionic
ligands). Polymeric sulfate complexes have been characterized, UO2(SO4)�2urea and
UO2(SO4)�3urea,757,758 with pentagonal bipyramidal uranyl units linked by either tri- or bidentate
sulfate groups, respectively.

One structure of a homoleptic uranyl urea compound has been reported, [UO2(N,N0,N0-tetramethyl-
urea)4][B12H12],

759 in which four urea groups lie in the equatorial plane of an octahedral uranium.
Nitroalkanes. A limited number of solvates of uranyl salts have been reported to crystallize

from nitromethane or nitrobenzene solutions, including the following formulations
UO2(NO3)2�2RNO2 and UO2(ClO4)2�2MeNO2.

Amine N-oxides, phosphine oxides, arsine oxides, and related ligands. The prototypical system
for extraction of the uranyl ion from aqueous solution into organic solvent is tributylphosphate in
hydrocarbons such as kerosene. This has stimulated interest in understanding the coordination
chemistry of actinyl ions with P¼O (and related) functional groups in order to optimize extrac-
tion efficiency or discrimination among actinides to be separated. Of all classes of neutral group
16-atom donor ligands, phosphine oxide adducts are the most common examples of complexes of
transuranic elements (Np, Pu).

Base adducts are most often prepared by direct reaction of actinyl salt and ligand in nonaque-
ous media. The donor strength of this class of ligands is evidenced by the fact that phosphine

Table 39 Structurally characterized UVI carbamides.

Compound References

UO2(NO3)2(N,N-dibutyldodecanamide)2
a

UO2(NO3)2(N,N-dibutyl-3,3-dimethylbutanamide)2
b

UO2Cl2(N-butylformamide)3
c

UO2(NO3)2(hexahydro-2H-azepin-2-one)2
d

UO2(NO3)2(N-ethylcaprolactam)2
e

UO2Cl(O2CCH3)(N,N-dimethylformamide)2
f

[UO2(N,N-diethylacetamide)5][BF4]2
g

[UO2(�-O2CCH3)2(N,N-dimethylacetamide)2]2
h

[UO2(�-CrO4)(N,N-diethylacetamide)2]2
I

[UO2(�-CrO4)(N,N-dimethylformamide)2]x
j

[UO2(�-SO4)(N,N-diethylacetamide)(H2O)]x
k

[UO2(�-SO4)(N,N-dimethylformamide)2]x
l

[UO2(�-SO4)(H2O)(acetamide)2]2
m

[UO2(�-SO4)(H2O)(acetamide)3]2
m

a Charpin, P., Lance, M.; et al. Acta Crystallogr., Sec. C. 1986, 42, 560. b Charpin, P.; Lance, M.; et al. Acta Crystallogr., Sec. C. 1987,
43, 231. c Charpin, P.; Lance, M.; et al. Acta Crystallogr., Sect. C 1988, 44, 257. d Cao, Z.; Wang, H.; et al. ActaCrystallogr., Sec. C.
1993, 49, 1942. e Cao, Z. B.; Wang, H. Z.; et al. Chin. Chem. Lett. 1992, 3, 211. f Zhang, D. C.; Zhu, Z. Y.; et al. Acta Chim. Sinica
(Chin.) 1989, 47, 588. g Deshayes, L.; Keller, N.; et al. Acta Crystallogr., Sect. C. 1992, 48, 1660. h Mistryukov, V. E.; Mikhailov, Y. N.;
et al. Sov. J. Coord. Chem. 1983, 9, 163. i Mikhailov, Y. N.; Gorbunova, Y. E.; et al. Russ. J. Inorg. Chem. 1998, 43, 885–889. j -
Mikhailov, Y. N.; Orlova, I. M.; et al. Sov. J. Coord. Chem. 1976, 2, 1298. k Mikhailov, Y. N.; Gorbunova, Y. E.; et al. Zh. Neorg. Khim.
1997, 42, 1300. l Thuéry, P.; Keller, N.; et al. Acta Crystallogr., Sect. C 1995, 51, 1526. m Serezhkina, L. B.; Vlatov, V. A.; et al. Zh.
Neorg. Khim. 1989, 34, 1251.
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oxide adducts will form in solution with a stoichiometric amount of ligand even in such poten-
tially coordinating solvents as acetonitrile, ethanol, or 1,2-dimethoxyethane.760 The reported
stoichiometry of complexes prepared ranges from 1:1 to 5:1 (L:An) (see Table 41), with higher
ligand to metal ratios resulting in the case of weakly coordinating anions (such as perchlorate)
where ionic complexes [AnO2Lx][ClO4]2 might reasonably be expected to form. The complexes are
usually identified by the intense IR-active �P¼O stretching frequency. The frequency of free
trialkylphosphine oxides generally falls between 1150–1200 cm�1; reduction in this frequency
by� 100 cm�1 is common upon coordination.

The coordination environment about the metal atoms is very frequently octahedral; higher
coordination numbers such as eight arise from coordination of bidentate counterions (acetate,
nitrate). The most common geometry for octahedral complexes is trans, although a cis isomer of
UO2Cl2(OPPh3)2 has been isolated,761 and a cis geometry is observed for the derivative UO2-
(OBut)2(OPPh3)2.

591

Commercially available Cyanex 923, or TRPO (see Table 19), has been used for the successful
extraction of UVI ions from nitric acid solutions into xylene. Extractant dependency gives a slope
of two for hexavalent uranium, similar to the behavior observed for trioctylphosphine oxide
(T-OPO). The extraction stoichiometry for TRPO with UO2

2þ is given by Equation (54):

UO2
2+

(a) + 2 NO3
-
(a) + 2 TRPO(o) UO2(NO3)2•2TRPO(o) ð54Þ

The shift in the phosphoryl stretching frequency for complexes of TRPO with UVI to lower
values (1146 cm�1 to 1071 cm�1) indicate strong donation of the phosphoryl oxygen lone pair to
the metal center, and comparison with ThIV indicate a stronger UVI complex.314

Tributylphosphate (TBP) is used as an extractant in the PUREX process for the selective
extraction of both PuIV and UVI ions (see Figure 54). As discussed in Section 3.3.2.2.3.1.9, TBP
is used as a synergist with CMPO in the TRUEX process for the treatment of nuclear wastes.

The equilibrium for the extraction of UO2
2þ by TBP into various organic solvent from nitric

acid media has been thoroughly characterized; the extracted species is proposed to be
UO2(NO3)2�2TBP.762

Den Auwer et al.763 have studied the complexation of the uranyl ion by a series of trialkyl and
triaryl phosphates: tri-i-butylphosphate(TiBP), tri-n-butylphosphate(TBP), trimethylphospha-
te(TMP), and triphenylphosphate(TPhP) by EXAFS. EXAFS was used to help better understand
the coordination environment of the extracted complexes, as well as the extractive ability of the
organophosphorus compounds.

In the experiment uranyl nitrate was dissolved into excess TBP, TiBP, TMP, and TPhP and the
spectra were taken both in the solid state at 77K and also at room temperature as a liquid using
the uranium LIII edge. From the experiments it was determined that all four ligands coordinated

Table 40 Urea complexes of UVI.

Compound References

[UO2(urea)4(H2O)](NO3)2
a

UO2(SO4)(N,N0-ethylenecarbamide)2(H2O) b

UO2(SO4)(N,N-dimethylurea)3
b

UO2(SO4)(urea)4
c

UO2(HPO3)(N,N-dimethylurea)(H2O) d

[UO2F(�-F)(urea)2]2
e

[UO2(�-OH)(urea)3]2I4
f

[UO2(O2CMe)(urea)3][UO2(O2CMe)3]
g

UO2(NO3)2(N,N,N0,N0-tetramethylurea)2
h

UO2(NO3)2(1,3-bis(n-butyl)imidazolidin-2-one)2
i

UO2(NO3)2(urea)2
j

a Dalley, N. K.; Mueller, M. H.; et al. Inorg.Chem. 1972, 11, 1840. b Mikhailov, Y. N.; Gorbunova, Y. E.; et al. Zh. Neorg. Khim. 1999,
44, 415. c Serezhkin, V. N.; Soldatkina, M. A.; et al. Sov.Radiochem. (Engl. Transl.) 1981, 23, 551. d Mistryukov, V. E.; Kanishcheva,
A. S.; et al. Sov. J. Coord. Chem. (Engl. Transl.) 1982, 8, 860. e Mikhailov, Y. N.; Ivanov, S. B. O. I. M.; et al. Sov. J. Coord. Chem.(Engl.
Transl.) 1976, 2, 1212. f Mikhailov, Y. N. K. V. G.; Kovaleva, E. S. J.Struct. Chem. (Engl. Transl.) 1968, 9, 620. g Mistryukov, V. E.;
Mikhailov, Y. N.; et al. Sov. J. Coord. Chem. (Engl. Transl.) 1983, 9, 163. h Van Vuuren, C. P. J.; Van Rooyen, P. H.; Inorg. Chim. Acta
1988, 142, 151. i Cao, Z.; Qi, T.; et al. Acta Crystallogr., Sect. C 1999, 55, 1270. j Alcock, N. W.; Kemp, T. J.; et al. Acta Crystallogr.,
Sect. C 1990, 46, 981.
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similarly to the uranium center. Table 42 shows that the distance between the U–O(P) does not
differ much with a change in the alkyl group. The change that is observed may possibly be
attributed to the cone angle of the ligand, with the less sterically hindered group being the methyl
groups and the most sterically hindered being the phenyl groups. With nitrate and trialkylphos-
phate ligands being bidentate and monodentate, respectively, the resulting coordination around
the uranium is hexagonal bipyramidal with the complex formula of [UO2(NO3)2X2] where X is
TBP, TiBP, TMP or TPhP.763

The EXAFS data are in agreement with structures solved by X-ray single crystal diffraction. It
has been shown that uranyl and neptunyl complexes with TPhP are isostructural. The hexagonal
bipyramidal coordination geometry around the metal center can be seen in Figure 55. The
observed complexes are UO2(NO3)2(TPhP2) and NpO2(NO3)2(TPhP2).

Table 41 Structurally characterized examples of actinyl phosphine oxide complexes.

Compound References

UO2(S2PR2)2(OPMe3)
a

UO2{CF3COCHCO(2-C4H3S)2}{OP(n-C8H17)3}
b

UO2(CF3COCHCOCF3)2{OP(OMe)3}
c

UO2(S2CMe)2(OPPh3)
d

UO2(CF3COCHCOPh)2{OP(NMe2)3}
e

UO2(NO3)2[OP(OEt)2(4,6-piperidino-1,3,5-trazine-O)]2
f

[UO2(O2CMe)2(OPPh3)]2
g

UO2(NO3)2{OP(OMe)2(endo-8-camphanyl)}2
h

UO2Cl2[OP(NMe2)3]2
i

UO2Cl2(OPPh3)2
j

k

NpO2Cl2(OPPh3)2
l

AnO2(NO3)2(OPPh3)2 (An=U, Np) l

UO2(NO3)2[OP(OEt)3]2
m

UO2(NO3)2[OPPh2(NHEt)]2
n

UO2(NO3)2[OP(NC5H10)3]2
n

UO2Cl(O2CCCl3)(OPPh3)2
o

UO2(NO3)2[OP(Oi-Pr)2(CH2SO2(c-C6H11))]2
p

UO2(NO3)2[OPPh2(CH2COPh)]2
q

UO2(NO3)2[OPPh2(CH2SO2NMe2)]2
r

UO2(�
1-O2CC(¼CH2)Cl)(�

2-O2CC(¼CH2)Cl)(OPPh3)2
s

UO2(NO3)2[OP(NMe2)2(NHCOCCl3)]2
t

{UO2[OP(NMe2)3]4}(ClO4)2
u

{UO2[OP(NMe2)3]4}(I3)2
v

a Storey, A. E.; Zonnevijlle, F.; et al. Inorg. Chim. Acta 1983, 75, 103. b Lu, T. H.; Lee, T. J.; et al. Inorg. Nucl. Chem. Lett. 1977, 13,
363. c Taylor, J. C.; Waugh, A. B. J. Chem. Soc., Dalton Trans. 1977, 1630. d Bombieri, G.; Croatto, U.; et al. J. Chem. Soc., Dalton
Trans. 1972, 560. e Charpin, P.; Lance, M.; et al. Acta Crystallogr., Sect. C 1986, 42, 987. f Conary, G. S.; Duesler, E. N.; et al. Inorg.
Chim. Acta 1988, 145, 149. g Panattoni, C.; Graziani, R.; et al. Inorg. Chem. 1969, 8, 320. h Henderson, W.; Leach, M. T.; et al.
Polyhedron 1998, 17, 3747. i Julien, R.; Rodier, N.; et al. Acta Crystallogr., Sect. B. 1977, 33, 2411. j Bombieri, G.; Forsellini, E.; et al.
J. Chem. Soc., Dalton Trans. 1978, 677. k Akona, S. B.; Fawcett, J.; et al. Acta Crystallogr., Sect. C 1991, 47, 45. l Alcock, N. W.;
Roberts, M. M.; et al. J. Chem. Soc., Dalton Trans. 1982, 25. m Kanellakopulos, B.; Dornberger, E.; et al. Z. Anorg. Allg. Chem. 1993,
619, 593. n de Aquino, A. R.; Bombieri, G.; et al. Inorg. Chim. Acta 2000, 306, 101. o Alcock, N. W.; Flanders, D. J.; et al. Acta
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If the anion bound to the neptunyl is changed from the bidentate singly-charged nitrate ion to
the monodentate singly-charged chloride anion, the coordination geometry around the neptunium
changes to square bipyramidal. This type of coordination sphere for an actinyl complex is not as
favored; most actinyl complexes have coordination numbers of seven or eight. The difference in
the coordination sphere around the neptunium can be seen in Figure 56.764

Monophosphoric acid-based extractants have the general structure shown in Figure 57. The
compound di-(2-ethylhexyl)-phosphoric acid (DEHPA) has been used to extract UVI from various
acid solutions, including hydrochloric, nitric, and sulfuric acids, into kerosene. At low acitidies,
the extraction mechanism for all three types of acid favors the formation of a UVI/DEHPA
polymer complex, dictated by the equilibrium shown in Equation (55) (L= (C8H17O)2PO2

�). For
both HNO3 and HCl at higher acidities, the UVI cation is extracted by a mechanism similar to
that with nonionic reagents to form neutral complexes of the type UO2X2(HL)2:

2 UO2
2+

(a) + 3 (HL)2(o) (UO2)2L6H2(o) + 4 H+
(a) ð55Þ

The partitioning of UVI from HCl increases with increasing metal concentration up to around
0.05M, indicating that two DEHPA molecules complex with the uranyl ion, similar to sulfuric and
nitric acid solutions. This suggests the formation of other extracted species at high UIV loadings.

Addition of a synergist to the DEHPA/HCl extraction system such as tributylphosphate (TBP)
has a two-sided effect in improving extraction at high acidity and hindering extraction at low
acidity. At low acidity, as in the analogous sulfuric acid system, the presence of TBP disrupts the
creation of polymeric complexes between UVI and DEHPA.765–767

Table 42 Best fit parameters for uranium to nearest neighbor (r, Å) from adjusted, filtered EXAFS spectra.
(Den Auwer, Charbonnel, et al., Polyhedron, 1998, 17, 4507.)

Crystallographic value
EXAFS values

77K TBP TiBP TMP TPhP

295K(l) 77K(s) 298K(s) 298K(l) 298(l)
U¼O 1.757 1.77(1) 1.78(1) 1.78(1) 1.78(1) 1.77(1)
U—O(P) 3.372 2.41(1) 3.37(2) 3.38(2) 3.36(2) 3.39(1)
U—O(N) 2.509 2.54(1) 2.53(1) 2.54(1) 2.53(2) 2.53(1)
U—O0(N) 2.510 2.54(1) 2.53(1) 2.54(1) 2.53(2) 2.53(1)
U���N 2.960 2.99(1) 3.00(1) 2.98(2) 2.96(8) 2.93(3)
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Figure 55 Crystal structure of NpO2(NO3)2(C18H15PO)2 (Alcock, Roberts et al. J. Chem. Soc., Dalton
Trans. 1982, 25).
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Synergism in the sulfuric acid/UVI system by the addition of both DEHPA and TBP results in a
1:2:2 (U:DEHPA:TBP) extraction stoichiometry with deprotonation of the phosphoric acid.
Synergism is observed at high acidities, leading to better distribution coefficients, but at lower
acidities, an antagonistic effect is observed due to the reason discussed above. Absorption
spectroscopy data suggests the above equilibrium, where P—O stretching frequencies for
DEHPA are shifted to lower values and those for TBP are unchanged, confirming that the
extracted complex involves hydrogen bonding to the phosphoryl group of DEHPA.768

A similar study has looked at the extraction of both UVI and PuVI by di-(2-ethylhexyl)phos-
phoric acid from perchloric acid into dodecane, toluene, and chloroform. Extractant dependency
studies show two molecules of DEHPA complex with one UVI or PuVI ion in the extracted
species, accompanied by the liberation of two protons. This agrees with the ion exchange
mechanism reported by Sato for UVI from HCl media at low acid concentrations.

Addition of tri-n-octylphosphine oxide (TOPO), a proposed synergist, to the system works to
improve the uptake of both actinide ions. Two plausible complexation stoichiometries have been
reported for the synergistic effect of TOPO, suggesting the formation of two different extracted
species (see Equations (56) and (57)):769

MO2(ClO4)2•2TOPO(o) + H2L2(o) MO2(ClO4)(HL2)•TOPO(o) + TOPO(o) + H+
(a) + ClO4

-
(a)

ð56Þ

MO2(ClO4)2•2TOPO(o) + 2 H2L2(o) MO2(HL2)2•TOPO(o) + TOPO(o) + 2 H+
(a) + 2 ClO4

-
(a)

ð57Þ

Sulfur-containing derivatives of phosphoric acids, such as di-2-ethylhexyl-dithiophosphoric acid
(HEhdtp), have been used to extract UVI, presumably for the softer nature of the sulfur atom.
Various noncoordinating solvents, including cyclohexane, chloroform, and carbon tetrachloride,
have been used for extractions from perchlorate solutions. Analysis of distribution date indicates
that the extraction of UVI into these oxygen-free solvents occurs by way of an ion-exchange mechan-
ism, similar to previous studies involving benzene. Slope analysis studies in all three solvents give

CI

CI

Np

O

O

O

O

Figure 56 Crystal structure of NpO2Cl2(C18H15PO)2 (Alcock, Roberts et al. J. Chem. Soc., Dalton Trans.
1982, 25).
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Figure 57 General diagram of a phosphoric acid.
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a value of two, suggesting that UO2(Ehdtp)2 is formed. Studies conducted as a function of pH
show that no type of polymeric species is formed in the extracted or aqueous phases. Addition-
ally, analysis of the results in the chlorinated solvents tend to suggest that the polarity of the
solvent is not a major factor in the extraction of UVI.

It is observed that shorter alkyl chain dithiophosphoric acid extractants show poorer extracting
ability than the HEhdtp, which can be explained as a solubility phenomenon, causing the
branched alkyl chain, 2-ethylhexyl, to favor the organic phase.836

A relatively large number of N-oxide complexes with the uranyl ion have been reported employing
both the trimethylamine N-oxide and pyridine N-oxide ligands (see Table 43). The latter has been
particularly used in the isolation of beta-diketonate complexes of the general type, UO2L2(pyNO).
Common formulations for monomers include UO2L2(N-oxide)x (x= 2 or 3) for monodentate L,
UO2L2(N-oxide) for bidentate L, and [UO2(N-oxide)x][L]2 (x= 4 or 5) for weakly coordinating anions.
Structurally characterized examples of this class of adducts include UO2(Et2NCS2)2(ONMe3),

770 and
the compounds derived from N-oxides of polycyclic heteroaromatic ligands: UO2(NO3)2(2,2

0-bipyr-
idine-N,N0-dioxide-O,O) and [UO2(NO3)(2,2

0-bipyridine-N,N0-dioxide-O,O)2](NO3).
771

There are fewer reported examples of arsine oxide adducts of actinyl species. Most appear to
have structures similar to those of their phosphorus analogs. As an example, the complexes
UO2(O2CMe)2(OAsPh3)2 and [UO2(O2CMe)2(OAsPh3)]2 are isomorphous with the phosphine
oxide complexes. The molecular structure of UO2(NO3)2(OAsPh3)2 has been determined;772 the
complex possesses trans-nitrate and arsine oxide ligands in the equatorial plane. Analysis of
the metrical data indicates some shortening of the U—O (As) bond lengths with respect to the
U—O (P) bond lengths in UO2(NO3)2(OPPh3)2.

Sulfoxides. Table 44 presents some of the reported derivatives of actinyl ions coordinated
by sulfoxide and related ligands. These ligands coordinate through the oxide oxygen atom in
the equatorial plane of the actinyl ion. Coordination numbers about the metal can range from six
to eight, as is typical for actinyl species. One of the most common geometries of complexes is

Table 43 Complexes of N-oxides with dioxouranium(VI) compounds.

UO2X2�yL L=Me3NO; X=NO3, y= 1 or 4
X=ClO4, y= 4
X=Et2NCS2 or Et2NCSe2, y= 1
L=C5H5NO; X=Cl, y= 2 or 3
X=NCS, y= 3
X=NO3, y= 2 or 3
X=ClO4, y= 5
X= acac, trop or 2-OC6H4CHO, y= 1

[UO2(Me3NO)4][BPh4]2
UO2X�yL L=C5H5NO; X= SO4, y= 2

X=NC5H3-2,6-(CO2)2, y= 2
X=O(CH2CO2)2, y= 1 (polymer) or 2
L= 2-MeC5H4NO; X=ONC5H3-2,6-(CO2)2, y= 2

Table 44 Complexes of S-oxides with dioxouranium(VI) compounds.

UO2X2�yR2SO y= 1; R=Me, X=F (polymer), MeCO2, trop
y= 2; R=Me, Et, Bun, n-C6H13, X=NO3

R= n-C8H17, X=Cl
R=Ph, X=Cl, Br, NCS, NO3, MeCO2

y= 3; R=Me, X=Cl, Br, NCS, NCSe
R=Ph, X=Cl, Br
y= 4; R=Me, X=Br, NO3, ClO4

R=PhCH2, X=ClO4

R=Ph, X= I, ClO4

y= 4.5; R=Me, X=Br
y= 5; R=Me, X=NO3, ClO4

R=Ph, X=ClO4

UO2X�2Me2SO X= SO3(þ0.5H2O), SO4, CrO4, ONC5H3-2,6-(CO2)2
(polymer)

3UO2(C2O4)�5Me2SO
(UO2)2(O2)Cl2�4Me2SO
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trans-UO2L2(OSR2)2, as exemplified by the molecular structures of UO2(NO3)2(OSMe2)2
773 and

UO2(NO3)2(p-tolyl-n-butylsulfoxide)2.
774 Weakly coordinating anions promote the formation of

homoleptic ionic sulfoxide complexes such as [UO2(OSMe2)5](ClO4)2
775 and [UO2(OS-

Me2)5](BF4)2.
776 Finally, sulfoxides have frequently been used in coordinating uranyl beta-diketo-

nate complexes, generating 1:1 adducts such as UO2(PhCOCHCOPh)2[OS(Me)CH2Ph]
777 and

UO2(PhCOCHCOPh)2(OSPh2).
778

Thioureas. A modest number of thiourea complexes of the uranyl ion have been reported
(see Table 45), although none have been structurally characterized to date.

(vi) Ligands containing group 17 ligands

Binary halides. The stability of hexavalent halide complexes of the actinides is restricted to the
lighter halides. The hexafluoride complexes of uranium, neptunium, and plutonium are well
known, and have been studied extensively in the development of volatility processes for isotope
separation. Uranium hexafluoride is a colorless, readily sublimable solid with a high vapor
pressure (120 torr) at room temperature. It can be produced by a large number of routes,
generally involving fluorination of lower-valent compounds, or oxidation of the tetravalent pre-
cursor [UF6]

2�. A review of the preparation and properties of UF6 has been published.779 NpF6 is
an orange solid with similarly low melting point and high volatility. Although somewhat less stable
than the uranium and neptunium analogues, reddish-brown PuF6 can be prepared, and has been
studied thoroughly. All hexafluoride complexes are octahedral in both the solid state and gas phase.

One binary chloride complex has been isolated. UCl6 may be prepared by chlorination of
lower-valent chlorides, chlorination of UF6 with BCl3, or by the disproportionation of UCl5 at
102–150 �C under high vacuum. The complex is volatile, although it decomposes at relatively low
temperatures (178 �C).

Complex halides. A large number of complex fluorides of the formula M(UF7) (M= alkali
metal) and M2(UF8) have been produced by reaction of MF with UF6 or by thermal decomposi-
tion of M(UF7), respectively.

780,781 High temperature fluorination of M3UF7 is reported to yield
M3UF9 (M=K, Rb).782

Oxohalides. Oxohalide complexes of hexavalent actinides have been prepared for U, Np, and
Pu. Complexes of the formula AnOF4 have been reported, for An=U, Np, and Pu; these are
prepared by controlled hydrolysis of the hexafluoride complexes. The complexes contain actinides
in a pentagonal bipyramidal coordination environment. The most common form783–785 has the
oxo ligand and one fluoride ligand in the axial positions (an alternate phase of UOF4 has also
been identified).786 Dioxo complexes are somewhat more common, owing to the thermodynamic
stability of the actinyl (AnO2

2þ) unit. The complexes AnO2X2 (An=U, X=F, Cl, Br; An=Np,
X=F; An=Pu, X=F, Cl) have been reported. The compound PuO2Cl2�6H2O is reported to be
unstable, and decomposes slowly to a PuIV species. One common means of preparation of the
actinyl halides is dissolution of AnO3 in the corresponding acid HX.

Complex oxohalides are derived from the binary species, including the classes M2AnO2X4�2H2

(An=U, Np, Pu; M= alkali metal or ammonium; X=F, Cl, Br), MAnO2F3�xH2O (An=U,
M= ammonium; An=Pu, M= alkali metal, ammonium), M3[AnO2F5] (An=U, Np,
Pu; M= alkali metal), M2AnO2Cl4 (An=U, Pu; M= alkali metal or ammonium), MUO2Cl4
or MUO2F4�4H2O (M= group 2 or group 12 dication), M(AnO2)2F5�xH2O or M(UO2)2Cl5
(An=U, Pu; M= alkali metal or ammonium), M3(UO3)3F7�xH2O or M3(UO3)3Cl7,

Table 45 Complexes of thioureas with dioxouranium(VI) compounds.

L= SC(NH2)2

UO2X2�yL X=Cl, y= 2; X=NO3, y= 2 or 4; X=MeCO2, y= 1, 2 or 4
UO2SO4�yL y= l or 2
L= SC(NHMe)2
UO2(NCS)2�3L
L= SC(NH2)(NHPh)
UO2(MeCO2)2�2L
L= SC(NMe2)2
UO2X2�yL X=Cl, NO3, y= 2; X=NCS, y= 3
UO2(NCS)(NO3)�2L
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M2U2O5Cl4�xH2O (M= alkali metal), and KUO3Cl. The hydrated compounds are obtained by
crystallization from HCl; the anhydrous compounds are generated from molten salts. The trans-
dioxo geometry of the actinyl ions is preserved in these species and the metal ions are generally six-
or seven-coordinate. The molecular structure of organic salts of [UO2Br4]

2� have been
examined;342,787 these confirm the pseudooctahedral coordination environment of the metal
center. As in the case of hexahalogenates of uranium, crown ether ligands have been found to
promote the crystallization of [UO2Cl4]

2� in different salts.344,345,788–790

As in the case of UIV, hydrothermal syntheses using structure-directing organic agents have
been reported to yield unusual new classes of complex uranyl fluorides.334–336,791 Reaction of
uranyl acetate, uranyl nitrate, or UO3 in aqueous HF solutions with organic bases (piperazine,
pyridine, pyrazole, DABCO) generates a range of structures in which ‘‘UO2F5’’ pentagonal
bipyramidal units share vertices and/or edges to form structures of variable dimensionality,
from molecular complexes such as (C4N2H12)UO2F4�3H2O, to chains (e.g., (C5H6N)UO2F3,
(C3H5N)UO2F3) to sheets (e.g., (C4N2H12)2(U2O4F5)4�11H2O, (C6H14N2)(UO2)2F6, (C5H6N)-
U2O4F5, (C3H5N)U2O4F5�1.75H2O), and three-dimensional structures (e.g., (C4N2H12)U2O4F6).
A mixed-valence UIV/UVI complex, (C6H14N2)2(UO2)2 F5UF7�H2O, containing a chain-like
structure has also been reported.336

3.3.2.4.3 Chelating ligands

(i) Multidentate donor ligands

Hydroxamates, cupferron and related ligands. Most of the hexavalent actinide complexes
reported involve the complexation of uranium(VI) by cupferron and its derivatives to form
1:2 and 1:3 U:L complexes. Several complexes of the form (NH4)2[UO2L2L

0], (NH4)2[UO2L2X2])
(L0 =CO3

2�, C2O4
2�, X=F, Cl; HL= cupferron) and NH4UO2(C6H5N2O2)3 have been prepared

by reacting excess ligand with the metal ion.792,793 Uranyl complexes of N-phenyl-benzoylhy-
droxamic acid (HL1), cupferron N-nitrosophenlyhydroxylamine, (HL2) UO2(L

1)2A (A=MeOH,
Ph3PO, DMF, py) and UO2(L

1)2DMF�H2O, have been reported. The complexes were character-
ized by elemental analysis and optical absorbance spectroscopy, and some were also characterized
by X-ray diffraction. The structure of UO2(L

1)2MeOH shows a seven-coordinate pentagonal
bipyramidal geometry around the uranium center (see Figure 58). The inner coordination
sphere of U is composed of two bidentate hydroxamato ligands, one methanol in the equatorial
plane, and the axial uranyl oxygens. The methanol molecule is easily replaced by other neutral,
more basic monodentate ligands, such as Ph3PO, DMSO, DMF, or pyridine.356 A similar
structure of UO2(L)2EtOH (L= p-isopropylbenzophenylhydroaxamic acid) has been reported.794

Neocupferron forms 3:1 complexes with dioxouranium(VI) of the type M[UO2-(C10H7O2N2)3]-�xH2O and M0[UO2(C10H7O2N2)3]2�xH2O, where M and M0 are univalent and divalent cations.795

Additional complexes with similar stoichiomerties and structures have been reported and

O3
O2 O6

O7

U1

O1
O4 O5

Figure 58 Structure of UO2(L
1)2MeOH (Casellato, Vigato et al. Inorg. Chim. Acta 1984, 81, 47–54).
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characterized in solution by conductance, DTA, NMR, and IR and UV spectra.795–797 In the
presence of acetohydroxamic acid and desferrioxamines, PuVI and NpVI reduce to the PuIV and
NpIV complexes, respectively, at pH-dependent rates.80

Catecholate. Pyrocatecholates of composition UO2(1,2-C6H4O2)�xH2O(x= 1 or 3) and (pyH)-
H[UO2(1,2-C6H4O2)(OH)]�H2O, as well as the resorcinol compound, UO2-(1,3-C6H4O2), have
been reported. The uranyl complexes formed in aqueous solution with 4,5-dihydroxy-3,5-benze-
nedisulfonate (Tiron) have been postulated to be trimeric, with the stoichiometry 3:3 UO2

2þ:tiron
based on EXAFS studies.364 Mixed catecholate–hydroxypyridinonate ligands are described in the
pyridonate section.

Pyridonate. Uranyl complexes with tetradentate ligands composed of two hydroxypyridonate
groups linked by an amine [UO2(L

1)2�DMF], [UO2L
3�DMSO], [UO2L

4�DMSO]DM-
DMSO]DMSO�H2O�0.5C6H12 and [UO2L

5�DMSO]�DMSO have been prepared and structurally
characterized (see Figure 59).798 These uranyl complexes have been prepared by refluxing
a methanolic solution containing equivalent amounts of UO2(ClO4)2 and the hydroxypyridinone
ligand. The linking amines are propaneamine, 1,3-diaminopropane, 1,4-diaminobutane, 1,5-
diaminopentane respectively. In these complexes uranyl is bound by four oxygens from the hydroxy-
pyridinone ligands and one solvent oxygen to generate a pentagonal bipyramidal coordination
polyhedron as shown in Figure 60.

The extractant 1-hydroxy-6-N-octylcarboxamide-2(1H)-pyridinone (octyl-1,2-HOPO) has an
appreciable affinity for PuVI, though much less than for PuIV under identical conditions. The
equilibrium for the extraction from nitric acid media is given by Equation (58). Deprotonated
HOPO generally coordinates the metal in a bidentate fashion, but in this case, m can range from
0 to 2. Extraction is greatest at low acid concentrations of around 0.001M. Extractant depen-
dency gives a slope of 1.3, which equates to a value of 2 for m in the above extraction
stoichiometry:226

PuO2
2+

(a) + m HHOPO(o) + 2-m NO3
-
(a) [PuO2(HOPO)m(NO3)2-m](o) + m H+

(a)

ð58Þ

A series of multidentate ligands containing catecholate or hydroxypyridinonate metal binding
groups for removal of actinides in vivo have been developed. Tetradentate ligands with two
bidentate groups per chelator molecule attached to linear 4- or 5-carbon backbones were the
most promising of a series of ligands studied, with respect to metal removal from mammals.350

8-Hydroxyquinoline and derivatives. Uranyl complexes of 8-hydroxyquinoline (Ox= oxine) and
its derivatives have been prepared in aqueous solution.375,377,799–803 The solid state IR spectra of
[UO2(Ox)n(HOx)] shows that Ox is bound to the metal through the phenolic O, the proton

O1O2
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O4

O5O6

O7
O8

O9

U1

Figure 59 Crystal structure of [UO2(L
1)2�DMF], [UO2L

3�DMSO] (Xu and Raymond Inorganic Chemistry
1999, 38, 308–315).
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forming an intramolecular H-bond between the N atom of the adducted molecule and the
O atom of a neighboring chelate ring.376 This bonding was confirmed by the structure of
the complex UO2(Ox)2HOx�L obtained by X-ray diffraction studies (Figure 61).804 The crystal
structure shows that the three hydroxyquinoline ligands are in the plane perpendicular to the
uranyl unit. Two of the hydroxyquinoline ligands are bidentate and the third is monodentate; its
nitrogen is linked to one of the phenolic oxygens. Similarly, the uranyl complex formed with 5,7-
dihalo-8-hydroxyquinoline precipitated from an aqueous acetone solution has been formulated as
UO2(5,7X,Ox)2OC(CH3)2 based upon IR analysis. The presence of the acetone molecule instead
of a third Ox is attributed to steric hindrance. Salts of triquinoline complexes, M[UO2(Ox)3]
(M¼Naþ, NR4

þ, Ph4Asþ) can be prepared by increasing the pH of the solution containing
UO2(Ox)2HOx. Analysis of the anions by 1H NMR shows that the three ligands are equivalently
bound to the metal, presumably to yield hexagonal bipyramidal geometry.805 Chelates of NpVI
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Figure 60 Crystal structure of [UO2(L
1)2�DMF], [UO2L

3�DMSO].
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Figure 61 The structure of UO2(Ox)2HOx�CHCl3 (Hall, Rae et al. Acta. Crist. 1987, 22, 258).
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and PuVI could not be prepared, as the hexavalent ions are reduced to a lower oxidation state at
pH values where metal-ligand complexes would form.578 This is expected given the redox sensi-
tivity of the ligand and the high thermodynamic stability of the resultant AnIV complexes.

Carbamate. Carbamate-containing derivatives of uranyl nitrate, uranyl oxalate, uranyl
acetate, and other uranyl complexes of simple oxoanions ([UO2(NO3)2L2], [UO2(tropolonate)2L],
[UO2(acetate)(OH)L], [UO2(oxalate)L], and [UO2(phthalate)L]n) have been prepared by addition
of ethyl carbamate to uranyl salts. Bis(ethylcarbamate) dinitratodioxouranium(VI)
[UO2(NO3)2L2], for example, shows an irregular hexagonal bipyramidal geometry in which the
linear uranyl group is perpendicular to the equatorial plane formed by four oxygen atoms of two
nitrate groups and the two amidic oxygen atoms from the ethyl carbamate ligand (Figure 62).806

A related uranyl complex with the disulfide ligand, has been prepared and characterized by
X-ray diffraction. The structure of [(n-C3H7)2NH2]2[UO2((n-C3H7)2NCOS)2(S2)] consists of
[(n-C3H7)2NH2]

þ cations and [UO2((n-C3H7)2NCOS)2(S2)]
2� anions with the uranium atom at

the center of an irregular hexagonal bipyramid. The equatorial coordination plane contains the
disulfide (S2

2�) group bonded in a ‘‘side-on’’ fashion and two oxygen and two sulfur donor atoms
from the mono-thiocarbamate ligands. The nitrogen atom in the dipropylammonium cation is
hydrogen bonded to the uranyl oxygen atoms (see Figure 63).807

A dinuclear mixed ligand uranyl complex with dioxime, carbonate, and oxalate ligands
(C2N2H10)2[(UO2)2(CO3)(C2O4)2(C3H4N2O2)]�H2O has been reported and characterized by
X-ray diffraction.808 The uranyl ions in the dimer are six-coordinate, characterized by the presence
of one three membered, one four membered, and one five membered chelate ring in the equtorial
plane.

Several uranyl dithiocarbamates UO2(R2NCS2)2�L have been prepared via precipitation from
solutions containing potassium R-dithiocarbamate and uranyl acetate.809 Uranyl diethylthiocar-
bamate complexes with triphenylphosphine, triphenylarsine oxide, or trimethylamine N-oxide (L)
UO2(Et2NCS2)2�L, L= (C6H5)3AsO, (C6H5)3PO, and (CH3)3NO have been prepared by the
reaction of L with K[UO2(Et2NCS2)3]�H2O.810,811 Structural characterization reveals the uranium
metal center is commonly seven-coordinate, at the center of a distorted pentagonal bipyramid,
with the linear uranyl unit perpendicular to a plane containing four sulfur atoms of two
carbamate groups and one oxygen atom from an ancillary ligand (see Figure 64).

Similarly, many tris(R-carbamate)dioxouranium(VI) complexes (exemplified by
K[UO2(Et2NCS2)3]�H2O) have been reported. The complexes are prepared by reacting uranyl
acetate with the R-carbamate salt obtained by addition of R-amine to an aqueous solution contain-
ing equimolar amounts of carbon disulfide and potassium hydroxide.810,812,813

Oxalate. A large number of actinide(VI) oxalate and mixed ligand oxalate complexes have
been reported (see Table 46). Different coordination modes of uranyl by the oxalate group have
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Figure 62 Structure of UO2(NO3)2L2 L= ethylcarbamate (Graziani, Bombieri et al. J. Chem. Soc., Dalton
Trans. 1973, 451–454).
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been reported. The typical coordination modes of the oxalato anions are bidentate, as in
UO2C2O4�3H2O, and tetradentate bridging as in [(NpO2)2C2O4�4H2O]n (see Figure 65). Bidentate
chelating and bidentate bridging coordination modes are also observed as in MI

6[(UO2)2(C2O4)5]. The
trioxalatouranyl complexes MI

4[UO2(C2O4)3] are characterized by the standard bidentate chelating
(with the formation of a fivemembered ring) and bidentate chelating having a four-membered chelating
ring. As expected, the coordination sphere about the metal center is very similar to that observed in
carbonato complexes. The complex UO2C2O4�3H2O has a pentagonal bipyramidal coordination
geometry comprised of four oxygen atoms from two independent C2O4 groups and one from the
water molecule in the equatorial plane. Each C2O4 group is tetradentate, bridging two UO2

2þ ions.
Many complexes of the type MI[UO2(C2O4)2] and hydrates Mn[MO2(C2O4)2L]xH2O are also

known (see Table 46). In the complex K2[UO2(C2O4)2{CO(NH2)2}]�H2O, the basic structural unit
is [UO2(C2O4)2{CO(NH2)2}]

2�, in which U has pentagonal bipyramidal UO7 coordination.
814 The
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Figure 64 Structure of UO2(Et2NCS2)2�L, L= (C6H5)3AsO, (C6H5)3PO, and (CH3)3NO (Graziani, Zarli
et al. Inorg. Chem. 1970, 9, 2116–1124; Forsellini, Bombieri et al. Inorg. Nucl. Chem. Lett. 1972, 8, 461–463).
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Figure 63 Molecular structure of [(n-C3H7)2NH2]2[UO2((n-C3H7)2NCOS)2(S2)] (Perry, Zalkin et al. Inorg.
Chem. 1982, 21, 237–240).
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Table 46 Actinide(VI) oxalate complexes.

Compound Key References

MO2C2O4�3H2O MVI=U, Np, Pu, a

UO2C2O4�xH2O x= 0 or 1
M[UO2(C2O4)F3]�H2O M=Na, K, Rb, Cs, b

Csn[UO2(C2O4)(SeO4)] n= 1 or 23
Rb[UO2(C2O4)SO4]�H2O

d

NH4[NpO2(C2O4)]2�7H2O
e

M2[UO2(C2O4)2] M=Li, Na, K, Rb, Cs,
NH4, Ti, CN3H6

M[UO2(C2O4)2] M= Sr, Ba
MII[UO2(C2O4)2]�nH2O (M=K, Rb and Cs) f

M2
I[UO2(C2O4)2(H2O)x]�yH2O

[UO2(C2O4)2H2O]n�H2O
g

Na[NpO2(C2O4)2�H2O]n
h

Cs2[NpO2(C2O4)2]�2H2O
I

K2[UO2(C2O4)2{CO(NH2)2}�H2O
Cs4[UO2(C2O4)2(SeO4)]2.7H2O

c

M[UO2(C2O4)2F]�H2O M=NH4, K, Rb, Cs b

K2[UO2(C2O4)2{CO(NH2)2}�H2O
j

NH4[UO2(C2O4)2(NH2O)]�H2O
k

CH(NH2)3[(UO2(C2O4)2(CH3NHO)]�H2O
l

NH2NH3[UO2(C2O4)2]�H2O
m

NH2NH3[UO2(C2O4)2
C(CH3)2NO]�H2O

n

NH2NH3[UO2(C2O4)2
CCH3CHNOHNO]�H2O

o

Co(NH3)6[(NpO2(C2O4)2]n�H2O
p

Co(NH3)6[((NpO2(C2O4)2)2]�6H2O
q

(C2N2H10)2[(UO2)2(CO3)
(C2O4)2(C3H4N2O2)]�H2O

r

MI
4[UO2(C2O4)3] MI=Na, K, Rb,

Cs, NH4, Ti
[(NpO2)2C2O4�4H2O]n
K2[(UO2)2(C2O4)3]�4H2O
Cs2[(NpO2)2(C2O4)3]
MI

6[(UO2)2(C2O4)5] MI=Na, K, Rb, Cs,
NH4, CN3H6

K6[(NpO2)2(C2O4)5]�2–4H2O
(N2H5)[(UO2)2(C2O4)5]�2H2O

s

M[(UO2)2(C2O4)5]�2H2O M=NH4, C(NH2)3
t

C2H4(NH3)2[(UO2)2(C2O4)3(i�PrNHO)2]�H2O
t, u

C2H4(NH3)2[(UO2)2(C2O4)2
((CH3)2NO)2]2�H2O

t, u

(NH4)6[(UO2)2(C2O4)(SeO4)4]�2H2O
v

(NH4)4[((UO2(C2O4)H2O)2(SeO4)]�H2O
w

C2H2(NH3)2[(UO2(C2O4))2
(CH3C2HN2O2)O3]�H2O

r

a Mefod’eva, M. S.; Grigor’ev, M. S.; et al. Sov. Radiochem. 1981, 23, 565. b Nguyen Q.-D.; Bkoucke-Waksman, I.; et al. Bull. Soc. Chim.
Fr. 1984, 129–132. c Mikhailov, Y. N.; Gorbunova, Y. E.; et al. Zhurnal Neorganicheskoi Khimii 2000, 45, 1825–1829. d Mistryukov,
V. E.; Mikhailov, Y. N.; et al. Zhurnal Neorganicheskoi Khimii 1993, 38, 1514–16. e Grigor’ev, M. S.; Bessonov, A. A.; et al. Radio-
khimiya 1991, 33, 46. f Dahale, N. D.; Chawla, K. L.; et al. Journal of Thermal Analysis and Calorimetry 2000, 61,
107–117. g Mikhailov, Y. N.; Gorbunova, Y. E.; et al. Zh. Neorg. Khim. 1999, 44, 1448. h Tomilin, S. V.; Volkov, Y. F.; et al.
Radiokhimiya 1984, 26, 734–9. i Mefod’eva, M. P.; Grigor’ev, M. S.; et al. Radiokhimiya 1981, 23, 697–703. j Mikhailov, Y. N.;
Gorbunova, Y. E.; et al. Zhurnal Neorganicheskoi Khimii 2002, 47, 936–939. k Schchelokov, R. N.; Orlova, I M.; et al. Koord. Khim.
1984, 1644. l Shchelokov, R. N.; Mikhailov, Y. N.; et al. Zhurnal Neorganicheskoi Khimii 1987, 32, 1173–1179. m Poojary, M. D.;
Patil, S. K.; Proc. Indian Acad. Sci., Chem. Sci. 1987, 99, 311. n Beirakhov, A. G.; Orlova, I. M.; et al. Zhurnal Neorganicheskoi Khimii
1990, 35, 3139–3144. o Beirakhov, A. G.; Orlova, I. M.; et al. Zhurnal Neorganicheskoi Khimii 1991, 36, 647–653. p Grigor’ev, M. S.;
Baturin, N. A.; et al. Radiokhimiya 1991, 33, 19. q Beirakhov, A. G., I. M. Orlova, et al. Zhurnal Neorganicheskoi Khimii 1999, 44,
1492–1498. r Govindarajan, S.; Patil, S. K.; et al. Inorg. Chim. Acta. 1986, 103. s Chumaevsky, N. A.; Minaeva, N. A.; et al. Zh. Neorg.
Khim. 1998, 43, 789. t Shchelokov, R. N.; Mikhailov, Y. N.; et al. Zhurnal Neorganicheskoi Khimii 1986, 31, 2050–2054. u Shchelokov,
R. N.; Mikhailov, Y. N.; et al. Zhurnal Neorganicheskoi Khimii 1986, 31, 2339–2344. v Mikhailov, Y. N.; Gorbunova, Y. E.; et al.
Zhurnal Neorganicheskoi Khimii 1999, 44, 1448–1453. w Mikhailov, Y. N.; Gorbunova, Y. E.; et al. Zhurnal Neorganicheskoi Khimii 1996,
41, 2058–2062.
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U-containing complexes are connected in a three-dimensional framework by potassium ions and a
system of hydrogen bonds with the hydrogen atoms of urea molecules. The complex Rb2[UO2-
(SO4)C2O4]�H2O, prepared by reacting UO2C2O4�3H2O with Rb2SO4, has similar structural
features about the uranium center with pentagonal bipyramidal (UO7) coordination geometry.815, 816

For the complex Cs4[UO2(C2O4)2(SO4)] (see Figure 66) prepared in an analogous fashion from the
oxalate trihydrate and Cs2SO4, the uranium also has pentagonal bipyramidal coordination geometry,
with the axial uranyl oxygen atoms perpendicular to the equatorial plane composed of four oxygen
atoms from two bidentate oxalates and one sulfate oxygen.817 The coordination polyhydron of
uranium in the complex [(UO2)2(C2O4)(SeO4)4] is approximately pentagonal bipyramidal UO7, with
the axial uranyl unit and five equatorial oxygen atoms from one bidentate oxalate group and three
selenate ions (see Figure 67).819

The coordination polyhydron of uranium in the polymeric anion [UO2(C2O4)2]n
2n� in ((NH4)2[UO2

(C2O4)2])n is also pentagonal bipyramidal, with axial uranyl oxygen atoms. In the infinite chains
[(UO2)(C2O4)2]n

2n� one oxalate ligand is coordinated to uranyl via all four oxygen atoms, bridging
two uranium centers; the other is bidentate to one uranium atom and unidentate to another.818
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Figure 65 (NpO2)2(C2O4)�4H2O (Grigor0ev, Charushnikova et al. Zh. Neorg. Khim. 1996, 41, 539).
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Figure 66 The structure of the complex Cs4UO2(C2O4)2(SO4) (Mikhailov, Gorbunova et al. Zhurnal
Neorganicheskoi Khimii 2000, 45, 1825–1829).
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The oxalate groups in the anion of (NH4)4[UO2(C2O4)3] are all bidentate, giving rise to
distorted hexagonal bipyramidal coordination geometry,818 whereas in the polymeric anion of
(NH4)4[(UO2)2(C2O4)3] the coordination geometry is pentagonal bipyramidal, with one quadri-
dentate C2O4 group coordinated to two uranium atoms and the other bidentate to one and
unidentate to a second uranium atom, forming infinite double chains [(C2O4)UO2(C2O4)UO2

(C2O4)]n
2n�1.818 In K6[(UO2)2(C2O4)5]�H2O, the coordination geometry is again pentagonal bipyr-

amidal, with two oxygen atoms each from two bidentate C2O4 groups and one from the bridging
C2O4 group in the equatorial plane.820

A single crystal X-ray diffraction study of a mixed-ligand uranyl complex with a bidging
carbonate group has been reported. The complex (C2N2H10)2[(UO2)2(CO3)(C2O4)2(C3H4-
N2O2)]�H2O has been prepared by reacting [UO2(C2O4)(H2O)]� ion with �-dioxime in the pre-
sence of carbonate. The uranyl moieties in the dimer have a coordination number of eight and are
characterized by the presence of one three-membered, one four-membered, and one five-memberd
chelate ring in the equatorial plane (see Figure 68).808,821,822
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Figure 67 Structure of [(UO2)2(C2O4)(SeO4)4] (Alcock J. Chem. Soc., Dalton. Trans. 1973, 1614; Mikhailov,
Gorbunova et al. Zhurnal Neorganicheskoi Khimii 2000, 45, 1999–2002).

O9

O10

O1
O8

O5
O14O7

O13

O4

O3

O2
U1

O17

U2

O6

Figure 68 Structure of (C2N2H10)2[(UO2)2(CO3)(C2O4)2(C3H4N2O2)].H2O (Beirakhov, Orlova et al. Zh.
Neorg. Khim. 1998, 44, 1414–1419).
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A number of basic oxalates, such as (UO2)2C2O4(OH)2�2H2O, and salts of basic oxalato
complex ions of the types MI

3UO2(C2O4)2(OH) and MI
5(UO2)2(C2O4)4(OH) have also been

reported, as well as salts of a wide range of peroxo-, halogeno-, sulfato-, selenito-, selenato-,
thiocyanato-, and carbonato-oxalato complex anions. Only the preparation and stoichiometries of
these complexes have been reported.

�-Diketonates. In a few cases, the �-diketone has been reported to act as a neutral ligand to
the uranyl ion, but by far the most common type of compound is UO2L2, where L is the
deprotonated �-diketonate ligand. Many members of this class of compounds have been
characterized with a range of substituents. In addition, a number of mixed ligand complexes
have been reported, such as the mixed halide species [UO2(CH3-COCHCOCH3)F(H2O)2]�3H2O
and K2[UO2(CH3COCHCOCH3)F3].

823

The extraction of UVI by a synergistic mixture of 2-thenoyltrifluoroacetone (HTTA) and
tributylphosphate (TBP) from nitric acid media into benzene has been studied. Previous literature
reports have described the synergistically extracted species as UO2(NO3)(TTA)�TBP. However,
Patil et al.824 have used extraction studies to show that the nitrate anion is not present in the
extracted complex. Rather, the only species involved in the synergistic extraction is UO2-
(TTA)2�TBP.824

HTTA has been shown to extract tri- and tetravalent actinides with crown ethers as synergists
according to a ‘‘size-fitting’’ effect. The first crystal structures of UO2

2þ with HTTA and two
different crown ethers have been reported: [UO2(TTA)2H2O]2(benzo-15-crown-5) and
[UO2(TTA)2(�-H2O)]2(H2O)2(dibenzo-18-crown-6).

Both compounds were formed by the reaction of [UO2(TTA)2�2H2O] with either benzo-
15-crown-5 or dibenzo-18-crown-6 in chloroform. In the stable benzo-15-crown-5 structure, two
[UO2(TTA)2�H2O] units are coordinated to the crown ether via bridging due to the hydrogen
bonding interaction of the hydrogen on a water molecule and various crown ether oxygens.
Interestingly, no direct crown ether/uranyl coordination exists in the molecule; rather the hexa-
valent uranium atom is surrounded by seven oxygen atoms (four from two TTA ligands, one
from water, and the two axial uranyl oxygens) to give pentagonal bipyramidal geometry.

In the dibenzo-18-crown-6 complex, a [UO2(TTA)2�H2O] group has the uranyl bound to two
TTA units and a water molecule, once again giving pentagonal bipyramidal geometry around the
uranium. Two of these seven-coordinate units form hydrogen bonded dimers via one hydrogen
from the water molecule and the uranyl oxygen to give the [UO2(TTA)2(�-H2O)]2 complex. The
other hydrogen from the water molecule is hydrogen bonded to a second water molecule (second
coordination sphere), which is in turn weakly coordinated to two crown ether oxygen atoms (third
coordination sphere).825

Bis(1-phenyl-3-methyl-4-acylpyrazol-5-one) derivatives of the type H2BPn, where n equals 3, 4,
5, 6, 7, 8, 10, and 22, will also extract the hexavalent actinide UO2

2þ from both perchlorate and
nitrate media into chloroform. As with all other actinide ions, H2BPn extracted better than
HPBMP and the highest extractability occurred with the H2BP7 and H2BP8 ligands. The extracted
species for the uranyl ion was found to vary according to polymethylene chain length:

UO2
2+

(a) + 2 H2BPn(o) UO2(HBPn)2(o) + 2 H+
(a)

(n = 3, 4)

ð59Þ

UO2
2+

(a) + H2BPn(o) UO2(BPn)(o) + 2 H+
(a)

(n = 5-8, 10, 22)

ð60Þ

The longer chain length extractants form 1:1 complexes, allowing the two bifunctional groups of BPn
to coordinate in a bidentate manner. The shorter chain lengths do not allow a bidentate coordination,
thus forcing two ligands to coordinate in a monodentate fashion with the metal.398

3-phenyl-4-acetyl-5-isoxazolone (HPAI) extractant dependency indicates that two HPAI mol-
ecules are involved in the extraction of UVI from nitrate media into 4-methyl-2-pentanone in an
ionic mechanism. IR spectrophotometric measurements indicate chelate interaction similar to
those in ThIV. Deprotonation of the enolic hyroxyl group allows the charged oxygen atoms to
chelate with the metal. This is confirmed by shift of the C¼O stretching frequency in the IR
spectrum and the presence of typical 400–500 cm�1 metal/ligand bands, suggesting that the
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carbonyl oxygen is involved in the chelation. The lack of features between 3,100 cm�1 and
3,600 cm�1 confirm that no nitrogen interactions are occurring with the metal. Additionally,
there is no coordination of water to the metal complex.399

Amino acids. The interaction of uranyl with a number of amino acids have been investigated,
motivated by the interest in in vivo actinide chemistry and potential actinide–nucleic acid inter-
ations. Most of the investigations focused on the determination of the stability constants of the
resulting complexes. The nature of amino acid structures suggests potentially strong bond
formation between uranyl and carboxylate oxygens. A stronger binding of Th4þ over UO2

2þ is
expected. Most of the reports have investigated the aqueous formation of the Th4þ and UO2

2þ

complexes by addition of the amino acid to a solution of the metal ion prepared from its most
soluble salts (e.g., UO2(NO3)2�6H2O). Potentiometric, spectrophotometric titrations, calorimetry
and polarography techniques have been applied.

Uranyl forms 1:1 complexes with amino acids in acidic aqueous solution. Complexes of up to a
1:3 U:amino acid ratio may form, when the amino acid is not sterically limited and can form
favorable chelate rings. The complexes generally have a hexagonal bipyramidal structure, in
which dioxo uranyl is perpendicular to the equatorial plane that contains bidentate coordinated
carboxylates (Figure 69).826 Complexes of UO2

2þ, and Th4þ with the �-amino acids (H2L) serine,
cysteine, methionine, threonine, substituted glycines,827,828 succinate, aspertate, glutamate,829

glycylglycine, L(þ)asparagines, D,L-�-phenylalanine, D,L -�-alanine, and �-amino isobutyric
acid,830 alanine, phenylalanine, valine, leucine, and isoleucine827 have been reported. Most of
those complexes contain the amino acids in the zwitterionic form binding the metal through the
ionized carboxyl group. Amino acids like L-serine and L-threonine which have carboxyl, hydroxy,
and amino groups have a potential to bind uranyl in a tridentate fashion; however, mostly
bidentate carboxylate binding has been observed. The exception is the uranyl complex with
4-amino-3-hydroxybutyric acid in which the hydroxy group is on the fourth carbon, making it
possible to form two chelate rings, one involving both the carboxylate and the hydroxy groups.831

Mixed ligand uranyl amino acid complexes, containing malonic, diglycolic, glutraric, maleic,
glycolic thioglycolic acids, and the simple amino acids �-alanine and glycine have been reported.
These complexes are prepared by addition of the ligand to solutions containing 1:1 �-alanine-UO2

complex.832 The synthesis of mixed ligand fluoro complexes of the type A3[UO2(R)2F5]�nH2O
[n= 2 or 3, A=K or NH4

þ, R= glycine, alanine, cysteine] have been reported. The complexes
were characterized by a combination of chemical analysis, solution conductance measurements,
and spectroscopic studies. The complexation of uranyl by glycine and alanine occurs in the
zwitterionic form of the amino acid; whereas, cysteine is reported to be present as a uninegative
ligand. In all of these mixed-ligand complexes the amino acids bind uranyl in unidentate fashion
through one carboxylate oxygen atom.823

CMPO. As with tetravalent actinides, CMPO has the ability to strongly extract hexavalent
actinides along with trivalent americium. Extractant dependency studies from hydrochloric and

O2

O1

U1

Figure 69 Molecular structure of [UO2(
-aminobutanoic acid)3](NO3)2�2H2O[UO2(L
0)3](NO3)2�H2O

(Bismondo, Casellato et al. Inorganica Chimica Acta 1985, 110, 205–210).
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nitric acid solutions show a 2:1 coordination stoichiometry for the CMPO–uranyl extracted
species:

UO2
2+

(a) + 2 X-
(a) + 2 CMPO(o) UO2X2•2CMPO(o)

(X = Cl, NO3)

ð61Þ

It is assumed CMPO coordination with uranyl is the same as that for the trivalent and
tetravalent actinides. Monodentate coordination occurs via the phosphoryl oxygen for the nitrate
complexes and bidentate coordination occurs through both the phosphoryl and carbonyl oxygen
atoms for the chloride complex, leading to a coordination number of eight for both kinds of
complexes.407

A crystal structure of a UO2
2þ complex with octyl(phenyl)-N,N-diisobutylcarbamoylmethyl-

phosphine oxide and nitrate has been reported (see Figure 70).1015 The stoichiometry of the
complex is UO2(NO3)2�CMPO and shows bidentate coordination through both the phosphoryl
and carbonyl oxygen atoms on CMPO. While it is difficult to compare species in solution with
those observed in the solid state, the structure is interesting since it shows a 1:1 complex of CMPO
and uranyl, as well as bidentate CMPO coordination in a nitrate complex. This is in contrast to
the solution-phase complex proposed by Horwitz and co-workers in 1987.407

Diamides. Studies on the complexation of the uranyl (UO2
2þ) ion with amide-based extractants

are very common in the literature. Malonamides, in general, are very effective extractants for UVI.
The extraction of UVI by the malonamide, N,N0-dimethyl-N,N0-dibutyltetradecylmalonamide
(DMDBTDMA), has been characterized to gain useful insights into metal/diamide complexation.
UV–vis analysis indicates only one extracted, nonacidic species in the complexation of uranyl with
DMDBTDMA as shown in Equation (62). UV–vis and IR spectra indicate that the source of
nitrate in the complex is from nitrate salt rather than the nitric acid. As in the PuIV system, the
position of the nitrate bands in IR spectroscopy indicates a C2v geometry. The malonamide
extracted species are nonionic in contrast to monoamide counterparts where ion-pairs are
common at high acidities:422

UO2
2+

(a) + 2 NO3
-
(a) + DMDBTDMA(o) UO2(NO3)2•DMDBTDMA(o) ð62Þ

The extraction of UVI in HNO3 into toluene by N,N,N0,N0-tetrabutylmalonamide (TBMA)
indicates a 3:1 ligand/metal coordination in the extracted species. IR stretching frequencies at
1,606 cm�1 and 1,574 cm�1 indicate the bidentate nature of the malonamide ligand, and the
absence frequencies at 746 cm�1, 1,031 cm�1, and 1,267 cm�1 indicate that the nitrate anion is
not directly coordinated to the uranyl ion.833

A crystal structure of a UO2
2þ/NO3/malonamide complex has been reported by Lumetta

et al.834 Uranyl nitrate has been crystallized with N,N,N0,N0-tetramethylmalonamide (TMMA)
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O

O
O

O
O

U

Figure 70 Crystal structure of UO2(NO3)2(C24H42PO2N) (Cherfa, Pécaut et al. Z. Kristallogr.-New Crys.
Struct. 1999, 214. 523–525).
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acting as a bidentate ligand through both carbonyl oxygens, giving the formula
UO2(NO3)2(TMMA) (see Figure 71). The nitrate groups are bidentate, and the nitrate malona-
mide ligands all coordinate equatorially to the linear uranyl fragment, giving the hexagonal
bipyramidal geometry.834

The oxygen-containing diglycolamides, DMDHOPDA and DHOPDA, as well as the sulfur
containing ones, DMDHTPDA and DHTPDA, are all very effective UVI extractants when
synergistically combined with thenoyltrifluoroacetone (HTTA). The stoichiometry for the extrac-
tion by all four diglycolamides (L) can be described by Equation (63). All four ligands probably
serve as bidentate �-diketonate groups in the extracted species:397,426

UO2
2+

(a) + 2 HTTA(o) + L(o) UO2(TTA)2(L)(o) + 2 H+
(a) ð63Þ

Adipicamides, like malonamides, are diamides with a butylene group bridging the carbonyl groups
of the amides (see Figure 72). N,N,N0,N0-tetrabutyladipicamide (TBAA) was shown to extract UVI

and ThIV from nitric acid, where UVI extraction decreases at high acid concentrations due to proton/
metal competition for the TBAA coordination site. The extracted complex as determined by the slope
in an extraction dependence is suggested to be UO2(NO3)2�TBAA.835

Diphosphonic acids. P,P0-di(2-ethylhexyl) methanediphosphonic acid (H2DEH[MDP]) is effective
at extracting hexavalent actinides such as UVI from o-xylene. Similar to ThIV, extraction of UVI

shows minimal acid dependency due to the competition between the metal and nitric acid for the
binding site. Extractant dependency studies for UVI show interesting behavior at low acid
concentrations where no extractant dependency is observed, possibly due to the coexistence of
species having differing stoichiometries, protonation, and aqueous stabilities which have not been
characterized.418

The extraction of U(VI) into oxylene by P,P0-di(2-ethylhexyl) ethanediphosphonic acid
(H2DEH[EDP]) is slightly more efficient than the methylene counterpart while showing no acid
dependency. Extractant dependency analysis indicates a complexation equilibrium that is more
complicated than Am(III), although it is believed that both occur via a similar mechanism under
some experimental conditions: the hydrated U(VI) metal is transferred into the cavity of an
aggregated micelle with release of Hþ ions.419

O

N
R1

R2

O

N
R1

R2

Figure 72 General diagram of an adipicamide.
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Figure 71 Crystal structure of UO2(NO3)2(C7H14N2O2)) (Lumetta, McNamara et al. Inorganica Chimica
Acta 2000, 309, 103–108).
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With P,P0-di(2-ethylhexyl) butanediphosphonic acid (H2DEH[BuDP]), U(VI) data analysis
points to the formation of two separate extracted complexes with different stoichiometries
whose mechanisms are not consistent with extraction via a micelle mechanism.420

Similar extractions using H2DEH[MDP], H2DEH[EDP], and H2DEH[BuDP] in 1-decanol
show differences in the distribution ratios due to the depolymerizing nature of the solvent, causing
the extractants to exist as monomers in solution. Extractant dependency studies yield a slope of
nearly two for the UVI ion, suggesting that UO2L�H2L or UO2(HL)2 species are present, where L
refers to the doubly deprotonated acid. However, the lower value of 1.5 for the H2DEH[MDP]
slope indicates that UO2NO3(HL)�H2L may also be present in the organic phase.420

Polyoxometalates. Complexation of higher valent actinides by polyoxometalate complexes is
weaker than that for tri- and tetravalent cations, due to the low charge and steric constraints
imposed by the trans-dioxo geometry of the prevalent actinyl geometry (e.g., AnO2

2þ). In one study,
the stability constants of 1:1 complexes of the uranyl ion with several heteropolymolybdates
(CrMo6O24H6

3�, IMo6O24
5�, TeMo6O24

6�, and MnMo9O32
6�) and isopolymetalates (V10O28

6�

and Mo7O24
6�) were determined; these fell in the range 2–4.837 Conflicting evidence exists for the

complexation of uranyl by the Keggin and Dawson ions; some reports suggest stability constants on
the order of log �= 1,838 while other studies reported no evidence of complexation at lower acid
strengths.839 NpO2

2þ appears to form weak complexes with P2W17O61
10�, except in higher ionic

strength solutions.582

Other. The complex [Pt2(PPh3)4(�
3-S)2UO2(�

2-NO3)2 was prepared by direct reaction of the
constituent metal species;840 the molecular structure has been determined.

(ii) Schiff base ligands

The most commonly used actinide in Schiff base coordination studies is the uranyl ion. Many
comprehensive reviews pulling together numerous examples of UVI (primarily) coordination with
these ligands have been published and the reader is referred to these for a more thorough
discussion.456,841–843 A few current representative examples will be presented here.

Recently, the novel design of compartmental Schiff bases has led to the incorporation of crown
ether moieties into the macrocyclic structure. One such ligand containing an N3O2 Schiff base and
a O2On (n= 3 [H2LA] or 4 [H2LB]) crown-ether functionality (see Figure 73) have been used to
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Figure 73 Diagram of compartmental Schiff base ligand (n= 1 or 2).
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complex UVI. The bi-compartmental nature of this ligand allows for metal ion recognition and
complexation at two independent sites within the molecule.

Previous studies have shown that the compartments are very selective for certain metal ions,
with alkaline earth metals and 4f-metals preferring the ‘‘hard’’ crown ether-like chamber and
transition metals preferring the ‘‘soft’’ Schiff base chamber. Due to the soft nature of the uranyl
ion and its transition metal-like character, it is always observed to prefer coordination to the
Schiff base site on the ligand. As a result, uranyl is seven-coordinate in a pentagonal bipyramidal
geometry with the three nitrogen and two deprotonated oxygen Schiff base donors. This leaves
the potential for the formation of heterodinuclear complexes with metal ions occupying the crown
ether-like chamber.

While many Schiff bases are known to contain mixed nitrogen and oxygen donors, pure
nitrogen donor ligands are also known such as the pyrrole-derived ligands, three of which are
illustrated in Figure 74. Each of the three ligands coordinates with the uranyl ion as a hexadentate
ligand as indicated by X-ray crystallography (see Figure 75). The complexes of the first two
ligands (non-phenyl) are both nonplanar, the second even more so than the first. The third
complex with the phenyl-containing ligand is completely planar, probably due to the steric
constraints imposed by the phenyl rings. While changes in the ring size and shape cause distinct
changes in the overall geometry of the complex itself, it has little influence on the inner-sphere
coordination adopted by the uranyl ion. In all three cases, the uranium atom adopts nearly ideal
hexagonal bipyramidal geometry via coordination with all six equatorial nitrogen atoms. In
complexes with the first two ligands, the U—Npyrrole bond distances are very similar, as are the
U—Nimine bond distances. The major difference occurs for the third complex where the
U—Npyrrole and U—Nimine bond lengths are shorter and longer, respectively.844

(iii) Macrocyclic ligands

N-Heterocyclic ligands. The oxidized form of [24]hexaphyrin(1.0.1.0.0.0) was created when
exposed to uranium(VI), and formed a [22]hexaphyrin(1.0.1.0.0.0)/UO2

þ2 inclusion complex.
The crystal structure, as solved by X-ray single crystal diffraction, is shown in Figure 76. The
nitrogen atoms from the porphyrin have some deviation from the least squares plane. This gives a
slightly disordered hexagonal bipyramidal with the oxo ligands trans to one another.584

Calixarenes. Calixarenes are macrocyclic donor ligands that have the ability to bind with a wide
range of metal ions, including actinides, due to the synthesis and availability of a series of various
ring sizes. The most basic structure of a calixarene is a cyclic arrangement of phenol units linked
by methylene groups, where the phenols can act as anionic ligands for the actinide center. A
generalized example of a calix[4]arene ligand is shown in Figure 77.
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Figure 74 Diagrams of pyrrole-derived Schiff bases.
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Oxa-calixarenes have -CH2-O-H2C- units replacing the methylene bridges connecting phenol
groups. Aza- and thia- crown derivatives, with nitrogen and sulfur replacing the oxygens, are also
common. A recent review by Thuéry et al.845 gives an in-depth analysis of the coordination
chemistry of phenolic calixarenes. As of 2003, the only actinides whose coordination with
calixarenes has been observed or investigated are UV and UVI, with only a single known example
of ThIV. All complexation of calixarenes with actinides is known to occur only via the phenolic
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Figure 75 Crystal structure of UO2(C24H32N6) (Sessler, Mody et al. Inorganica Chimica Acta 1996, 246, 23–30).
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Figure 76 Crystal structure of UO2(C44H51N6) (Sessler, Seidel et al. Angew. Chem., Int. Ed., Engl. 2001, 40,
591–594).
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oxygen atoms, with the common mode for UO2
2þ being through four deprotonated phenolic-OH

groups, yielding an anionic complex. However, UVI is known to accept as few as three donors and
as many as five, but never six, in its complexation with calixarenes. In bonding to any metal,
including actinides, calixarene coordination is controlled by the number and geometry of the
donor oxygen atoms in the macrocyclic ring.

Basic calixarenes of the type calix[n]arene have been complexed with UVI with n ranging from 3
to 9, including 12, and can be either inclusion complexes or exclusion complexes (see Table 47).
Inclusion complex have three or more phenolic-oxygen bonds with the uranium, essentially
enclosing the metal entirely, and the exclusion complexes have three or less, leading to a less
than perfect encircling of the metal.845

While calixarenes have great potential as being extractants for actinides, particularly in the
hexavalent state, most of their coordination chemistry is known by isolation and structural
characterization of discrete complexes. The compound p-t-butylhexahomotrirooxacalix[3]arene
forms a complex with the uranyl ion to generate an unusually low coordination number. Two
similar complexes were obtained: [(UO2

2þ)(L3�)(HNEt3
þ)]�3H2O and [(UO2

2þ)(L3
�)

(HDABCOþ)]�3CH3OH, where HL3 is the calixarene and DABCO is diazabicyclo[2.2.2]octane.
A crystal structure of [(UO2

2þ)(L3�)(HNEt3
þ)]�3H2O is shown in Figure 78. The linear uranyl

fragment is coordinated to all three deprotonated phenolic-oxygen atoms in its equatorial plane
and is at the center of the calixarene. The ether oxygens do not participate in bonding, which is
the case for nearly all calixarene/actinide complexes. The uranyl is not completely co-planar with
its three bound oxygens and adopts a pseudotrigonal coordination geometry. The entire calix-
arene ligand adopts a ‘‘cone-like’’ conformation around the metal.846

The first reported crystal structure of a calixarene/actinide complex was that of the bis(homo-
oxa)-p-t-butylcalix[4]arene ligand coordinated with the uranyl ion.847 The uranyl ion forms a 1:1
inclusion complex with the calixarene, unsymmetrically binding the ligand via the four phenolic-
oxygen atoms, giving a chemical formula of [(UO2

2þ)(L4�)(HNEt3
þ)2]�2H2O, where H4L is the

calixarene ligand. The interaction of the metal with the etherial oxygen is weak, if at all present,
due to the lone pair of electrons pointing away from the uranium. As with other calixarenes, the
geometry of the ligand itself is cone-shaped around the metal.848

p-t-Butylcalix[5]arene bonds with uranyl to give the inclusion complex [(UO2
2þ)(HL4�)

(HNEt3
þ)2]�2MeOH, where H5L is the neutral form of the ligand. The linear uranyl fragment

sits in the cavity of the calixarene ring and bonds equatorially with the five phenolic oxygens, four
of which are in their anionic forms from deprotonation. U—O bond lengths for three of the five
bonds fall between 2.25 Å and 3.30 Å, with the fourth and fifth being significantly longer at
2.571(7) Å and 2.836(8) Å. The bonding environment around the uranium from the phenolic
oxygens is a pentagonal one, with an overall configuration of pentagonal bipyramidal. From
a side profile, the calixarene takes its usual cone configuration around the metal center
(see Figure 79).849

p-t-Butylcalix[6]arene complexes with uranyl are unique in that they have not been observed to
form inclusion complexes with the metal. Only exclusion complexes are observed with 2:1, 2:2,
and 3:3 metal:ligand stoichiometries. Similarly, calix[7]arenes only have the ability to complex
with uranyl via one or both of its trimeric or tetrameric subunits.850

Table 47 Coordination geometry of various uranyl calixarene complexes.a

Ligand Coordination of complex

Hexahomotrioxacalix[3]arene Pseudo-trigonal
Calix[4]arene No ‘‘internal’’ complex formed
Dihomooxacalix[4]arene Square planar
Tetrahomodioxacalix[4]arene Square planar
Octahomotetraoxacalix[4]arene Pentagonal
Calix[5]arene Pentagonal
Calix[6]arene No ‘‘internal’’ complex formed
Tetrahomodioxacalix[6]arene Square planar
Calix[7]arene Square planar; direct UO2

2þ�UO2
2þ bonding

Calix[8]arene Pentagonal
Octahomotetraoxacalix[8]arene Pentagonal
Calix[9]arene Pentagonal
Calix[12]arene Pentagonal; two dimers

a Table taken from Thuéry, P.; Nierlich, M.; Vicens, J.; Masci, B. J. Chem. Soc., Dalton Trans., 2001, 867–874.
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A bimetallc inclusion complex is formed when UO2(NO3)2 reacts with p-t-butylcalix[8]arene.
The resulting complex stoichiometry is [(UO2

2þ)2(H4L
4�)(OH�)]��2HNEt3

þ�OH��2NEt3�3H2O�-
4-CH3CN where the fully protonated ligand is given by H8L. Two linear UO2

2þ fragments lie
within the calixarene ring and each are equatorially bonded to four phenolic oxygens, only two of
which remain prontonated. A bridging OH� group gives each uranyl ion a distorted pentagonal
arrangement with the bonded oxygens, typical for uranyl coordination. The uranium adopts a
pentagonal bipyramidal arrangement, slightly distorted due to the equatorial environment being
slightly nonplanar as seen in Figure 80. U—Obond lengths are observed to vary with the protonation,
or lack thereof, of the oxygen.851

The largest calixarene that has been used in complexation with UO2
2þ is t-butylcalix[12]arene.

Two bimetallic uranyl units (four uranyl groups) are enclosed within the ring, giving it a
stoichiometry of [HNEt3]2[{(UO2

2þ)2(NO3)2(py)}2(H4L)], where H4L
8� is the deprotonated form

of the ligand. The bimetallic uranyl units are assembled with bridging nitrate anions. Each
bimetallic array has both uranium atoms bound to five phenolic oxygens, four of which are in
a deprotonated form. The remaining two phenols in the calixarene are unbound. In each
bimetallic unit, one uranium is bound to three phenolic oxygens and the other uranium bound
to two, with the third coordination site being occupied by a pyridine molecule. The resulting
geometry around the uranyl is a pentagonal arrangement as illustrated in Figure 81.852

Crown ethers. U VI-crown ether chemistry has been extensively studied due to the wide variey of
complexes that can be formed. Uranyl can form both inclusion and exclusion complexes with
both hetero- and homocrown ethers. Exclusion complexes can form bonds to other metals in the
crown ether cavity directly or via hydrogen bonds to crown ether oxygens. The nature of
complexation is dependent on the chemical environment.

Both EXAFS spectroscopy and X-ray single crystal diffraction have been used to study uranyl
complexes with 18-crown-6 and dicylohexyl-18-crown-6 (dch-18-crown-6) in the presence of the
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Figure 78 Crystal structure of [(UO2)(C36H45O6)(HN(C2H5)3)]�3H2O (Thuéry, Nierlich et al. J. Chem. Soc.,
Dalton Trans. 1999, 3151–3152).
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Figure 79 Crystal structure of [(UO2)(C55H66O5)](HN(C2H5)3)2�(CH3OH)2 (Thuéry, P. and Nierlich,
M. J. Incl. Phenom. Mol. Recogn. Chem. 1997, 27, 13).
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trifluoromethanesulfonate (OTf�) anion. The EXAFS data was collected using the uranium LIII

absorption edge in both solution and solid state for UO2(18-crown-6)(OTf)2 and UO2(dch-18-
crown-6)(OTf)2. A comparison of EXAFS and X-ray diffraction models is provided in Table 48.
It can be concluded from the data that the coordination in the solid state is probably very similar
to coordination in solution. Both techniques are consistent with proposed hexagonal bipyramidal
coordination geometry around the uranium. No significant deviations are observed in the pla-
narity of the equatorial coordination region, indicating a nearly ideal geometry (Figure 82).
Deviations from ideality are indicated by the sum of the O—U—O bond angles (ideal 360o); in
UO2(18-crown-6) the sum is 363.3o while in the UO2(dch-18-crown-6) the sum is 366.8o.853
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Figure 80 Crystal structure of (HN(C2H5)3)2[(UO2)2(C88H108O8)(OH)]�(N(C2H5)3)2�(H2O)3�(CH3CN)4 and
of the calixarene ligand with the metal complex removed for clarity (Thuéry, Keller et al. Acta Crystallogr.,

Section C 1995, C51, 1570–1574).

Figure 81 Crystal structure of [HN(C2H5)3]2[{(UO2)2(NO3)(C5H5N)}(C132H152O12)] and of the ligand with
the uranium complexes removed (Leverd, Dumazet-Bonnamour et al. Chem. Commun. 2000, 493–494).

Table 48 A comparison of EXAFS and X-ray diffraction data showing distance(R) to nearest neighbors
(Peshayes, Keller et al. Polyhedron, 1994, 13, 1725).

REXAFS (Å) RX-ray

Complex Solution Solid Solid

UO2(18-crown-6)(OTf)2 U—Oax 1.77 1.77 1.64(5)
U—Oeq 2.58 2.57 2.50(5)
U—Ceq 3.49 3.45 3.49(8)

UO2(dch-18-crown-6)(Tf)2 U—Oax 1.77 1.76 1.78(5)
U—Oeq 2.59 2.63 2.58(8)
U—Ceq 3.49 3.53 3.47(9)
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Azacrowns have been studied as possible extractants for the uranyl cation. Complexation of
actinyls by azacrowns (possessing slightly softer nitrogen donor atoms) is less favored then the
harder oxygen donors of traditional crown ethers. Crowns can be completely substituted, as in
18-azacrown-6, or only partly substituted as in diaza-18-crown-6. While substitution of a softer
donor atom does effect the strength of the ligand, the presence of a weakly-complexing anion such
as OTf� offers limited competition for complexation to the uranyl. The coordination environment
is not affected by the presence of nitrogen donors; the uranyl still adopts a hexagonal bipyramidal
coordination geometry. The nitrogen donors also tend to effect the planarity of the equatorial
region of a complex. In the UO2(diaza-18-crown-6), the sum of the equatorial donor angles is
361.2o; this represents the closest geometry to ideality of any of the substituted or unsubstituted
18-crown-6 ligands. The complex UO2(18-azacrown-6) has the greatest deviation with a donor
angle sum of 378.8o.854,855

Uranium(VI)/crown ether complexes can form polymeric chains in the presence of anions such
as sulfate. Each uranyl is bound to two water molecules and one oxygen from three different
sulfate anions. Each sulfate anion therefore serves as a �3-bridging ligand to three uraniums. The
crown ethers are not complexed to the polymer chain but instead surround it in a sheet-like
fashion. An example of this polymeric network with 12-crown-4 can be seen in Figure 83.
The inorganic polymer chains are separated from each other by the formation of an organic crown
ether layer, resulting in organic/inorganic layering. Hydrogen bonding occurs between each crown
ether and an adjacent water molecule to form the organic layer; this water in turn hydrogen bonds
to the inorganic chain.

The complex [UO2(SO4)(OH2)3]�0.5(18-crown-6) exhibits another means of forming polymers
wherein the uranyl-sulfate bridging forms a zig-zag-like polymeric pattern. For each uranyl unit,
one of the three equatorial water ligands is hydrogen bonded to two bridging sulfate ions via oxygen
atoms on the sulfate. The remaining two water molecules are hydrogen bonded to uncomplexed 18-
crown-6 molecules. These crown ethers exist on both sides of the polymer in an alternating fashion.

The complex [(H3O)(18-crown-6)]2[(UO2(NO3)2)2C2O4] consists of stacked [(UO2-
(NO3)2)2C2O4]

2� anions surrounded by stacked [(H3O)(18-crown-6)]þ cations. In the anions,
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Figure 82 Crystal structure of [UO2(C12H24O6)]�(CF3SO3)2 (Deshayes, Keller et al. Polyhedron 1994, 13, 1725).

Figure 83 Crystal structure of {[UO2(SO4)(H2O)2]�0.5(C8H16O4)(H2O)}n depicting the coordination of the
UVI in a sulfate polymeric chain (Rogers, Bond et al. Inorg. Chem. 1991, 30, 2671).

308 The Actinides



two bidentate nitrate ions coordinate to a single uranyl and two of these uranyl/nitrate units are
bridged by an oxalate moiety where two oxygens are bound to each uranyl. This arrangement
creates a hexagonal bipyramidal geometry around each uranium. In the cation, the hyrdronium ion
sits in the cavity of the crown ether.856

Polymeric and bridged complexes are not the only form of exclusionary crown complexes with
uranyl. In complexes of the uranate ions UO2X4

2� (where X=Cl or Br), sandwiching of the metal
unit between crown ether-complexed counterions can occur. In cationic 12-crown-4 complexes
with lithium, 15-crown-5 complexes with sodium, and 18-crown-6 complexes with potassium, the
negatively charged uranyl complex will bridge between two crown ether/group 1 metal cations.
The uranium center in these complexes lies in a psuedooctahedral coordination environment.
Structures differ in the nature of the alkali metal-uranium bridging groups. In some cases, the twometal
centers are bridged by two halide ligands as seen in Figure 84. In this structure, the two equatorial
bromides bond to the potassium in an 18-crown-6/potassium complex. The uranyl oxo groups remain
uncoordinated to the alkalimetal. In the [K(18-crown-6)]2[UO2Br4] complex theO¼U���Kangle is 63o,
and 56o in the chloro complex, indicating that actinyl moeiety is tilted toward the potassium atoms,
possibly to bring the uranyl oxo group into proximity with the acidic alkali metal.

In the complex [Na(15-crown-5)]2[UO2Cl4], some of the ‘‘sandwiches’’ display a comparable
geometry, in which the the O¼U���Na angle is observed to be 87o. A second type of bonding
was also observed in this species, however, in which a single chloride coordinates to each sodium
atom in the crown ether/sodium complex. The O¼U���Na angle is much more acute (31o), with
the axial oxygens tilted toward the sodium for a weak interaction. The size of the halide ligand
impacts the coordination mode; in the analogous bromide complex the sodium and uranium
centers are bridged by one bromide anion and a uranyl oxo group, leaving the other two bromide
atoms unbound and a Br—U���Na angle of 90o (see Figure 85). The size of the cation also
influences the coordination geometry; in the complex [Li(12-crown-2)]2[UO2Cl4], bridging occurs
only via the uranyl oxo groups.691
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Figure 84 Crystal structure of [K(C12H24O6)]2[UO2Br4] (Danis, Lin et al. InorganicChemistry 2001, 40, 3389–3394).
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Figure 85 Crystal structure of [Na(C10H20O5)]2[UO2Br4] (Danis, Lin et al. Inorganic Chemistry 2001, 40,
3389–3394.)
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3.3.2.5 Heptavalent Oxidation State

3.3.2.5.1 General characteristics

Heptavalent neptunium and plutonium can be prepared in highly alkaline aqueous media via
electrochemical or chemical oxidation of AnIV, AnV, or AnVI species, with NpVII being more
easily obtained and isolated than PuVII.857–863 The complexes formed have been characterized in
solution primarily by optical absorbance and vibrational spectroscopy, and more recently by
NMR and EXAFS, and in the solid state by EXAFS and X-ray diffraction. Most research in this
area was conducted at the Russian Academy of Sciences.

3.3.2.5.2 Simple donor ligands

(i) Ligands containing group 16 donor atoms

Hydroxide and aqua complexes. The coordination environment of NpVII in solution remains
topical because the species stabilized under highly alkaline conditions could be technologically
useful in nuclear waste processing. In addition it provides an opportunity to examine structure/
bonding relationships in f 0 systems with unusual coordination geometries. Solution studies report
various coordination geometries, including a dioxo moiety coordinated equatorially by hydroxo
or aquo ligands,858,864 and a square planar tetraoxo complex with two additional axial hydroxo
ligands.865 The tetraoxo NpVII coordination is common in the solid state. Analogies with other
high-valent actinide ions, including AnVI species suggest that the hydroxy neptunyl ion
(NpO2)(OH)x(H2O)y is the prevalent species in solution. In contrast, the oxo anions of hexa-
and heptavalent transition metals exhibit tetrahedral MO4 coordination. Recent EXAFS and
computational studies provide evidence that NpVII has a tetraoxo first coordination sphere,
slightly distorted from square-planar geometry, with a Np—O bond distance of 1.87 Å, with
two hydroxy ligands at a distance of 3.3 Å (see Figure 86). This unusual coordination environ-
ment appears to result from a competition for ligand electron density among d- and f-orbitals of
various symmetries of the Np atom, with a slight distortion from square-planar-based geometry
favored by increased f-orbital participation in bonding with oxygen p-orbitals.866,867 Interestingly,
the NpVI/NpVII redox couple is reversible, indicating rapid electron exchange between the two forms.
Considering the stoichiometry and conformations of the complexes, slow electron exchange and
irreversible electrode potentials may be expected. However, the NpO4(OH)2

3� species may be
considered a deprotonated form of NpO2(OH)4

�; and proton-transfer reactions are often rapid.
This reasoning may explain the relative instability of PuVII species in solution and suggests that
dioxo NpVII species may be observed under less basic conditions.867

A large number of hydrated solid compounds, such as M(NpO4)�xH2O,
M3[(NpO4)(OH)2]2�xH2O or M(NpO4)(OH)2�5H2O, have been prepared by oxidation of NpVI

followed by precipitation of complex NpVII anions from aqueous alkaline solutions using alkali
(M=Cs, K, Na, Li), alkaline earth (M=Ca, Sr, Ba), or hydrogen-bond donating cations, such as
cobalt hexamine and cobalt ethylene diamine. Many of these complexes were initially reported to
contain the MO5

3� anion, as in the formulation K3NpO5�xH2O; however, structural character-
ization has revealed the coordination geometry of the NpVII to be tetragonal bipyramidal, with
two hydroxide ligands in the axial positions, and the formula to be K3(NpO4)(OH)2�2.2H2O.868

Single crystal X-ray structures have been determined for compounds such as Na3NpO4

(OH)2�nH2O
869 and Co(NH3)6NpO4(OH)2�2H2O

864,870 which also contain NpO4(OH)2
3� in

this highly unusual coordination geometry. Crystalline samples of analogous PuVII compounds
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Figure 86 Coordination environment of NpVII in aqueous solution.
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have been prepared.871 Similar, nonhydrated NpVII and PuVII salts can be prepared by heating
alkali metal peroxides with Np and Pu dioxides above 250 �C.

The ternary oxides Li5NpO6 and Li5PuO6 have been obtained by heating the actinide dioxide
with lithium oxide in oxygen at �400 �C.872 The AnO6

5� anion appears to be octahedral. The IR
spectrum of Li3(NpO2)(OH)6 has been reported for a sample that was obained by dissolving
NpO2(OH)3�3H2O in aqueous lithium hydroxide followed by solvent evaporation. The compound
Li[Co(NH3)6][(Np2O8)(OH)2]�2H2O, was isolated from a lithium hydroxide solution of neptunium-
(VII) by adding [Co(NH3)6]Cl3. In the structure there are two independent neptunium centers, each
coordinated by an octahedron of oxygen atoms; the octahedra share corners to form a chain
(see Figure 87).873 A carbonate complex has also been proposed, but not yet characterized.

3.3.2.5.3 Chelating ligands

There is some evidence that NpO4(OH)2
3� can be extracted into organic solvents by phenol and

pyrazolone ligands that replace hydroxide in the inner coordination sphere. For example, extraction
by bis(2-hydroxy-5-octylbenzyl)amine or 2-hydroxy-5-tert-butylphenyl disulfide was confirmed by
13C NMR. Optical absorption data indicated that NpVII reduction to NpVI does occur, but that NpVI

is extracted more slowly and with smaller distribution coefficients than is NpVII.874,875

3.3.3 THE LATER ACTINIDE METALS—TRANSPLUTONIUM ELEMENTS

Americium and curium are by far the most studied transplutonium elements, being available in
milligram to gram quantities. The inorganic and organic complexes of Am and Cm, in addition to
other chemistry of these elements, are described in detail in the element-specific chapters on Am and
Cm chemistry by Runde and Schulz1043 and Lumetta, Thompson, Penneman, and Eller,1044 respect-
ively, in ‘‘The Chemistry of the Actinide and Transactinide Elements,’’ to be published in 2003. A
recommended review of the chemical thermodynamic data of Am compounds has been published by
the Nuclear Energy Agency and the Organisation for Economic Co-operation and Development.876

This reference reports critically evaluated stability constants for most characterized Am solids and
solution species (and, by analogy, most expected Cm compounds). Myasoedov and Kremliakova877

have reviewed Russian literature up to the mid-1980s on americium and curium chemistry, including
separations.877 A subsequent review has described research in this area up to 1994.878

The coordination chemistry of the heavier transplutonium elements relevant to separations is
often the first type of chemistry examined for these metals. Indeed, a great deal of actinide
coordination chemistry was founded in the separations developed in the 1950s and 1960s. For
elements prepared an ‘‘atom-at-a-time’’ this information is first used to determine preferred
oxidation state(s) and group classification of new heavy and super heavy elements. There are
recent reviews that describe this chemistry for transactinides.879–882 This approach remains very
useful, as demonstrated by recent reports of the chemistry of element 108.883 Being highly radio-
active, the elements beyond plutonium have autoradiolytic properties that strongly affects their
oxidation state and coordination chemistry, particularly in solution. These reactions and their
corresponding rates are well described for the early actinides by Newton.884–886

Most transplutonium chemistry was performed either in initial chemical characterization by
groups in the USA and Russia in the 1950s and 1960s or in the continuing effort to develop
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Figure 87 Neptunium coordination environment in Li[Co(NH3)6][(Np2O8)(OH)2.

The Actinides 311



lanthanide/actinide and actinide/actinide separations in these countries, as well as in France,
India, and Japan. The majority of the coordination chemistry is related to the development and
testing of new and improved liquid/liquid extraction processes. Worldwide, aside from purely
academic investigations, scientists and engineers are motivated to find new ways to remove minor
amounts of neptunium, plutonium, and americium from various stored wastes or reactor fuel so
that final disposal is easier and less expensive and so energy production is efficient and economic-
ally affordable. In addition, aqueous complexes, such as hydroxides, carbonates, phosphates, and
sulfates, are being studied in the context of potential release from nuclear waste and nuclear fuel
repositories.

Extraction processes (TRUEX, PUREX, Talspeak, DIAMEX, PARC, etc.) generally involve
complexation of transplutonium elements by alkyl phosphines, phosphine oxides, phosphoric acids,
carbamoyl phosphonates, diamides, and thiophosphinates in aqueous/organic extractions, within
derivatized solid supports, or on coated particles. There are excellent reviews of the processes and
significant complexes by Mathur et al.409 and selected chapters in ‘‘The Chemistry of the Actinide
and Transactinide Elements’’ to be published in 2003.1043,1044 Work on the separation for nuclear
waste management in the United States, France, and Russia have been reviewed.887–889

In the last two decades the coordination chemistry of these elements has benefited greatly from
advances in time-resolved laser fluorescence (TRLIFS) and synchrotron-based X-ray absorbance
spectroscopies (XANES and XAFS). The advantageous luminescence properties of AmIII and
CmIII allow the study of dilute solutions (�10�5 M for Am and�10�9 M for Cm) and complex
matrices and require relatively small masses of material.890–894 Similarly, EXAFS has been used to
study the coordination of americium in organic chelator complexes,895 and inorganic complexes
with P5W30O110

15�896 and chloride.897

By analogy with lighter actinides and from experimental data, the coordination geometries of
transplutonium ions in a range of oxidation states can be generalized. Americium(VI) and (V) generally
have coordination numbers ranging from six to nine and most often adopt coordination environments
of pentagonal bipyramidal and hexagonal bipyramidal for actinyl species, and cubic, octahedral, square
antiprismatic, tricapped trigonal prismatic, or irregular geometries for nonactinyl species. The trivalent
and tetravalent transplutonium compounds can have coordination numbers as high as twelve, and the
most common regular geometries being octahedral, tricapped trigonal prismatic, and dodecahedral.

3.3.3.1 Divalent Oxidation State (Am, Cm, Cf, Es, Fm, Md, No)

3.3.3.1.1 General characteristics

Of the divalent transplutonium actinides, only Am compounds have been prepared in any
significant quantity.

3.3.3.1.2 Simple donor ligands

(i) Ligands containing group 16 donor atoms

Oxides and aqueous. Although AmO has been reported, characterization data are inconsistent.
It likely that the monoxide can only be synthesized under high pressure from Am metal and
Am2O3, in a manner analogous to some lanthanide oxides. CmII is unknown other than as a
transient aqueous species and a species coprecipitated from melts, and possibly in CmO.

(ii) Ligands containing group 17 donor atoms

While solid structures are generally rare for divalent americium compounds, the black halides AmCl2,
AmBr2,

898 and AmI2
899 have been prepared by reacting metallic americium with the corresponding

mercuric halides at 300–400 �C. Interestingly, all three compounds crystallize in different lattices:
orthorhombic AmCl2, tetragonal AmBr2, and monoclinic AmI2. Ternary AmII halides may be
prepared from americium trihalides with americium metal and lithium metal as reductants.900

The californium(II) and einsteinium(II) dihalides have been prepared by hydrogen reduction of the
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trihalides at high temperatures. Californium bromide has also been obtained by heating Cf2O3 inHBr,
and there is also tracer level evidence for the formation of FmCl2.

3.3.3.2 Trivalent Oxidation State (Am–Lr)

3.3.3.2.1 General characteristics

The coordination chemistry of trivalent transplutonium elements is very similar to the trivalent
lanthanides of similar ionic radii. Coordination numbers of six, and eight to ten, and coordination
polyhedra of octahedron, square antiprism, tricapped trigonal prism and mono-capped square
anti-prism are common. In agreement with other actinide(III) ions the stability of transplutonium
complexes complexes with monovalent inorganic ligands follows the order: F� > H2PO4

� >
SCN� > NO3

� > Cl� > ClO4
�. In some cases, the stability of the trivalent actinide complex is

slightly greater than that of the corresponding lanthanide complex, due to a combination of
bonding and solvation differences.51,901,902 As discussed widely, this difference in stability can be
used to effectively separate AmIII from lanthanide elements.

3.3.3.2.2 Simple donor ligands

(i) Ligands containing group 15 donor atoms

The AmIII thiocyanates have been studied intensively because of the separation of lanthanide and
actinide elements in thiocyanate media. Three complexes of general formula Am(SCN)n

3�n

(n= 1–3) have been identified from spectroscopic and solvent extraction data.

(ii) Ligands containing group 16 donor atoms

Oxides. Binary oxides of the formula An2O3 have been prepared and well characterized for
Am, Cm, Bk, and Cf, while the heavier transplutonium oxides have generally only been prepared
on the scale of micrograms or less. Three crystal modifications (similar to lanthanides) have been
reported for both Am2O3 and Cm2O3, two of which have been found for Bk2O3 (A and C types)
and for Am2O3 (A and B types). These oxides are generally prepared by heating oxyanion
complex precipitates, such as An2(C2O4)3, or AnO2 compounds at temperatures greater than
600 �C. For both Am and Cm, An2O3 transforms to the hexagonal phase at room temperature
within about three years due to self-irradiation.903 Additional phases are predicted based on phase
diagrams of related lanthanide systems. The ternary oxide LiAmO2 is obtained by heating AmO2

with Li2O in hydrogen at 600 �C. Other ternary oxides include M(AnO2)2 (M= Sr or Ba) and
MAlO3, reported for both Am and Cm, and the Cm oxides, Cm2O2Sb and Cm2O2Bi,

904

BaCmO3,
905 and Cm2CuO4.

906 The latter is of interest by its analogy to M2CuO4 (M=La,
Pr–Eu), which are parent compounds for high-temperature superconductors. Although Cm2CuO4 is
isostructural with the M2CuO4 (M=Pr–Gd) series, its Th-doped analogue is not superconduct-
ing, unlike analogous Pr–Eu doped materials.

Hydroxide, aqua, and hydrates. From the similar absorption spectra of Am3þ in aqueous
solution, AmCl3, and in LaCl3, and the linear relationship between the decay rate of the
americium fluorescence and the number of inner-sphere water molecules, it has been concluded
that AmIII is coordinated by nine inner-sphere water molecules.907–909 Similarly, the hydration
number for the CmIII ion has been estimated to be nine on the basis of fluorescence life-
times.910,911 EXAFS studies of aqueous Am3þ and Cm3þ, however, have suggested coordination
numbers closer to 10.64 EXAFS investigation of Cf3þ in aqueous solution indicates a coordination
number of 8.5 (�1.5), with a Cf—O distances of 2.41� 0.02 Å.912 This coordination number was
confirmed for Am in the solid state by isolation of single crystals of the triflate salt of nonaqua
complex, which contains a tricapped, trigonal prismatic cation that is isostructural with the
analogous PuIII compound.69

The trivalent transplutonium ions have stepwise hydrolysis products of the type An(OH)n
3�n,

where n= 1,2,3, with n= 4 species postulated for AmIII. The Cm species have been studied using
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time-resolved laser fluorescence spectroscopy,913 the Am species using optical spectroscopy, and
the heavier actinide hydroxides less directly using precipitation methods. In the solid state, the
trishydroxides, An(OH)3 (An=Am, Cm, Bk, and Cf) can be prepared by aging aqueous hydro-
xide precipitates.914 The Am hydroxide can also be prepared by hydration of Am2O3 with steam
at 225 �C.915

Hydrates of the oxoanion and halide complexes are numerous and are mostly isostructural with
the hydrated lanthanide chlorides. In the hydrated salicylate, AmL3�H2O, one water molecule is
in the inner coordination sphere of the AmIII cation. The hydrated xenate(VIII),
Am4(XeO6)3�40H2O, has also been reported.

Oxoanions. Trivalent transplutonium nitrates can be isolated by evaporation of nitric acid
solutions of the ions. For example, curium trinitrate, 244Cm(NO3)3, has been characterized. The
phosphates are much more numerous and complicated, due to the multiple protonation states of
the ligand. The solution complexes, AnHPO4

þ and An(H2PO4)n
3�n (n= 1–4) have been used to

interpret cation exchange, solvent extraction and spectroscopic data.916 However, some of those
data could be reinterpreted as solvation changes with concommitant changes in ionic strength,
and not discrete inner-sphere phosphate complexes. The phosphate solids that have been isolated
by precipitation include hydrates, such as AnPO4�0.5H2O (An=Am, Cm)917–919 and dehydrated
AnPO4. For AmIII, the anhydrous compound has also been obtained by reacting AmO2 with
stoichiometric amounts of (NH4)2HPO4 at 600 – 1000 �C. Hobart et al. reported the Raman
spectra of the phosphate salts, as well as those of the salts of a number of other oxyanion
complexes.920

Sulfate complexes in solution, of the form An(SO4)2
3�2n (n= 1,2) have been reported. These

anions can be precipitated as hydrates An2(SO4)3�8H2O
921 and partially dehydrated solids can be

obtained by addition of less polar solvents.933 Anhydrous sulfates, such as An2(SO4)3 (An=Am,
Cm, or Cf) are also prepared by heating the hydrate to a temperature of 500–600 �C in air.922 A
number of double sulfates of AmIII with formulas MAm (SO4)2�xH2O (M=K, Na, Rb, Cs, Tl;
x= 0, 1, 2, 4), K3Am(SO4)3�xH2O, and M8Am2(SO4)7 (M=K, Cs, Tl) have been prepared by
adding metal sulfate to Am3þ in sulfuric acid solutions. The oxosulfates, An2O2SO4 (An=Cm or
Cf), have been reported; the curium compound is obtained by heating CmIII-loaded resin
(sulfonate form) in a stream of oxygen at 900 �C; it has a body-centered orthorhombic struc-
ture.923

Tabuteau and Pages924,925 investigated the Am–molybdate and Am–tungstate systems. By
reacting stoichiometric amounts of AmO2 and MoO3 or WO3 at 1,080 �C, the monoclinic
Am2(MoO4)3 and Am2(WO4)3 are prepared; with potassium present and at lower temperature,
ternary phases, KAm(MoO4)2 and K5Am(MoO4)4, are isolated. Higher order tungstate and
heteropolyanionic complexes have been studied, including for their use as solution precursors to
solid state materials. Shirokova et al.926 reported the complexation of AmIII with N,N-dimethyl-
acetamide and the Keggin-type heteropolyanion PW12O40

3�. Complexes of AmIII and CmIII with
W10O36

12�, PW11O39
7� and SiW11O39

8� have also been prepared.927–930 In contrast, Williams et
al. reported that AmIII can be integrated into the Preyssler anion, AmP5W30O110

12�.896

Carbonates and carboxylates. The trivalent transplutonium formate, carbonate, and oxalate
complexes have been relatively well studied. The oxalato complexes, particularly
Am2(C2O4)3�10H2O, have been used extensively for separations and other processing. The car-
bonates have been studied primarily in the context of waste management and environmental risk.
Americium formate can prepared by evaporating a solution of Am(OH)3 in concentrated formic
acid. The binary AmIII carbonate, Am2(CO3)3�4H2O precipitates from a CO2-saturated solution
of NaHCO3.

931,932 The analogous CmIII solid forms after addition of K2CO3 to CmIII solution.933

The ternary compounds NaAm(CO3)2�4H2O and Na3Am(CO3)3�4H2O can also be precipitated
from bicarbonate solutions.859 In analogy to neodymium and europium analogs, orthorhombic
AmOHCO3 was characterized by X-ray powder diffraction data.931,934 A hexagonal form has
been reported, but not confirmed. 935 The anhydrous carbonates, An2(CO3)3 (M=Am or Cm) are
formed by the radiolytic decomposition of the oxalate or by heating the anhydrous oxalates.

The hydrated oxalate, Am2(C2O4)3�xH2O (x= 7, 9, 10 or 11), is precipitated from aqueous
solutions containing americium(III) by oxalic acid and the anhydrous oxalate is obtained by
heating the decahydrate above 340 �C.936 The corresponding Bk and Cf solids are precipitated
from acid solutions by oxalic acid. Both the Am and Cm oxalates are used for calcination to the
oxides. For example, oxalate precipitation has been used to process large amounts of 244Cm, with
subsequent metathesis with 0.5M hydroxide to form Cm(OH)3.

937,938 The ternary oxalate com-
plexes of general formula MAm(C2O4)2�xH2O have been prepared from AmIII oxalate and
MC2O4 (M=NH4, Na, K, Cs) in neutral solution.939 It has been demonstrated that a substantial
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separation of americium from lanthanum can be obtained by fractional precipitation of amer-
icium and lanthanum oxalates; about 50% of the lanthanum can be rejected at each stage with
only about 4% of the americium.

Phosphoric, phosphinic, and phosphonic acid. Phosphinic acid-based extractants contain the
P(O)OH acid functionality as well as two R groups attached to the phosphorus, where R can be
hydrogenic, aliphatic, or aromatic. Sulfur containing derivatives are known as monothiophos-
phinic acids, where the phosphonyl oxygen is replaced with a sulfur, and dithiophosphinic acids,
where both oxygens are replaced with sulfur (Figure 88).

In the extraction of trivalent lanthanides and actinides with phosphinic acids, the hard donor
nature of oxygen makes it difficult to effectively distinguish between the hard cations LnIII and
AnIII, thus making separation of one from the other difficult. The replacement of oxygen with
softer donor atoms such as sulfur make LnIII and AnIII more distinguishable, hence the develop-
ment of mono- and dithiophosphinic acids as more effective extractants in the separation of these
species. In most studies, the dithiophosphinic acids have been proven to be the most effective
agents for selectively separating these ions. To this end, AmIII and CmIII complexes with bis(2,4,4-
trimethylpentyl)phosphinic acid (HC272), bis(2,4,4-trimethylpentyl)monothiophosphinic acid
(HC302), and bis(2,4,4-trimethylpentyl)dithiophosphinic acid (HC301) (extracted into n-dode-
cane), all available through Cytec, Inc., Canada, have been studied by visible absorption spectros-
copy and X-ray absorption fine structure spectroscopy (XAFS) to determine the origin of this
selectivity.

XAFS spectroscopy attempts to model experimental data to propose a coordination environment
of a metal complex. XAFS modeling proposed that for HC272 there is only oxygen donation to the
AmIII and CmIII inner coordination sphere, while for HC301, only sulfur donation is observed.
AmIII and CmIII HC302 complexes have both oxygen and sulfur bound to the metal. These
coordination models make sense in light of the chemical structure of the extractants.

When an excess of HC272 is present in the organic phase, it is proposed to coordinate to
trivalent actinides in a fashion similar to most oxygen-containing diphosphinic acids, yielding a
coordination stoichiometry of M[H(C272)2]3. The bonding consists of three H(C272)2

� hydrogen-
bonded dimers coordinated in a bidentate mode to the metal as seen in Figure 89, allowing for
excellent extraction into a non polar organic phase. XAFS modeling also indicates that the
hexacoordinate complexes of HC272 arrange in a distorted octahedral (Oh) geometry, comparable
to most AnIII ions in highly ionic coordination complexes.940

Coordination studies of monothiophosphinic acids with actinides are scarce in the literature.
Slope analysis from extractant dependency studies using trivalent curium indicate a 3:1 stoichio-
metry for the coordination of HC302 with the metal.941 XAFS studies indicate that all M–HC302
bonds are shorter than those typically observed with R2POS� complexes and are more like bond
lengths seen in hexacoordinate R2PO2

� and R2PS2
� complexes. These studies also show that the

extracted complex consists of a trivalent actinide cation coordinated with two monodentate
C302� molecules through oxygen, one bidentate C302� molecule through both oxygen and sulfur,
and one water molecule, all of which are bound in the inner sphere as seen in Figure 90. Although
the coordination number of between four and five shown above is unusually low for actinide
cations, it is consistent with all experimental and modeling data.

XAFS data for complexes of CmIII with the HC301 extractant indicate only sulfur donation to
the metal in the inner sphere of coordination. HC301 forms 3:1 complexes with the trivalent
actinides and are coordinated in a bidentate mode as seen in Figure 91. Data indicates a
hexacoordinate structure that resembles D3 symmetry in lanthanide dithiophosphinic acid
complexes.
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Figure 88 General diagrams of phosphinic acid, monothiophosphinic acid and dithiophosphinic acid,
respectively.
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The fact that dithiophosphinic acids show the greatest selectivity for AnIII over LnIII as
compared to phosphinic and monothiophosphic acids is due to an increased covalency in the
An—S bonds but not necessarily a shorter An—S bond. In addition, trivalent actinides show a
thermodynamic preference to form bonds with soft donor atoms. The structural differences
observed in the complexes of AnIII with the three ligands studied are due to differences in the
hard and soft nature of the oxygen and sulfur atoms, respectively, and their hydrogen-bonding
ability.940
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Figure 91 Predicted complexation of HC301 with CmIII from XAFS (Jensen and Bond, J. Am. Chem. Soc.
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A study by Zhu et al. using purified HC301 (>99% bis(2,4,4-trimethylpentyl)dithiophosphinic
acid) in kerosene seems to indicate a different reaction stoichiometry with trivalent americium.943

Previous studies indicated that the extractant is mainly found in a dimeric form at higher
extractant concentration ranges.942 Slope analyses in the more recent study, however, show a
pH dependence using nitric acid of about three and a log extractant dependence of about two,943

suggesting an alternate extraction stoichiometry for AmIII with HC301 in kerosene as shown in
Equation (64):

Am3+
(a) + 2 (HC301)2(o) Am(C301)3(HC301)(o) + 3 H+

(a) ð64Þ

Despite this stoichiometry ambiguity, both studies suggest a high selectivity for trivalent
actinides over lanthanides by dithiophosphinic acids.943

A group of aromatic dithiophosphinic acids, R2PS(SH), where R=C6H5, ClC6H4, FC6H4, and
CH3C6H4, have been made and used with various synergists to extract trivalent actinides from
nitric acid media into toluene. Extraction of AmIII requires the presence of a synergist such as
tributyl phosphate (TBP), and extraction ratios increase in the order (C6H5)2PS(SH)
<(FC6H4)2PS(SH) <(ClC6H4)2PS(SH).

Slope analyses to determine the extraction stoichiometries of AmIII for both the C6H5 and
ClC6H4 extractants were performed to determine pH, TBP, and extractant dependencies. For
AmIII, many nonintegral slopes were obtained, indicating that mixed complexes with varying
stoichiometries are being extracted. It is believed that the extractants may act similarly to Cyanex
301 and form complexes of the type AmA3(HA)xTBPy, but the values for x and y are still
undetermined and further work needs to be done. Trioctylphosphine oxide was found to be the
best synergist for AmIII extraction.944

Phosphine oxides. Few molecular complexes of trivalent transplutonium elements have been
reported. Several studies examine the extraction chemistry of Am3þ, Cm3þ, and Bk3þ with a
combination of �-diketones and tri-n-alkyl phosphine oxides and trialkylphosphates. From these,
compounds reported to be of the formula AnL3(R3PO)x (An=Am, Cm; R= n-octyl, BunO) were
isolated, where L=CF3COCHCOR (R=Me, CF3, Bu

t).945–947 The stoichiometry of the complexes
(An:P¼O) was not always reported. The complex Am(CF3COCHCOCF3)3[OP(OBun)3]2 is
reported to be volatile at 175 �C.947

(iii) Ligands containing group 17 donor atoms

The trivalent transplutonium halides have been extensively studied. Several reviews deal specifically
with actinide halides.948–951 In aqueous solution the mono- and bis-complexes have been character-
ized, with the formation of the latter decreasing down the halide series. For example, AmF2þ and
AmF2

þ have been studied, but only a very weak monochloride complex AmCl2þ has been reported.
These species are reported to have coordination numbers as high as 11, although recent EXAFS
studies show that the hydration number decreases with increasing halide concentration (and ionic
strength) at concentrations below which the halo complexes form. These data suggest the coordin-
ation numbers of the mixed aquo halo complexes are probably seven to ten.

In the solid state, the complete series AnX3 (X=F, Cl, Br, I) are known for Am and Cm and
most are known for Bk–Es. A variety of preparative methods have been reported and reviewed,
from single step element combinations at high temperature, to treatment of oxides with anhy-
drous HX, to complex salt precipitation followed by multistep decompositions. The trifluorides
are prevalent and can be prepared by dehydrating precipitates from HF or other concentrated
fluoride solutions, or by treating oxides or hydroxides with HF(g). Most adopt the 11-coordinate
LaF3 structure. One form of BkF3 and the known form of CfF3 and EsF3 have the eight-
coordinate, high temperature LaF3-type structure. With a larger anion, the chlorides have the
nine-coordinate hexagonal UCl3-type structure across the series to Cf, for which one form has this
nine-coordinate structure and a second modification has the eight-coordinate PuBr3 structure.
The chlorides can be prepared by treating the oxides or oxychlorides with anhydrous HCl at
elevated temperature. The tribromides (Am, Cm, Bk) and �-AmI3 are isostructural with the
PuBr3. However, �-AmI3 and the other triiodides (Cm, Bk, Cf) have the orthorhombic six-
coordinate BiI3 structure (Am is the only dimorphic actinide triiodide.).952
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The oxyhalides AmOCl, AmOI, and CmOCl are isostructural PbClF type (hexagonal), and
contain nine coordinate AnIII surrounded by four oxygens and five halides. Americium(III)
oxyboride has also been prepared, but the structure is unconfirmed.

Hydrates of the oxoanion and halide complexes are numerous for AmIII and CmIII and a few
have also been reported for BkIII and CfIII. The hexahydrate trichlorides and tribromides,
AnCl3�6H2O (An=Am or Bk) and AnBr3�6H2O (An=Am or Cf), are isostructural with the
hydrated lanthanide chlorides and involve mixed ligand complexes, such as [AnCl2(H2O)6]

þ.
Many other trihalide adducts have been prepared. For example, americium chloride has been

treated with a number of salts to yield AmCl3�MCl where MCl is LiCl, CsCl, (C4H9)4NCl, or
(C2H5)4NCl.

Ternary complexes, such as MAmX4, M2AmX5, KAm2F7, and M2AmX6 and M3AmX3, where
M= an alkali eath metal, have been prepared and characterized for Am and some are also known
for heavier transplutonium ions. The fluoro complexes MAmX4 (M=phosphonium) are isostruc-
tural with the analogous PuIII compounds. Octahedral anions, such as AmCl6

3� and AmBr6
3� are

present in M2AmX5 and in triphenylphosphonium salts in anhydrous ethanol.953

3.3.3.2.3 Chelating ligands

CMPO. Carbamoylmethylphosphine oxide (CMPO) acts as a neutral extractant in
complexing with AmIII in both nitric acid (low to high concentrations) and hydrochloric acid
(moderate to high concentrations). Extractant dependency studies have shown the stoichiometric
relationship between the CMPO ligand and the actinide to be 3:1 in forming the extracted species
in both nitric and hydrochloric acid systems as indicated in Equation (65):

Am3+
(a) + 3 X-

(a) + 3 CMPO•(HX)n(o) Am(X)3•(CMPO)3(HX)m(o) + (3n-m) HX(a)

(X = NO3, Cl; n = 0-2; m = 0-3)

ð65Þ

In the TRUEX process, CMPO is typically used with tributylphosphate (TBP) as a phase
modifier and some organic solvent such as dodecane, carbon tetrachloride, tetrachloroehtylene, or
paraffinic hydrocarbons. Distribution studies indicate that the AmIII/nitrate/CMPO complex is
considerably more extractable than the analogous chloride complex at low/moderate acid con-
centrations due to the soft nature and larger hydration energy of the chloride ion. While CMPO
extracts tetra- and hexavalent actinides in addition to trivalent actinides, selective partitioning of
AmIII over the higher oxidation states can be achieved by suitable selection of acid concentra-
tions.954 Complexation of CMPO with AmIII occurs in one of two ways. In nitrato complexes,
monodentate coordination between the electronegative phosphoryl oxygen and the metal center
occurs. In chloro complexes, bidentate coordination occurs with the metal center via the phos-
phoryl oxygen, as well as the carbonyl oxygen. This leads to a coordination number of nine for
both types of complexes.955

Comparative studies have shown that changing the substituents attached to the phosphoryl group
alters the basicity of the donor group and strengthens or weakens the extractive ability of the
molecule. Substitution with two alkoxy groups, as in dihexyl-N,N-diethylcarbamoylmethylphosphine
oxide, decreases the basicity of the donor group and lowers the AmIII extraction. Substitution with
two phenyl groups also shows an inductive effect, but less so than an alkoxy substitution.956

The effectiveness of CMPO tends to drop off at high acid concentration due to the competition
between actinide cations and protons at the basic bonding site on CMPO. CMPO extraction is
also very dependent upon the diluent, making generalized statements about CMPO extraction
very difficult.957

�-Diketonate. The hydrated americium �-diketonate compounds, AmL3�xH2O,
HL= (HL=MeCOCH2COMe, CF3COCH2COPh, CF3COCH2CO(2-C4H3S), and ButCOCHCO-
But), are precipitated from aqueous or ethanolic AmIII solutions. The latter is isomorphous with
the analogous LnIII chelates of similar ionic radii, in which the central metal atoms are seven
coordinate. The BkIII compounds, Bk(CF3COCHCOR)3 (R=CF3, Bu

t and 2-C4H3S), have been
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obtained by a solvent extraction method. The salt CsAn(HFAA)4�xH2O, where
HFAA= hexafluoroacetylacetonate, has been studied in detail for An=Am, Cm, Bk, Cf, and
Es.958 This compound forms readily when HFAA is added to ethanol solutions of the trivalent
actinides in the presence of cesium ion. The coordination environment about the metal center in
the anion of these salts is dodecahedral. Base adducts of fluorinated diketonates have been
isolated, including those of tributyl phosphate or trioctylphosphine oxide.946

2-Thenoyltrifluoroacetone (HTTA) (Figure 92) has been used as an extraction agent with some
soft donor ligands for AmIII in the presence of EuIII. The soft donor ligands used include
triphenylamine (Ph3N), triphenylarsine (Ph3As), and triphenylphosphine (Ph3P). The addition
of Ph3As and Ph3P showed a synergistic enhancement of the extraction into benzene, with the
latter showing a greater effect. In both cases, the ligand and synergist combinations showed no
preference for AmIII over EuIII, and the soft donor ligands gave weaker distribution ratios than
previous studies with hard donor ligands. Extractant dependency indicates that three HTTA
molecules are involved in the complexation.959

The extraction of trivalent actinides with �-diketones in the presence of crown ethers has also
been investigated. Trifluoroacetylacetone(HTFA), HTTA, benzoyltrifluoroacetone(HBFA), and
2-napthoyltrifluoroacetone (HNFA) have all been used with 18-crown-6 to remove AmIII and
CmIII from perchlorate media into 1,2-dichloroethane. It has been shown that the mechanism of
extraction for all of the �-diketones (HA) is the formation of a cationic complex via a synergistic
ion-pair extraction (SIPE) as shown in Equation (66):

M3+
(a) + 2 HA(o) + 18-crown-6(o) + ClO4

-
(a) [MA2(18-crown-6)][ClO4](o) + 2 H+

(a)

(M = Am, Cm)
ð66Þ

The preference of the SIPE for the trivalent actinides is due to the stabilization of the crown ether/
MIII bonds due to a ‘‘size-fitting effect’’ where the diameter of the metal ion matches that of the crown
ether cavity, leading to significantly greater extraction efficiency due to this synergistic effect.960

Another widely studied �-diketone for the extraction of trivalent actinides has been 1-phenyl-3-
methyl-4-benzoylpyrazolone-5 (HPMBP), illustrated in Figure 93. The extraction of AmIII, CmIII,
BkIII, and CfIII by HPMBP may be expressed in two ways. First, the extraction of CmIII has been
observed to follow the extraction equilibrium shown in Equation (67):

Cm3+
(a) + 3 HPMBP(o) Cm(PMBP)3(o) + 3 H+

(a) ð67Þ

S
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CH2 C CF3
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Figure 92 Thenoyltrifluoroacetone (HTTA).
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Figure 93 1-phenyl-3-methyl-4-benzoylpyrazolone-5 (HPMBP).
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In contrast, AmIII, BkIII, and CfIII extraction equilibria are characterized by the formation of
self-adduct species as shown in Equation (68):

M3+
(a) + (3+n) HPMBP(o) M(PMBP)3•n(HPMBP)(o) + 3 H+

(a)

(M = Am, Bk, Cf)

ð68Þ

In the above equilibrium, extractant dependency studies have indicated that n= 1 for AmIII and
BkIII and n= 2 for CfIII. These stoichiometries have been observed for extractions into chloroform,
and the self-adduct formation with trivalent actinides has been possibly connected with ‘‘tetrads’’
where Cm is one of the minima. Extractions into xylene, however, leads to the formation of self-
adducts with all four actinides due to better distribution coefficients in xylene over chloroform. The
formation of self-adducts is due to ligand concentration, ionization constant of the ligand, basicity
of the bound ligand, solvent identity, and oxidation state of the metal ion.

The addition of a neutral donor synergist such as tri-n-octylphosphine(TOPO) oxide to the
above HPBMP extractions leads to the equilibrium shown in Equation (69). The equation holds
true for all four trivalent actinides and m can take the value of one or two:961

M3+
(a) + 3 HPMBP(o) + mTOPO(o) M(PMBP)3•m(TOPO)(o) + 3 H+

(a) ð69Þ

Derivatives of HPBMP of the type bis(1-phenyl-3-methyl-4-acylpyrazol-5-one), hereafter referred to
as H2BPn, where n= 3, 4, 5, 6, 7, 8, 10, and 22 have been studied as quadridentate extractants for
trivalent actinides(from both perchlorate and nitrate media into chloroform (Figure 94). These deriva-
tives were found to extract better than HPBMP due to their multidentate nature and high hydrophobic
character. For AmIII, CmIII, and CfIII, the highest degree of extraction was obtained with theH2BP7 and
H2BP8 ligands. Extraction dependency for n equals 5–8, 10, and 22 indicates that the extraction
equilibrium involves one singly and one doubly deprotonated ligand in the extracted species.

For H2BP3 and H2BP4, similar dependency studies indicate that another equilibrium mechan-
ism may come into play where one H2BPn ligand is coordinated with the species being
M(BPn)(OH) or M(HBPn)(OH)2.

398

Diamides. Malonamides have excellent chelating abilitities with trivalent actinides such as AmIII, as
well as with the lanthanides. The extracting ability of malonamides tends to increase with the
decreasing basicity of the molecule; this phenomenon is due to lower proton/metal competition
with the less basic malonamide. Spjuth et al.957 studied the uptake of AmIII from HNO3 solutions
by malonamides that had been tailored to vary the basicity of the ligand (see Table 49).

The coordination of the malonamides with AmIII is believed to be bidentate in nature via the
carbonyl oxygens. The oxygen in alkoxy R3 substituents is not believed to take part in binding to
the AmIII metal. As nitric acid concentration increases, the average number of HNO3 molecules
associated with each malonamide in the organic phase increases, with a maximum of four
occurring for BUDOPx (N,N0-dimethyl-N,N0-dibutylundecylpropoxy malonamide), but differing
depending on R-groups.957

In malonamides, one nitrogen substituent is usually a methyl group to minimize the steric
interactions that may hinder complexation. In order to make the malonamide soluble in organics,
the other nitrogen substituent is typically a long alkyl chain.962 However, the presence of a phenyl

N

N

O

CH3

O

(CH2)n N

N

O

H3C

O

C6H5H5C6

Figure 94 Bis(1-phenol-3-methyl-4-acylpyrazol-5-one) (H2BPn) (n= 3–8, 10 or 22).
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group allows for increased electron withdrawing ability and lower basicity, thus making phenyl-
substituted malonamides better complexing reagents for AmIII than the alkyl-substituted
analogs.957 Addition of a long alkyl or alkoxy chain (14 carbons or more) at the malonamide
methylene carbon leads to even better solubility in the organic phase, leading to enhanced
extractive power.962 Studies where the methylene substituent is a hydrogen atom, such as in
N,N0-dimethyl-N,N0-dibutylmalonamide and N,N0-dimethyl-N,N0-dioctlymalonamide, show
poorer extractive ability than those with long alkyl/alkoxy chains, probably due to the a lower
solubility of the metal complex in the organic phase.429,963

Mechanisms for the extraction of AmIII or CmIII can be either coordination or ion-pair,
depending on acid concentrations as suggested by a study using the CHTD (N,N0-dimethyl-
N,N0-dicyclohexyltetradecyl) malonamide and PHTD (N,N0-dimethyl-N,N0-diphenyltetradecyl
malonamide malonamides). At low nitric acid concentrations, a coordination mechanism is
suspected due to lower competition between protons and the actinide for the carbonyl oxygens
(L=malonamide ligand, M=Am, Cm). Extractant dependency studies indicate that n= 2–4
malonamide molecules in the extracted species. At moderate and high nitric acid concentrations,
two ion-pair mechanisms dominate, respectively as shown in Equations (70) and (71). Under these
conditions, the malonamide is likely protonated at one or both carbonyl oxygens:964

HL+
(o) + M(NO3)4

-
(a) HL+M(NO3)4

-
(o) ð70Þ

H2L2+
(o) + M(NO3)5

2-
(a) H2L2+M(NO3)5

2-
(o) ð71Þ

Sasaki and Choppin have looked at diglycolamides and thiodiglycolamides with thenoyltri-
fluoroacetate(HTTA) in perchlorate solutions as more effective extractants for trivalent actinides.
The diamides examined were N,N0-dimethyl-N,N0-dihexyl-3-oxapentanediamide (DMDHOPDA),
N,N0-dihexyl-3-oxapentanediamide (DHOPDA), N,N0-dimethyl-N,N0-dihexyl-3-thiopentanedia-
mide (DMDHTPDA), and N,N0-dihexyl-3-thiopentanediamide (DHTPDA). When trivalent
americium was present only with the diamide, poor extraction was seen, probably due to hydro-
gen bonding and the soft donor nature of the sulfur atoms. Addition of HTTA, however, showed
a synergistic effect and drastically increased the complexation and extraction ability of the
diamide. Extraction stoichiometry from dependency studies for AmIII is given by Equation (72),
where L is a diamide:397,426,965

Am3+
(a) + 3 HTTA(o) + L(o) Am(TTA)3(L)(o) + 3 H+

(a) ð72Þ

Coordination of the diamide with the metal ion can occur in both a bidentate mode through
both carbonyl oxygens or one carbonyl oxygen and the bridging oxygen/sulfur, or in a tridentate
mode via both carbonyl oxygens and the bridging atom.966

Diphosphinic acids. The diphosphonic acids such as the compound P,P0-di(2-ethylhexyl) methane-
diphosphonic acid (H2DEH[MDP]) have been investigated as extractants for AmIII from nitric acid
into o-xylene. The acid dependence for AmIII extraction by H2DEH[MDP] shows unusual behavior
compared to other actinide cations. AmIII shows a peak maximum in the nitric acid range 0.1 to 1M
(0.1F H2DEH[MDP]). At lower acidities, a positively charged complex is formed, resulting in a 1:1
AmIII/extractant complex which favors the aqueous phase, giving low distribution ratios. In the

Table 49 Basicity of substituted malonamides (reproduced from Spjuth, L., et al. Solvent Extr.
Ion Exch. 2000, 18, 1.).

R1 R2 R3 Abbreviation Basicity

methyl butyl C14H29 BTD Most basic
methyl butyl C18H37 BODa

methyl cyclohexyl C14H29 CHTD
methyl butyl C3H6OC11H23 BUDOPx
methyl butyl C2H4OC12H25 BDDEx
methyl octyl C2H4OC6H13 OHEx
methyl phenyl C14H29 PHTD
methyl 4-chlorophenyl C14H29 CLPHTD Least basic

a Basicity data not available; assumed to be similar to BTD and CHTD
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aqueous phase, the positive charge on the complex is balanced by negatively charged nitrate species.
At higher acidities, 1:2 complexes are predicted, allowing neutralization of the trivalent charge by the
extractant, eliminating the need for nitrate anions. Extractant dependency studies confirm these
varying complexation stoichiometries.418 The observed 2:1 stoichiometry at high acidities is due to
the existence of the extractant in a dimeric form induced by the solvent.421

The related compounds, P,P0-di(2-ethylhexyl)ethanediphosphonic acid (H2DEH[EDP]) and P,P0-
di(2-ethylhexyl)butanediphosphonic acid (H2DEH[BuDP]) have also been studied for the extraction
of AmIII. Studies have shown that the increasing length of the alkyl bridge in the diphosphonic acids
has the effect of decreasing the stability of the metal/extractant complexes formed due to their
bidentate nature in forming chelating rings.967 Hence, the extraction efficiency for AmIII by this series
of acidic extractants follows the order H2DEH[MDP] > H2DEH[EDP] > H2DEH[BuDP]. An
interesting phenomenon observed for H2DEH[EDP] is the high degree of aggregation that the
compound undergoes in the o-xylene diluent. It is believed that it forms inverted micelles with an
aggregation number of six, leading to an extraction mechanism where the AmIII is hydrated and
transferred into the hydrophilic interior of the aggregated micelle, followed by release of Hþ ions. The
interaction of AmIII here is weaker than that in H2DEH[MDP], probably due to the hydration of the
metal and its tendency to behave as a monodentate ligand.419

The longer length of the alkyl bridge in H2DEH[BuDP] causes it to behave even more as a
monodentate extractant and lowering its extractant efficiency. It has a lower aggregation state
than its H2DEH[EDP], causing AmIII complexes to form containing two trimers of the extractant
(consistent with the observed extractant dependency of two).420

Similar studies in the depolymerizing diluent 1-decanol, where the diluent competes for hydro-
gen bonding with the phosphoryl functional sites, causes the extractants to exist as monomers in
solution. Additionally, 1-decanol has the effect of suppressing metal extraction, and extractant
dependency studies indicate slopes of one (1:1 metal/extractant complexes) to three (1:3 metal/
extractant complexes) for AmIII at the lowest and highest extractant concentrations, respectively.
The suppression of metal ion extraction by 1-decanol is presumably due to the hydrogen bonding
described above, thereby increasing competition for the chelating site.421

The acidic extractant P,P0-di(ethylhexyl)benzene-1,2-diphosphonic acid (H2DEH[1,2-BzDP]),
shown in Figure 95, has been investigated as an extractant for AmIII into o-xylene due to the
rigidity of functional groups on the benzene ring and the low likelihood for aggregation.
H2DEH[1,2-BzDP] is unstable at room temperature, but was found to be sufficiently stable in
o-xylene with refrigeration. The extractability of AmIII with this ligand (compared with analogues
with alkane backbones) follows the order H2DEH[1,2-BzDP] > H2DEH[MDP] > H2DEH[EDP]
> H2DEH[BuDP] over a wide range of nitric acid concentrations. Extractant dependency studies
indicate a complexation stoichiometry of 1:3 for metal to extractant.

The entrapment of AmIII by three extractant molecules leads to the conclusion that the
H2DEH[1,2-BzDP] exists as a monomer in o-xylene, unlike H2DEH[MDP] where dimers yield a
complex stoichiometry of two.967

Other. Hydroxyquinoline complexes have also been prepared from aqueous solution and have the
form AmL3, where HL is 8-hydroxyquinoline, 5-chloro- or 5,7-dichloro-8-hydroxyquinoline. There is
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Figure 95 H2DEH[1,2-BzDP].
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solvent extraction evidence for the CfIII 5,7-dichloro-8-hydroxyquinoline complex. The citrate
complexes have been prepared in solution and their simple salts Am(C6H5O7)�xH2O have been
characterized. The citrate complex can be crystallized by the use of an hydrogen bond donor such
as cobalt hexamine to form the solid [Co(NH3)6][Am-(C6H5O7)2]�xH2O.968 An interesting structure
determined using single crystal X-ray diffraction is that of the salicylate complex
Am(C7H5O3)3�H2O. In this molecule each AmIII is linked to six different salicylate groups and is
surrounded by nine oxygen atoms, eight from the salicylate groups and one from the water
molecule; two salicylate groups are bidentate, one via its carboxylate group and the other via its
carboxylate and phenolic groups, and the other four are monodentate via the carboxylate group
(Figure 96). Danford et al.969 precipitated the dipivaloylmethane complex Am(C11H19O2)3 by
adding aqueous AmIII sulfate to a solution of dipivaloylmethane and NaOH in 70% aqueous
ethanol.

3.3.3.2.4 Macrocyclic ligands

The bis(phthalocyanine) (Pc) complex, Am(Pc)2
�, has been obtained by heating AmI3 with

o-phthalodinitrile in l-chloronaphthalene, or from americium(III) acetate and o-phthalodinitrile;
it is probably a sandwich compound similar to those obtained with the tripositive lanthanides.970

3.3.3.3 Tetravalent Oxidation State (Am, Cm, Bk, Cf)

3.3.3.3.1 General characteristics

Americium(IV) is stable in concentrated H3PO4, K4P2O7, phosphotungstate, and fluoride (NH4F,
KF) solutions, and is otherwise reduced to AmIII. It can be prepared by dissolving Am(OH)4 in
concentrated NH4F solutions and it is not reduced by water.971 In contrast to americium, the
oxidation of CmIII to CmIV is achieved only with the strongest oxidizing agents, and only two
reports claim evidence for an oxidation state greater than þ4.972,973

Other than the CmF4/MF system, the only claims for chemically generated CmIV in solution
are the reports that red solutions result when aqueous CmIII solutions are mixed with potassium
peroxydisulfate and heteropolyanions such as [P2W17O61]

10�.446,447. The polytungstate CmIV

complexes, CmW10O36
8�, Cm(SiW11O39)

12�, and Cm(PW11O39)2
10�, display chemiluminescence

upon reduction to CmIII.927,974 Chemiluminscence has also been observed during dissolution of
the CmIV double oxide LixCmOy in mineral acids.975

3.3.3.3.2 Simple donor ligands

(i) Ligands containing group 16 donor atoms

Oxides. All the reported dioxides, AnO2, (An=Am, Cm, Bk and Cf) possess the fluorite
structure. Interestingly, the lattice parameters determined for AmO2 have not been consist-
ent.976–978 Morss and co-workers979 reported a neutron diffraction and magnetic susceptibility
study of Cm dioxide prepared by calcination of CmIII oxalate. Based on the lattice parameter,
the stoichiometry of this material was reported to be CmO1.99� 0.01, indicating that the material
essentially contained only CmIV. Nevertheless, the effective paramagnetic moment was found to
be (3.36� 0.06) �B, a value which had previously been attributed to the presence of CmIII. These
data possibly suggest AnO2� x phases should be considered for Am and Cm, as they have been
for Pu. The oxides can be prepared by heating a variety of oxoanion complexes (e.g., nitrates,
oxalates, etc.) in air or oxygen above 600 �C. Other binary oxides are not known.

Ternary oxides of the types M2AmO3 (M=Li, Na), MAmO3, and Li2AnO6 (Am=Am, Cm)
have been recorded. They are obtained by heating the dioxides with the alkali or alkaline earth
metal oxide at high temperatures under vacuum or in nitrogen. The ternary oxides BaCmO3

905

and Cm2CuO4
906 have recently been reported.

Hydroxides. Attempts to characterize Am(OH)4 have not yet been successful. A precipitate
reported to be Am(OH)4 has been obtained by heating Am(OH)3 at 90 �C in 0.2M NaOH with
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NaOCl or in 7M KOH with peroxydisulfate.980 The dissolution of this precipitate in sulfuric or
nitric acid leads to a mixture of AmIII, AmV, and AmVI. AmO2(OH)2 has been suggested to
precipitate in slightly basic concentrated NaCl solutions under inert atmosphere, but it also has
not yet been characterized.981,982

Carbonates and carboxylates. There is only one AmIV carbonato complex reported. From
combined spectroscopy and cyclic voltammetry data in bicarbonate/carbonate solutions,983 it was
concluded that Am(CO3)5

6� is the limiting carbonate complex of AmIV. Its formation is consistent
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Figure 96 Single crystal structure of Am(C7H5O3)3�H2O showing the multiple coordination modes of the
salicylate ligand and 10-coordinate AmIII center (The monodentate salicylate has been removed from view

(b) for clarity) (Burns and Baldwin Inorg. Chem. 1997, 16, 289–294).
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with the stability constant expected based on those of the analogous pentacarbonato species of
lighter actinides. No solid AmIV carbonates are known, but the limiting complex is likely isostruc-
tural with the analogous PuIV carbonate shown above.

Other. The only tetravalent transplutonium silicate known, 241AmSiO4, is obtained by reacting
Am(OH)4 with excess SiO2 in NaHCO3 solution at 230 �C. This solid is patented to be used in
manufactured alpha sources.

Polyoxometallates have been used recently to stablize AmIV. Chartier et al. reported spectro-
scopic evidence for the formation of AmP2W17O61

6� and Am(P2W17O61)2
16� via their absorbance

bands at 789 nm and 560 nm, respectively.928 However, formation of a red CmIV complex
in phosphotungstate solution was achieved by the use of peroxydisulfate as the oxidant.447

Kosyakov et al. demonstrated that, in such solutions, the CmIV is reduced much more rapidly
than can be accounted for by radiolytic effects, while AmIV in such solutions is much more stable,
being reduced at a rate attributable to radiolytic effects alone.446

(ii) Ligands containing group 17 donor atoms

The tetrafluorides AnF4 (An=Am, Cm, Bk and Cf) are obtained by fluorination of lower-valent
oxides or halides under elevated temperature and pressure.562,984,985All have the eight-coordinate UF4

structure. The optical absorbance spectrum of AmIV in concentrated fluoride solution resembles very
closely that of solid AmF4, suggesting the solution species has a similar coordination environment.
CmF4 is prepared by fluorine oxidation of the trifluoride; the curium ion in the solid is eight-
coordinate, and lies within a square coordination environment. 562,948,984 Magnetic susceptibility
measurements suggest a fluoride-deficient structure, CmF4�x.

986,987 The orthorhombic fluoro com-
plex Rb2AmF6 is formed in concentrated aqueous fluoride solutions with RbAmO2F2 or Am(OH)4
and is isostructural with Rb2UF6, containing chains of fluoride dodecahedra.948,988 The related
LiAnF5 is isostructural with LiUF5. The Bk

IV complex, Cs2BkCl6, has been prepared and character-
ized, but surprisingly, it is not isostructural with the analogous PuIV and CeIV compounds. Com-
pounds of composition M7An6F31 (M=Na, K and An=Am, Cm, Bk) are also known.989,990 The
compounds were prepared by direct fluorination of evaporated salt mixtures ofMX andCmX3 at about
300 �C. The basic coordination polyhedron is a square antiprism.948 In tetragonal LiCmF5, the curium
coordination is tricapped trigonal prismatic. 948 Hexafluorides and oxyfluorides CmF6 and CmOF3

(as well as NpOF3, NpF7, PuO3F, AmF5, AmF6, and EsF4) have been reported using thermochromato-
graphic techniques,973 but there has been no independent confirmation of these species.

3.3.3.3.3 Chelating ligands

�-Diketonates. The berkelium(IV) complexes BkL4 (HL= CF3COCH2COBut and
CF3COCH2CO(2-C4H3S)) are formed by solvent extraction of aqueous BkIV solutions with the
�-diketone.

Other. The first AmIV compound with an organic ligand was prepared by reacting AmI3
at 200 �C with phthalodinitrile in 1-chloronapthene to yield the dark violet phthalocyanine
compound Am(C32H16N8)2.

991 There is evidence that americium also forms the monophthalocya-
ninato complex.

3.3.3.4 Pentavalent Oxidation State (Am)

3.3.3.4.1 General characteristics

There is tracer scale evidence for the formation of the CfV during ozonization of 249Bk and subsequent
decay to 249Cf. However, the only stable isolated pentavalent transplutonium compounds are AmV

species. Americium(V) can be prepared in solution by oxidizing AmIII in near-neutral and alkaline
aqueous solution using oxidants such as as ozone, hypochlorite and peroxydisulfate or alternatively
by electrochemically or chemically reducing AmVI.992,993 It can also be isolated from mixtures of
AmIII, AmV, and AmVI by extracting AmO2

þ using thenoyltrifluoroacetone in isobutanol.994 Amer-
icium(V) can be isolated in the solid state as sodium AmV carbonate by heating a 2M Na2CO3 AmVI

solution up to 60 �C or in solution by dissolution of AnVI hydroxides in mineral acids.995,996 More
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exotic methods include the dissolution of solid Li3AmO4 in dilute perchloric acid or the electrolytic
oxidation of AmIII in iodate solutions.997

3.3.3.4.2 Simple donor ligands

(i) Ligands containing group 16 donor atoms

Oxide. Simple binary oxides are unknown. However, ternary oxides, such as Na3AmO4,
Li3AmO4, and Li7AmO6, are obtained by heating AmO2 with the alkali metal oxide. These
compounds have been characterized by X-ray diffraction.

Aquo and hydroxides. By analogy with lighter actinides and from recent experimental data,
AmV is thought to be coordinated by four or five water molecules in the equatorial plane,
in addition to the two axial actinyl oxygens. EXAFS spectral data are consistent with this
coordination geometry as demonstrated by Williams et al.896 In addition, Shilov and Yusov
analyzed reported variations in the AmV/VI potentials and the stability constants of the actinyl(V)
oxalate complexes and proposed the same coordination number and geometry.998 Solubility
studies indicate the hydrolysis products of AmO2

þ are AmO2(OH) and AmO2(OH)2
�
, with

structures and constants similar to those known for NpV.999 Tananaev suggests the formation
of AmO2(OH)3

2� and AmO2(OH)4
3� in highly alkaline media based on absorbance spectroscopy

measurements of AmV in LiOH solutions.1000 Species isolated under these conditions include the
ternary AmV hydroxides, MAmO2(OH)2�nH2O at 0.1–0.5M [OH�] and M2AmO2(OH)3�nH2O
(M=Na, K, Rb, Cs) at 0.5–2.0M [OH]�, which have been characterized by a variety of solution
techniques, including vibrational spectroscopy.993,1001

Carbonates and carboxylates. A number of carbonates of general formula, MAmO2CO3

(M=K, Na, Rb, Cs or NH4) have been synthesized by precipitation of AmV in dilute bicarbonate
solutions of the corresponding cation.511,513,932,1002,1003 The use of a large excess of alkali
carbonate yields the K3AmO2(CO3)2 and K5AmO2(CO3)3 solids, which are almost certainly
isostructural with the potassium neptunyl(V) carbonates described in the pentavalent carbonate
section.512,1004 The solids can alternatively be prepared by electrochemical reduction of
americium(VI) in carbonate solutions. The Am¼O and Am—Oeq bond distances are calculated
from X-ray powder diffraction data to be 1.935 Å and 2.568 Å respectively. Both distances are
significantly longer than those in the NpV compounds, i.e., 1.75 Å for Np¼O and 2.46 Å for
Np—Oeq in aqueous NpO2(CO3)n

1–2n complexes.509 The acetato complex salt, Cs2A-
mO2(CH3CO2)3, has been prepared by precipitation from solution and is isostructural with the
analogous neptunium(V) and plutonium(V) compounds. Hydrated oxalato complex salts
MAmO2C2O4�xH2O (M=K, Cs) were prepared by precipitation. The vibrational spectra of
acetate and carbonates complexes have been reported.510

Oxoanion complexes. Fedoseev and Budentseva929 claimed the preparation of the Am sulfates,
(AmO2)2(SO4)�xH2O, from evaporation of a AmV-containing sulfuric acid solution, and two
double salts, CsAmO2SO4�xH2O from evaporation of a solution containing (AmO2)2(SO4) and
Cs2SO4 in a 3:1 ratio. They also report that Co(NH3)6AmO2 (SO4)2�2H2O can be prepared by
simply including AmV in the chemicals used to prepare Co(NH3)6(SO4)2.

929 AmV sulfate also
crystallizes from an ozonated solution of Am(OH)3 after addition of sulfuric acid and subsequent
evaporation. A simple chromate salt, (AmO2)x (CrO4)y�H2O, has been reportedly prepared by
slow evaporation of a AmV/chromic acid solution.1005 Optical spectroscopic data confirm the
presence of AmV in the solid, but the composition is unknown.

(ii) Ligands containing group 17 donor atoms

The ternary AmV fluorides, KAmO2F2 and RbAmO2F2, precipitate from concentrated aqueous
fluoride solutions of AmV and consist of AmO2F2

� layers held together by Kþ or Rbþ ions from
the rhombohedral KAmO2F2, where americium is eight-coordinate with two axial oxygen atoms
and six fluorides in the equatorial plane.513 In contact with acidic RbF solution, RbAmO2F2

reduces overnight to Rb2AmF6.
988 The chloride Cs3AmO2Cl4 precipitates with ethanol from 6M

HCl containing AmV hydroxide and CsCl1006 and is isostructural with the analogous NpV

compound.
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3.3.3.5 Hexavalent Oxidation State(Am)

3.3.3.5.1 General characteristics

Some theoretical work suggests that CmVI may be even more stable than AmVI, and the lack of
success in preparing CmVI may result from the low stability of CmV and the high CmIV/CmIII

potential.1007,1008 One report claims the synthesis of CmVI by beta decay of 242AmO2
þ.972

Many of the classic partitioning processes rely on the formation of AmVI to facilitate separation
from trivalent lanthanides or heavier trivalent actinides. Americium(VI) can be prepared in basic
aqueous solutions from AmIII using powerful oxidants, such as peroxydisulfate, and from AmV

using weaker oxidants, such as CeIV.1009 It can be precipitated from solution as a carbonate by
electrolytic or ozone oxidation of concentrated carbonate solutions of AmIII or AmV, or solubi-
lized by dissolution of sodium americyl(VI) acetate. These oxidations and the resulting coordin-
ation compounds have been used for relatively large scale processing. For examples, Stephanou
et al.1010 found that CmIII could be separated from Am by oxidizing the latter to AmVI with
potassium persulfate, precipitating CmF3, and retaining soluble AmVI. Proctor et al.1011,1012 used
precipitation of cerium peroxide to separate gram quantities of americium from cerium, and
precipitation of lanthanide trifluorides to accomplish lanthanide/actinide separation. Solution
species and aqueous precipitates of AmVI and AmV generally have pentagonal or hexagonal
bipyrimadal coordination geometries with mono- or bidentate ligands in the plane perpendicular
to the americyl moeity.

3.3.3.5.1.1 Ligands containing group 16 donor atoms

Oxides. AmO3 is unknown. Ternary oxides of the type M2AmO4 (M=K, Rb or Cs),
M6AmO6(M=Li or Na), and Ba3AmO6, prepared by heating AmO2 with the metal hydroxide
or oxide in oxygen, have been reported.997,1013,1014,1016

Aqua, hydroxides. In aqueous solution, AmVI likely has five water molecules coordinated in the
equatorial plane based on EXAFS studies of lighter hexavalent actinides. Spectroscopic data
indicate the formation of AmVI hydrolysis species of general formula AmO2(OH)n

2�n, where
n= 1, 2, (and minor species, n= 3 and 4), which can be generated from ozone oxidation of basic
AmIII or AmV solutions or Am(OH)3 solid.1017 In alkali hydroxide solutions, the AmVI gradually
reduces to form a light-tan solid which, when dissolved in mineral acid, yields AmV. It is claimed
that AmVI disproportionates into AmVII and AmV in greater than 10M NaOH solutions.1018 The
stoichiometric solid, AmO2(OH)2, has been suggested to precipitate in slightly basic concentrated
NaCl solutions under inert atmosphere, but its amorphous nature of the solid phase precluded
diffraction characterization.981,982,1019

Oxoanion complexes. The nitrato complexes MAmO2(NO3)3 (M=Rb or Cs) are precipitated
from nitric acid solutions of americium(VI) and have been characterized by powder X-ray
diffraction and IR spectroscopy. Hydrated phosphato and arsenato complex salts of the form
MAmO2PO4�xH2O (M=K, Rb, Cs or NH4) are precipitated from americium(VI) solutions
at pH 3.5–4 and are similar to analogous UVI and NpVI compounds. Lawaldt et al.1020 also
report the precipitation of AmVI arsenates via complexation of AmVI with N,N-dimethylacetamide
and the Keggin-type heteropolyanion PW12O40

3� to prepare AmVI phosphates that are con-
verted to arsenates.1020 The obtained compounds were isostructural with the analogous AmVI

phosphates. The hydrated sulfato complex salt, Co(NH3)6(HSO4)2(AmO2(SO4)3)�nH2O is pre-
pared by addition of cobalt hexamine to an aqueous AmVI sulfate solution. It is isostructural with
the analogous UVI and NpVI compounds.1021 A reported chromate complex, prepared from AmV,
chromic acid solution and reported to be AmO2CrO4�H2O is likely an AmV (and not AmVI)
complex, based on optical absorbance spectroscopy.1005 Fedoseev et al report the synthesis of
AmO2Mo2O7�3H2O at 100 �C; however, no phase characterization is provided.1022

Carbonates and carboxylates. By analogy with UVI carbonates, one may expect mono-, bis-, and
triscarbonato complexes in solution and in the solid state, containing bidentate carbonates in the
equatorial plane perpendicular to the americyl oxygens. The Raman shifts have been used to
distinguish these species, particularly the mono- and biscarbonate.510,1023 However, only the
limiting triscarbonate complex, AmO2(CO3)3

4�, has been very well studied in solution876,983 and
isolated in the solid state as M4AmO2(CO3)3 (M=Cs or NH4).

1024 Crystalline cubic sodium
americyl acetate, NaAmO2(OOCCH3)3, can be prepared by addition of sodium actetate to an
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acidic AmVI solution.1025,1026 The vibrational spectrum has been measured and the structure was
inferred by comparison with the structures of lighter actinyl carbonates.1027–1029 Oxalate salts of
AmVI have also been prepared similarly by precipitation from aqueous solution and structurally
characterized by powder X-ray diffraction. These complexes are isolated in the solid state as
MAmO2C2O4�xH2O, (M=K or Cs).1030

Other. The pyridine- and N-oxopyridine-2-carboxylates, AmO2L2, have been obtained from
aqueous solutions of americium(VI) and the acid HL; the N-oxide 2-carboxylate is formed as the
dihydrate.1031 di-(2-ethylhexylphosphoric acid (HDEHP) solutions have been used to selectively
extract AmVI from CmIII in such systems rapid reduction of AmVI to lower oxidation states is a
problem.1032

Ligands containing group 17 donor atoms. The binary AmVI fluoride, AmO2F2, has been
prepared by reacting solid sodium AmVI acetate with anhydrous HF containing a small amount
of F2 at �196 �C.1033 The compound is isostructural with other actinyl(VI) fluorides. The complex
chloride, Cs2AmO2Cl4, is obtained by the unusual oxidation of Cs3AmO2Cl4 in concentrated
HCl.1034 Its cubic form appears to transform to a monoclinic form when washed with small
volumes of concentrated HCl.1006 It is suggested that the cubic form is likely to be a mixed
oxidation state compound of formula Cs7(AmO2)(AmO2)2Cl12.

1035 Conflicting claims have been
put forth concerning the existence of AmF6. More recently, Gibson and Haire1036 have reported
that they were not able to confirm the existence of AmF6, despite exhaustive efforts. Interestingly,
AmVI hexachloride appears to be sufficiently stable to permit X-ray crystallographic studies.

3.3.3.6 Heptavalent Oxidation State

Green solutions believed to be AmVII are prepared by oxidation of AmVI in concentrated aqueous
basic solution by either ozone or the O� radical.1037,1038 In contrast to NpVII, and similar to PuVII,
AmVII is unstable and reduces to the hexavalent state within minutes. A review on the chemistry
of heptavalent transplutonium elements can be found in the Handbook of the Physics and
Chemistry of the Actinides.1039

3.3.4 OTHER SOURCES

Several reviews were invaluable in surveying advances in actinide coordination chemistry,
including the following: Gmelin Handbook of Inorganic Chemistry published in 1988 and the
supplements on thorium and uranium;7,216 the chapters on thorium and uranium in the
Kirk-Othmer Encyclopedia of Chemical Technology, 4th editon., 1997 by D. L. Clark, D. W. Keogh,
M. P. Neu, and W. Runde;1040,1041 The Chemistry of the Actinide Elements, 2nd edition, edited
by Katz, J. J., Seaborg, G. T., Morss, L. R., 1986;1045 preprints of the element-specific chapters
on Am and Cm chemistry by Runde and Schulz and Lumetta, Thompson, Penneman, and Eller,
respectively,1043,1044 in The Chemistry of the Actinide and Transactinide Elements, to be
published in 2003; Handbook on the Physics and Chemistry of the Actinides edited by A. J.
Freeman and C. Keller, 1985;1046 The Nuclear Energy Agency and the Organisation for
Economic Co-operation and Development critical reviews of the chemical thermodynamic
data of U, Am, and Np and Pu (U volume edited by I. Grenthe, J. Fuger, R. J. M. Konigs,
R. J. Lemire, A. B. Muller, C. Nguyen-Trung, H. Wanner;197 Am volume edited by Silva, R. J.
Bidoglio, G., Rand, M. H., Robouch, P. B., Wanner, H., Puigdomenech, I.,876 Np and Pu
volume edited by Lemire, R. J., Fuger, J., Nitsche, H., Potter, P., Rand, M. H., Rydberg, J.,
Spahiu, K., Sullivan, J. C., Ullman, W. J., Vitorge, P., Wanner, H.;46 Actinide partitioning—a
review in Solvent Extraction and Ion Exchange, 2001 byMathur, J. N., Murali, M. S., Nash, K. L.;409

The Crystal Chemistry of Uranium in Reviews in Mineralogy, 1999 by Peter Burns.1043
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97. Le Maréchal, J. F.; Ephritikhine, M.; Folcher, G. J. Organomet. Chem. 1986, 309, C1.
98. Bagnall, K. W.; Baptista, J. O. J. Inorg. Nucl. Chem. 1970, 32, 2283.
99. Dormond, A.; El Bouadili, A. A.; Moise, C. J. Chem. Soc., Chem. Commun. 1984, 749.

100. Zanella, P.; Brianese, N.; Casellato, U.; Ossola, F.; Porchia, M.; Rossetto, G.; Graziani, R. J. Chem. Soc., Dalton
Trans./ 1987, 2039.

101. Lux, F.; Bufe, U. E. Angew. Chem., Int. Ed. Engl. 1971, 10, 274.
102. Jones, R. G.; Karmas, G.; Martin, J. G. A.; Gilman, H. J. Am. Chem. Soc. 1956, 78, 4285.
103. Reynolds, J. G.; Zalkin, A.; Templeton, D. H.; Edelstein, N. M.; Templeton, L. K. Inorg. Chem. 1976, 15, 2498.
104. Boisson, C. Dissertation University of Orsay 1996, University of Orsay: Paris.
105. Berthet, J. C.; Ephritikhine, M. Coord. Chem. Rev. 1998, 178, 83.
106. Berthet, J. C.; Ephritikhine, M. J. Chem. Soc., Chem. Commun. 1993, 1566.
107. Reynolds, J. G.; Zalkin, A.; Templeton, D. H. Inorg.Chem. 1977, 16, 3357.
108. Turman, S. E.; Van der Sluys, W. G. Polyhedron 1992, 11, 3139.
109. Barnhart, D. M.; Clark, D. L.; Grumbine, S. K.; Watkin, J. G. Inorg. Chem. 1995, 34, 1695.
110. Berthet, J. C.; Boisson, C.; Lance, M.; Vigner, J.; Nierlich, M.; Ephritikhine, M. J. Chem. Soc., Dalton Trans. 1995,

3019.
111. Turner, H. W.; Andersen, R. A.; Zalkin, A.; Templeton, D. H. Inorg. Chem. 1979, 18, 1221.
112. McCullough, L. G.; Turner, H. W.; Andersen, R. A.; Zalkin, A.; Templeton, D. H. Inorg. Chem. 1981, 20, 2869.
113. Dormond, A.; Aaliti, A.; Moise, C. J. Org. Chem. 1988, 53, 1034.
114. Dormond, A.; El Bouadili, A. A.; Moise, C. J. Org. Chem. 1987, 52, 688.

330 The Actinides



115. Turner, H. W.; Simpson, S. J.; Andersen, R. A. J. Am. Chem. Soc. 1979, 101, 2782.
116. Muller, M.; Williams, V. C.; Doerrer, L. H.; Leech, M. A.; Mason, S. A.; Green, M. L. H.; Prout, K. Inorg. Chem.

1998, 37, 1315.
117. Simpson, S.; Andersen, R. A. Inorg. Chem. 1981, 20, 2991.
118. Simpson, S. J.; Turner, H. W.; Andersen, R. A. Inorg. Chem 1981, 20, 2991.
119. Dormond, A.; El Bouadili, A. A.; Moise, C. J. Chem. Soc., Chem. Commun. 1985, 914.
120. Dormond, A.; Aaliti, A.; Moise, C. Tetrahedron Lett. 1986, 27, 1497.
121. Dormond, A.; El Bouadili, A. A.; Moise, C. J. Less-Common Met. 1986, 122, 159.
122. Dormond, A.; Aaliti, A.; El Bouadili, A.; Moise, C. J. Organomet. Chem. 1987, 329, 187.
123. Dormond, A.; El Bouadili, A. A.; Moise, C. J. Org. Chem. 1989, 54, 3747.
124. Baudry, D.; Dormond, A.; Visseaux, M.; Monnot, C.; Chardot, H.; Lin, Y.; Bakhmutov, V. New J. Chem. 1995, 19,

921.
125. Van Der Sluys, W. G.; Sattelberger, A. P.; Streib, W. E.; Huffman, J. C. Polyhedron 1989, 8, 1247.
126. Berg, J. M.; Clark, D. L.; Huffman, J. C.; Morris, D. E.; Sattelberger, A. P.; Smith, W. E.; Van Der Sluys, W. G.;

Watkin, J. G. J. Am. Chem. Soc. 1992, 114, 10811.
127. Clark, D. L.; Miller, M. M.; Watkin, J. G. Inorg. Chem. 1993, 32, 772.
128. Stewart, J. L.; Andersen, R. A. New J. Chem. 1995, 19, 587.
129. Scott, P.; Hitchcock, P. B. Polyhedron 1994, 13, 1651.
130. Scott, P.; Hitchcock, P. B. J. Chem. Soc., Dalton Trans 1995, 4, 603.
131. Roussel, P.; Hitchcock, P. B.; Tinker, N. D.; Scott, P. Inorg. Chem. 1997, 36, 5716.
132. Roussel, P.; Alcock, N. W.; Boaretto, R.; Kingsley, A. J.; Munslow, I. J.; Sanders, C. J.; Scott, P. Inorg. Chem. 1999,

38, 3651.
133. Hassaballa, H.; Steed, J. W.; Junk, P. C. Chem. Commun. 1998, 577.
134. Boaretto, R.; Roussel, P.; Kingsley, A. J.; Munslow, I. J.; Sanders, C. J.; Alcock, N. W.; Scott, P. Chem. Commun.

1999, 1701.
135. Diaconescu, P. L.; Odom, A. L.; Agapie, T.; Cummins, C. C. Organometallics 2001, 20, 4993.
136. Mindiola, D. J.; Tsai, Y. C.; Hara, R.; Chen, Q.; Meyer, K.; Cummins, C. C. Chem. Commun 2001, 125.
137. Diaconescu, P. L.; Arnold, P. L.; Baker, T. A.; Mindiola, D. J.; Cummins, C. C. J. Am. Chem. Soc. 2000, 122, 6108.
138. Diaconescu, P. L.; Cummins, C. C. J. Am. Chem. Soc. 2002, 124, 7660.
139. Reynolds, J. G.; Zalkin, A.; Templeton, D. H.; Edelstein, N. M. Inorg. Chem. 1977, 16, 599.
140. Coles, S. J.; Danopoulos, A. A.; Edwards, P. G.; Hursthouse, M. B.; Read, P. W. J. Chem. Soc., Dalton Trans. 1995,

3401.
141. Boisson, C.; Berthet, J. C.; Ephritikhine, M.; Lance, M.; Nierlich, M. J. Organomet. Chem. 1997, 533, 7.
142. Wang, J. X.; Dash, A. K.; Berthet, J. C.; Ephritikhine, M.; Eisen, M. J. Organomet. Chem. 2000, 610, 49.
143. Dash, A. K.; Wang, J. X.; Berthet, J. C.; Ephritikhine, M.; Eisen, M. S. J. Organomet. Chem. 2000, 604, 83.
144. Wedler, M.; Knoesel, F.; Noltemeyer, M.; Edelmann, F. T.; Behrens, U. J. Organomet. Chem. 1990, 388, 21.
145. Wedler, M.; Knoesel, F.; Edelmann, F. T.; Behrens, U. Chem. Ber. 1992, 125, 1313.
146. Hitchcock, P. B.; Hu, J.; Lappert, M. F.; Tian, S. J. Organomet. Chem. 1997, 536, 473.
147. Hitchcock, P. B.; Lappert, M. F.; Liu, D. S. J. Organomet. Chem. 1995, 488, 241.
148. Edwards, P. G.; Harman, M.; Hursthouse, M. B.; Parry, J. S. J. Chem. Soc, Chem. Commun. 1992, 1469.
149. Edwards, P. G.; Parry, J. S.; Read, P. W. Organometallics 1995, 14, 3649.
150. Edwards, P. G.; Hursthouse, M. B.; Abdul Malik, K. M.; Parry, J. S. J. Chem. Soc., Chem. Commun. 1994, 1249.
151. Bagnall, K. W.; Du Preez, J. G. H.; Warren, R. F. J. Chem. Soc., Dalton Trans. 1975, 140.
152. Bagnall, K. W.; Edwards, J.; Heatley, F. Uranium (IV) poly(pyrazol-l-yl)borate complexes—carbon-13 NMR spectra.

Transplutonium 1975, Proc. 4th Int. Transplutonium Elem. Symp. Baden-Baden Sept. 1975 Muller, W.; Lindner, R., Eds.,
North-Holland: Amsterdam, 1976, 119.

153. Bagnall, K. W.; Beheshti, A.; Heatley, F. J. Less-Comm. Met. 1978, 61, 171.
154. Ball, R. G. E. F.; Matisons, J. G.; Takats, J.; Marques, N.; Marçalo, J.; Pires de Matos, A.; Bagnall, K. W. Inorg.
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3.4.1 ALUMINUM

3.4.1.1 Introduction

The coordination chemistry of aluminum is as rich as it is varied. The striking range and diversity
of coordination modes of aluminum atoms spans both traditional inorganic chemistry and
contemporary organometallic chemistry. Indeed, the coordination chemistry of aluminum goes
beyond that which may be expected for an ns2p1 valence configuration. The fact that aluminum is
the most abundant terrestrial metal only adds to the allure of this main group metal. The history
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of aluminum is equally fascinating. As an element that once held the crown jewels of France and
was valued as a precious metal, to a critical component in various industrial and catalytic
processes, aluminum has, in many regards, done it all. The coordination modes of aluminum
virtually spans the gamut of structural motifs from low coordinate three-coordinate (trigonal
planar and T-shaped) and normal four-coordinate (tetrahedral) to high coordinate five-coord-
inate (trigonal bipyramidal and square pyramidal) and six-coordinate (octahedral). Even
seven-coordinate (pentagonal bipyramidal) has been reported. This contribution will empha-
size this wide diversity as a function of the type of compound. While the coordination
chemistry of aluminum was discussed in Comprehensive Coordination Chemistry (CCC, 1987)
this review does not seek to repeat that accomplishment. Rather, this review will endeavor to
concentrate more on the discoveries in the intervening years with more of an emphasis on the
organometallic chemistry of aluminum and gallium. To this end, some historical background
is in order.

3.4.1.2 Group 14 Ligands

Of the group 14-based ligands, the most important by far are the carbon-based congeners.
The organometallic chemistry of aluminum is quite overwhelming. The Lewis acidity of
aluminum alkyls and aryls is the dominant feature in chemistry. The organometallic Al—C
bond has proven particularly important in a variety of industrial and catalytic processes.
Reports of organoaluminum compounds date back to the eighteenth century. The direct
synthesis of aluminum alkyls was a significant accomplishment in the development of this
field (Equation (1)).

R3Al3/2 H2    +    Al    +    3 ð1Þ

The literature reveals a number of perhaps more convenient routes to aluminum alkyls. These
include a simple oxidation–reduction reaction of aluminum metal with dialkylmercury com-
pounds (Equation (2)).

2 Al    +    3 R2Hg 2 R3Al    +    3 Hg ð2Þ

Other preparative routes to aluminum alkyls include reaction of aluminum halides with
organometallic reagents such as lithium alkyls (Equation (3)).

AlX3  +    3 RLi R3Al    +    3 LiX       ð3Þ

or Grignard reagents (Equation (4)).

AlX3    +    3 RMgX R3Al    +    3 MgX2 ð4Þ

These routes are often more desirable than those involving organomercury reagents due to
toxicity concerns.

The simple aluminum alkyls (R=Me, Et, Pri, etc.) are colorless, mobile, pyrophoric liquids.
The pyrophoric nature of these substances may be traced to the considerable Al–O bond strength
compared to the Al–C bond strength. Even though in Equations (1)–(4) the aluminum alkyls are
depicted as R3Al monomers with the aluminum atoms ostensibly in three-coordinate trigonal
planar environments, in fact these substances are dimeric, R6Al2, with the aluminum atoms in
four-coordinate tetrahedral environments. The bridging carbon atoms in these organoaluminum
dimers are engaged in electron deficient, three center-two electron (3c-2e), bonding schemes.
Although some debate initially ensued concerning the nature of the bonding in Me6Al2,

1,2 single
crystal X-ray diffraction data3 provided unambiguous data confirming the dimeric electron-deficient
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nature of these compounds. The Al–C–Al bond angle in Al2Me6 (Figure 1) is �75�. The Al–Cbr

bond distance of 2.12 Å is considerably longer than the Al–Cter bond distance of 1.95 Å. These
factors result in a general weakness of the Al–C–Al bridges. Indeed, upon reaction the dimer
readily cleaves in a symmetrical fashion across the electron deficient bridge providing R3Al
units.

A classic synthetic route to alkylaluminum halides is reaction of aluminum metal with alkyl
halides. This procedure affords alkylaluminum sesquihalides, equimolar mixtures of dialkylalu-
minum halides and alkylaluminum dihalides (Equation (5)).

X

X
Al Al

R

R

R

X

X

X
Al

R

R
Al

R

R

X

R
Al

X

X
Al

X

R
2 + ð5Þ

Of course, these compounds are also dimeric, containing electron-deficient bonds with the
aluminum atoms in four-coordinate tetrahedral environments. It is significant that the Al–X–Al
angle in alkylaluminum halides is considerably widened from that observed in Me6Al2 (75�) to
�90�.

Alkylaluminum halides are important as they are often utilized to prepare other organoalumi-
num products. In particular, an industrial preparation of trimethylaluminum involves the sodium
metal reduction of dimethylaluminum chloride, [Me2AlCl]2 (Equation (6)).

Al Al
Me

Me

Me

Me

Cl

Cl
Al

Me

Me

Me

Me
Al

Me

Me
3 +  6 Na +    2 Al    +    6 NaCl ð6Þ

Although triphenylaluminum (2) exists as a dimer (Figure 2)4,5 (with the aluminum atoms in
four-coordinate tetrahedral environments) in the solid state with bridging �1-phenyl groups—and
is thus more accurately referred to as di-�-phenyl-bis(diphenylaluminum)—sterically demanding
carbon-based ligands can substantially affect the coordination environment of aluminum. It
should be noted that the dimethylphenylaluminum derivatives of triphenylaluminum, di-�-phenyl-
bis(dimethylaluminum), [Me2PhAl]2, and tetra-o-tolyl-bis(�-o-tolyl)dialuminum—the ortho-ligated
toluene derivative—exists as a tetrahedral dimer about bridging �1-phenyl groups.6

The role of sterically demanding ligand systems and their effect on the coordination of
aluminum is conveniently illustrated when comparing the phenyl ligand with the mesityl ligand.
Trimesitylaluminum, Mes3Al7 (Mes= 1,3,5-trimethylphenyl), is prepared by reaction of dimesityl-
mercury with aluminum metal (Equation (7)).

Al2 Al1

Figure 1 Solid-state structure of Me6Al2.
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3 Mes2Hg    +    2 Al Al
– 3Hg

2 ð7Þ

The steric demands of the mesityl ligands in Mes3Al are critical in the aluminum atom
assuming a virtually perfect three-coordinate trigonal planar coordination. The Al–C bond
distance was shown to be 1.995(8) Å while the C–Al–C bond angle was 120�. The mesityl ligands
are arranged in a propeller fashion about the metal center at dihedral angles of 55� (Figure 3).

The tetrahydrofuran adduct of trimesitylaluminum, Mes3Al�THF was subsequently reported.8

While the coordination of the aluminum atom in Mes3Al�THF is distorted four-coordinate
tetrahedral, the most meaningful comparison concerns the orientation of the three mesityl rings.
In Mes3Al�THF the mesityl ligands are no longer equivalent with dihedral angles of 56� relative
to the AlC3 basal plane. Rather, the mesityl rings now reside at angles of 96.6(2)�, 45.4(2)�, and
20.4(3)�. The tetrahedral environment of the aluminum atom is distorted as evidenced by the fact
that two of the C–Al–C bond angles are approximately 120� while one is much smaller (and closer
to that which is expected for a tetrahedral atoms) at 108.6�.

A particularly intriguing organoaluminum compound involving carbon-based ligands involves
a recently reported carbene complex. Reaction of trimethylaluminum with 1,3-diisopropyl-4,5-
dimethyl-imidazol-2-ylidene was carried out to afford the first organo-group 13 metal-carbenes,
Me3M:carbene (M=Al, Ga).9 The ability of Lewis acids such as trimethylaluminum to form
stable adduct complexes with suitable Lewis bases such as amines, phosphines, and oxygen
containing compounds is obvious and well documented. Nonetheless, the concept of a ‘‘carbon-
based’’ Lewis acid center interacting with a Lewis acid such as Me3Al had received little attention.
This compound is noteworthy in that while the four-coordinate tetrahedral coordination of the
aluminum atom is not in itself unusual, the fact that the compound is monomeric is significant.
Prior to the discovery of this compound, if an aluminum atom was involved in four-coordinate
tetrahedral bonding to four carbon atoms, the resulting compound was almost always dimeric.

Al2
Al1

Figure 2 Solid-state structure of Ph6Al2.
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The independent Al–C(methyl) bond distances in Me3Al:carbene of 1.940(5) Å and 2.062(7) Å,
compares to 2.124(6) Å for the Al–C(carbene) bond distance. These distances are further placed in
perspective when comparing them with the values reported for Al–C bond distances in Me6Al2
and Ph6Al2.

Certainly no discussion of the coordination chemistry of aluminum with carbon-based ligands
would be complete without a discussion of the cyclopentadienyl ligand. This ligand, arguably the
most important throughout the whole of organometallic chemistry, has an ever increasing
chemistry with aluminum. Cyclopentadienyl(dimethyl)aluminum, a volatile solid isolated from
reaction of trimethylaluminum with cyclopentadiene, displays different structures depending upon
the physical state. For example, in the gas-phase it is monomeric with the cyclopentadiene (Cp)
ligand interacting in a �2 fashion with the aluminum atom basically being three-coordinate
trigonal bipyramidal. However, in the solid state10 the compound assumes a polymeric nature
with each Me2Al unit being bridged by an �1-Cp ring. The closely related dicyclopentadienyl-
(methyl)aluminum displays a dramatically different structural motif.11 In the solid state this
compound has unambiguously been shown to be a monomer with the Cp ligand interacting in
a �2 fashion—effectively resulting in the aluminum atom being five-coordinate square pyramidal.
In this compound the molecule is monomeric with the aromatic rings residing in a somewhat
asymmetric �2 orientation.

The methyl(pentamethylcyclopentadienyl)aluminum chloride dimer, [(C5Me5)MeAlCl]2, is pre-
pared from reaction of dimethylaluminum chloride with (pentamethylcyclopentadienyl)lithium in
toluene.12 The solid-state structure of this compound reveals that the C5Me5

� ligand interacts
with the aluminum centers in an �3 fashion across �-chloro bridges.

A particularly interesting recently reported cyclopentadienylaluminum compound is the
[C5Me5)2Al]þ cation, isolated from reaction of (C5Me5)2AlMe with B(C6F5)3 in methylene chlor-
ide (Equation (8)).

(C5Me5)2AlMe    +    B(C6F5)3 [(C5Me5)2Al][B(C6F5)3Me] ð8Þ

The authors note that this compound may be stored for months at �17 �C without appreciable
decomposition. The [C5Me5)2Al]þ cation (Figure 4) sports a perfectly linear (ring-centroid)-

Figure 3 Solid-state structure of (Mes)3A1.
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Al-(ring centroid) angle of 180�. The C5Me5
� ligands are staggered relative to each other at a

value of 36�.
Similar compounds containing the bis(pentamethylcyclopentadienyl)aluminum cation have

been reported by other workers.13

3.4.1.3 Group 15 Ligands

3.4.1.3.1 Nitrogen ligands

Reactions between nitrogen species and aluminum compounds may be traced back to the 1800s.
The most fundamental reaction in this regard is that of Me3Al with ammonia (Equation (9)):

Me3Al    +    NH3 (AlN)n    +    3 CH4 ð9Þ

This reaction was initially studied by Wiberg14 as a means to approach aluminum nitride. The
thermodynamic driving force in this reaction is methane elimination (even though with each
successive methane molecule that is eliminated, the subsequent elimination becomes more diffi-
cult). The reaction of trimethylaluminum with dimethylamine is another classic reaction which,
after initially forming the Lewis acid–base adduct, Me3Al:N(H)Me2, forms the [Me2Al-NMe2]2
dimer upon heating.15 The formation of dimers and trimers with extensive Al–N association was
quickly recognized16 as a hallmark of the reactions of Me3Al with simple amines.

The reaction of Me3Al with methylamine proved to be very interesting.17 Two products were
suggested by NMR. After considerable effort the solid-state crystal structures of the reaction
products confirmed cis- and trans-stereoisomers of [Me2Al-N(H)Me]3.

18 Both isomers contained
nonplanar Al3N3 rings: a chair conformation was observed for the cis-[Me2Al-N(H)Me]3 isomer,
while a boat confirmation was shown for the trans-isomer.

These reactions were subsequently found to be much more complicated than initially reported.
Indeed, large clusters containing from eight to twelve aluminum atoms were ultimately isolated
and characterized by single crystal X-ray diffraction.19,20 The coordination of the aluminum

Figure 4 Solid-state structure of [C5Me5)2Al]þ.
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atoms in all of these compounds, interesting as they are, was generally unremarkable as four-
coordinate tetrahedral.

Sterically demanding amines have afforded a rich chemistry with organoaluminum compounds.
The steric demands of a given amine are most prominently manifest in the coordination about the
aluminum center. The 1980s proved to a rich decade for this type of work. Three prominent
sterically demanding amines are aniline (1), 2,4,6-trimethylaniline (2), and 2,6-diisopropylaniline
(3) (although the phenyl ligand is not generally considered to be sterically demanding, it is
included in this group for comparative purposes).

(1) (2) (3)

NH2 NH2 NH2

One of the most interesting reactions involves trimethylaluminum with 2,6-diisopropylaniline.21

The initial product is an aluminum–nitrogen dimer, however, upon further heating additional
alkane elimination occurs resulting in the Al–N trimer (Equation (10)):

Al
N

Al
N

Al

N

[Me2Al-N(H)C6H3(i-Pr2)]2Me3Al    +    H2NC6H3(i-Pr2)

ð10Þ

X-ray structural data confirmed the trimeric nature of [MeAl-NC6H3(i-Pr)2]3 (Figure 5).
A number of points are noteworthy regarding this compound. The neutral compound resided about
a three-fold axis with a planar Al–N six-membered ring with the phenyl rings of the amine nearly
orthogonal with the central plane. The bond angles at the aluminum and nitrogen atoms are 115.3(5)�

and 124.7(5)�, respectively. While the overall structure of this compound bears a striking
resemblance to borazine, an argument for true delocalization and aromaticity in this compound
is problematic. In particular among other factors, the inter-ring Al–N bond distances are
inequivalent.

Another interesting product is obtained from the condensation reaction of trimethylaluminum
with mesitylamine. Similar to the previous compound, reaction of trimethylaluminum with
mesitylamine initially yields a characteristic Al2N2 dimer. Further heating gives the aluminum-
nitrogen tetramer [MeAlNC6H2Me3]4.

22 This unique ‘‘Al–N cube’’ may be viewed as the ‘‘fusing’’
of two Al2N2 dimers. The coordination sphere of each aluminum atom is completed by one
methyl group and three nitrogen atoms. Similarly, the coordination sphere of each nitrogen
atom is tetrahedral being completed by one mesityl group and three aluminum atoms of the
cube. Thus, each atom residing in the cube is tetrahedral. The mean Al–N distance in this
tetramer (1.948(7) Å) and the Al–C bond distance (1.949(3) Å) are unremarkable. Although
Al–N tetramers are reasonably rare, the literature does reveal others involving various amines
and LiAlH4.

23

It is informative to consider the dynamics that ultimately lead to an Al–N trimer rather than an
Al–N tetramer. In both cases above the aluminum source was the same, trimethylaluminum.
Thus, it is reasonable to examine the amine. The more sterically demanding amine, H2NC6H3Pr

i
2,

with the isopropyl groups give the trimer while the amine with less steric constraints around the
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nitrogen center, mesitylamine, gives the tetramer. We will later see that the steric demands of
ligands on the aluminum (and gallium) centers will have an even more profound influence on the
nature of the resulting compound.

Reaction of trimethylaluminum with the smallest aryl-based amine, aniline, is also intriguing.
Although the initial product was not completely characterized, it was suggested to have the
approximate formulation of [Me2AlN(H)Ph]n. Subsequent heating of this product gave, in low
yield, [MeAlN(Ph)]6.

24 Inclusion of solvent molecules into the crystal lattice made the structural
solution problematic, but the structure of the molecule was unambiguously determined. The
molecule resides about a S6 axis. Along the sides of the hexamer are planar Al2N2 four-membered
rings. Once can conceptualize that this hexamer is the combining of two Al3N3 units. The Al–N
bond distances in this compound fall into two distinct categories: those in the Al3N3 rings
(1.912(6) Å) and those within the Al2N2 four-membered rings (1.951(6) Å).

Due to the flexibility of the pendant amine groups, open-chain amines have demonstrated a
varied chemistry in the coordination chemistry of organoaluminum species. For example, reaction
of trimethylaluminum with diethylenetriamine results in a complex wherein the two open-chain
amines are ‘‘bridged’’ by a series of four organoaluminum moieties.25 It is noteworthy that the
two middle aluminum atoms were found to be five-coordinate square pyramidal. This was the
first example of a compound containing two five-coordinate aluminum atoms in square pyram-
idal environments. The only example of a six-coordinate aluminum alkyl was isolated from
reaction of trimethylaluminum with N(CH2CH2OH)3.

26 The molecule contained an Al4O6 core
with two six-coordinate (distorted) octahedral aluminum atoms. The Al–C bond distance to the
octahedral aluminum atoms 1.99(1) Å. Nitrogen-based crown ethers, azacrowns, are useful com-
plexing agents for transition metals. The two most important azacrowns are cyclam [14]aneN4 (4)
and cyclen [12]aneN4 (5). The driving force in the reaction of Me3Al with such macrocyclic
amines is a combination of the propensity to form Lewis acid–base adducts coupled with the
thermodynamic advantage of Al–C/N–H bond cleavage and alkane elimination. Reaction of
Me3Al with [14]aneN4 involves exhaustive alkane elimination and results in [Me3Al]2[14]ane-
N4[AlMe]2.

27 Particularly noteworthy is the fact that the molecule resides about an Al2N4 four-
membered ring while Me3Al units occupy the other nitrogen sites (see Figure 6). The shorter Al–N
bond distances are associated with the Al2N2 ring while the longer bond distances are associated
with the terminal trimethlaluminum adducts.

Figure 5 Solid-state structure of [MeAl-NC6H3(Pr
i)2]3.
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After the reporting of this compound a number of studies followed concerning [14]aneN4 and
various organoaluminum species were carried out. A particularly interesting product was isolated
from reaction of trimethylaluminum with [14]aneN4 in the presence of ZrCl4,
[Al� [14]aneN4AlMe2][Me2AlCl]2.

28 The most striking feature of the cation is the octahedral
coordination of the central aluminum atom. Indeed, the [14]aneN4 azacrown ether has been
drawn back or pinned back by the dimethylaluminum unit, to further expose the nitrogen atoms.
The coordination sphere of the central aluminum atom is completed by the four nitrogen atoms of
the azacrown and by two �-chlorine atoms.

3.4.1.3.2 Phosphorus and arsenic ligands

The sterically demanding phosphine tris(trimethylsilyl)phosphine, P(SiMe3)3, proved to be very
important in the development of the chemistry of the Al–P bond. A number of aluminum-
phosphorus adducts were reported in the last decade. In particular, Cl3Al-P(SiMe3)3 toluene and
Br3Al�P(SiMe3)3 toluene, with Al–P bond distances of 2.392(4) Å and 2.391(6) Å, respectively,
were reported.29 These virtually identical Al–P bond distances are extremely short. The aluminum
atoms in both complexes may be described as four-coordinate tetrahedral.

In many respects the organometallic chemistry of alkylaluminum halides with lithiated phos-
phines is very similar to that of the amines. The reaction chemistry with organoaluminum

Figure 6 Solid-state structure of [Me3Al]2[14]aneN4[AlMe]2.
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moieties is driven by initial adduct formation followed by Al–X and Li–P bond cleavage (and salt
elimination). The compounds themselves are frequently Al2P2 four-membered ring centered
dimers. Reaction of alkylaluminum halides with P(SiMe3)3 proved to be interesting. For example,
reaction of EtAlCl2 with P(SiMe3)3 yields the adduct EtCl2Al�P(SiMe3)3(Al–P: 2.435(3) Å). In the
same study, the dimeric compound [Et2AlP(SiMe3)2]2 (6) was prepared from reaction of EtAlCl2
with LiP(SiMe3)2 at �78 �C.30 This molecule contains a planar Al2P2 four-membered ring with the
Al–P bond distance being 2.460(1) Å. Isolated from a similar synthetic scheme, this same labora-
tory reported the first example of an aluminum–phosphorus–arsenic mixed-pnicogen ring com-
pound in [Et2Al{Me3Si}2PAs{SiMe3}2AlEt2].

31

(6)

P

P

Al Al

SiMe3Me3Si

Et

Et

Et

Et

SiMe3Me3Si

The pentamethylcyclopentadienyl ligand, C5Me5, has played a significant role in the develop-
ment of the chemistry concerning the Al–As bond. Reaction of [(C5Me5)Al]4 (vide infra) with
[ButAs]4 in toluene gives yellow crystals of As2[Al(C5Me5)]3.

32 While the gross structural features
of this compound will be discussed in more detail later in this chapter, at this point the As2Al3
core will be examined (Figure 7). The two arsenic atoms are centered above and below the Al3
ring at a distance of 2.48 Å. This Al–As bond distance is shorter than that reported in [Et2Al-
{Me3Si}2PAs{SiMe3}2AlEt2] of 2.299(1) Å and 2.494(1) Å

Another noteworthy aluminum–arsenic compound is the trimeric [Me2AlAsPh2]3, isolated from
reaction of trimethylaluminum with diphenylarsine, Ph2AsH.33 This compound was one of the
first Al–As six-membered ring compounds to be structurally characterized by single crystal X-ray
diffraction. As shown in Figure 8, the Al–As ring is in a chair conformation with approximate
tetrahedral environment about both Al and As atoms. The Al–As bond distances in this com-
pound range from 2.512(3) Å to 2.542(3) Å.

Figure 7 Solid-state structure of As2Al3 core of As2[AlCp*]3.
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3.4.1.4 Group 16 Ligands

3.4.1.4.1 Oxygen ligands

By far the most important group 16 compounds with aluminum are those of oxygen. This is due
not only to the fact that the Al–O bond is the thermodynamic driving force behind much of the
chemistry of aluminum, but also due to the fact that Al–O compounds have found great utility in
various industrial and catalytic processes. Indeed, one of the most important recent developments
in this area may be found in a class of compounds knows as aluminoxanes. Aluminoxanes,
methylaluminoxane (MAO) in particular, are very active cocatalysts in Ziegler–Natta systems.
Two of the most common Al–O compounds are aluminum hydroxide, Al(OH)3, and aluminum
oxide, Al2O3.

The substantial bond strength of the Al–O bond is a major driving force in the chemistry of
aluminum. This is evidenced by the ability of aluminum metal to form the ubiquitous Al2O3

oxide. Indeed, the pyrophoric nature of aluminum alkyls is traced to the great affinity between
aluminum and oxygen. Certainly the simplest oxygen-based ligand is dioxygen itself. It is sig-
nificant, therefore, that the literature reveals few discrete organoaluminum–dioxygen species. One
notable example may be found in the reaction of potassium superoxide with trimethylaluminum
in the presence of dibenzo-18-crown-6 (Equation (11)). The major point of interest

KO2    +    2 Me3Al    +    dibenzo-18-crown-6 [K dibenzo-18-crown-6][Me3Al{O2}AlMe3] . ð11Þ

in the ionic [K�dibenzo-18-crown-6][Me3Al{O2}AlMe3]
34 compound is the dioxygen-based

[Me3Al{O2}AlMe3]
� anion (Figure 9). An X-ray crystal structure of this compound confirms a

most unusual bonding mode for oxygen—the two Me3Al units are bridged by one of the oxygen
atoms in an �1 fashion. The rather long O–O bond distance of 1.47(2) Å was supported by the IR
spectrum in which the stretch was observed at 851 cm�1. The Al–O bond distances were 1.852(9)
and 1.868(9) Å, while the Al–O–Al bond angle was 128.3(7)�. The value of 128.3(7)� for the
Al–O–Al is comparable to the Al–N–Al bond angle observed for K[Al2Me6N3].

35 Of course, the
coordination of the aluminum atoms in this interesting anion is four-coordinate tetrahedral.

Figure 8 Solid-state structure of [Me2Al-AsPh2]3.
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In fact, the major point of interest in this anion is not the coordination of the aluminum atoms
but rather the unusual coordination of the oxygen atoms.

3.4.1.4.2 Crown ethers

An extensive chemistry has developed in the past two decades concerning the interaction of
organoaluminum species with macrocyclic polyethers—crown ethers. Again, this chemistry is
driven by the considerable Al–O bond strength. Characteristic of these compounds is a distortion
of the crown ether by the organoaluminum species, essentially pulling the crown ether ‘‘inside-
out’’. While 1,4-para-dioxane certainly does not technically qualify as a crown ether, it does
share some similarities. To this end, this discussion begins with the simple Lewis acid–Lewis base
complex bis(trimethylaluminum)-p-dioxane, Me3Al(dioxane)AlMe3 (7).36 As illustrated in the
compound below, the dioxane resides in a chair configuration as the two Me3Al units bond to
the two oxygen atoms. The Al–O bond distance in (7) is 2.02(2) Å.

O

O
Al

Al

(7)

Crown ethers (8)–(11), facilitated by the seminal discoveries of Pedersen,37,38 have found great
utility as phase transfer catalysts and as alkali metal complexing agents. This fact notwithstand-
ing, the past two decades has witnessed the development of a rich crown ether chemistry involving
organometallic compounds of aluminum. Distinct from the coordination mode observed for
alkali metal ions (wherein the metal ion resides inside the macrocyclic cavity), aluminum alkyls
typically form neutral Lewis acid–Lewis base complexes and reside along the macrocyclic peri-
meter (leaving the cavity empty). Alkylaluminum halides, given the appropriate crown ether, can
reside within the crown ether cavity resulting in high coordination number (five or six) organo-
aluminum-crown ether cations.

The bis(trimethylaluminum)�12-crown-4 complex, [AlMe3]212-crown-4, is a logical starting
point. Prepared by reaction of trimethylaluminum with 12-crown-4,39 the complex forms colorless
crystals. The four oxygen atoms in 12-crown-4 were observed to be coplanar. The Al–O bond distance
of 1.977(3) Å is remarkable as it compares to 2.02(2) Å reported for the dioxane-trimethylaluminum
compound. Indeed, the overall conformation of this compound is quite similar to that observed in
this compound as well.

Al2 Al1

O1

O2

Figure 9 Solid-state structure Me3Al{O2}AlMe3]
� anion.
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The product from the reaction of ethylaluminum dichloride with 12-crown-4 gives an unusual
complex cation with an AlCl2 fragment being complexed by the crown ether, [Cl2Al�12-crown-4]
[Cl3AlEt].40 While the Al–O bond distances are unremarkable, the aluminum resides in an
octahedral environment with the crown ether being pulled back, allowing more of an ‘‘on edge’’
coordination mode for the crown ether (Figure 10). The orientation of the crown ether is note-
worthy in this complex as it has been distorted and completely ‘‘drawn back’’ thereby more fully
exposing the oxygen atoms. The aluminum atom, with its coordination sphere completed by the two
chlorine atoms in equatorial positions, thus resides in an octahedral environment. The fact that the
aluminum atom is octahedral in the smallest crown ether, 12-crown-4, is all the more impressive
when one considers that octahedral coordination is also observed for the much larger 18-crown-6.

Octahedral coordination has also been observed for the larger 18-crown-6 with organoalumi-
num moieties. In the ionic complex [Cl2Al�18-crown-6][Cl3AlEt]40 the aluminum atom is also
found in an octahedral environment in the cation with four of the oxygen atoms of the crown
ether bonding to the aluminum atom. With both 12-crown-4 and 18-crown-6 the generation of the
Cl2Alþ cation from the respective alkylaluminum dihalide was cited as being critical in the
preparation of these compounds.

A number of points are noteworthy with respect to the metrical values in the [Cl2Al�12-crown-4]þ
and [Cl2Al�18-crown-6]þ cations. Regarding [Cl2Al�12-crown-4]þ, the Al–Cl bond distances
(2.200(8) Å and 2.202(5) Å) were considered rather long, while the Al–O bond distances (mean
of 1.96(2) Å) fall within the expected range of aluminum–oxygen donor–acceptor bond distances.
The larger 18-crown-6 displayed a wide range of Al–O bond distances (1.946(5) Å to 2.065(4) Å)
while the Al–Cl bond distances (2.148(3) Å and 2.210(2) Å) were comparable to those observed
with 12-crown-4. A particularly interesting complex, [Cl2Al�benzo-15-crown-5][Cl3AlEt],41 results
from reaction of benzo-15-crown-5 with ethylaluminum dichloride in toluene (Figure 11). As the
coordination of aluminum in the anion is unremarkable four-coordinate tetrahedral, most of the

Figure 10 Solid-state structure of [Cl2Al�12-crown-4]þ cation.
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interest is directed toward the cation. In the [Cl2Al�benzo-15-crown-5] cation the aluminum atom
resides in an extremely rare seven-coordinate pentagonal bipyramidal geometry. The Al–O bond
distances for the oxygen atoms adjacent to the aromatic group (2.28(1) Å and 2.30(1) Å)
are considerably longer than those to the other three oxygen atoms (2.03(1) Å, 2.06(1) Å, and
2.08(1) Å). Consequently, the aluminum atom is located ‘‘off-center’’ in the crown ether cavity
even as the metal atom is coplanar with the five oxygen atoms. Thus, the coordination sphere of
aluminum consists of five equatorial oxygen atoms and two axial chlorine atoms (Al–Cl:
2.202(5) Å and 2.197(7) Å). It is intriguing that the aluminum atoms in complexes with
12-crown-4 and 18-crown-6 assumed octahedral structures, yet the rare pentagonal bipyramidal
is found with benzo-15-crown-5.

With the larger crown ethers neutral trimethylaluminum compounds have been obtained. For
example, the first reported organoaluminum-crown ether complexes were [AlMe3]2�dibenzo-18-
crown-6 and [AlMe3]4�15-crown-5 (Figures 12 and 13).42 These compounds were prepared by

Figure 11 Solid-state structure of [Cl2Al�benzo-15-crown-5]þ cation.

Figure 12 Solid-state structure of [AlMe3]2�dibenzo-18-crown-6.
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reaction of excess trimethylaluminum with the respective crown ether. While it seems logical that
the last remaining oxygen atom in [AlMe3]4�15-crown-5 could not be complexed by an Me3Al
unit (as it is forced toward the interior of the macrocyclic cavity), it is unexpected that with the
larger dibenzo-18-crown-6 none of the remaining four oxygen atoms could be attacked by an
Me3Al unit. However, the authors suggested that the benzo rings imparted sufficient steric
hindrance to discourage Me3Al coordination to neighboring (four) oxygen atoms. In both
compounds, the Me3Al units served to ‘‘pull’’ the oxygen atoms along the macrocyclic perimeter
affording a rather elongated and ‘‘flattened’’ orientation for the crown ether. Moreover, princi-
pally due to the absence of benzo groups, 15-crown-5 was deemed to be more flexible than
dibenzo-18-crown-6. The six oxygen atoms of dibenzo-18-crown-6 assumed a chair configuration
thereby allowing substantial Al–O interaction (by the two trimethylaluminum units), as evidenced
by the Al–O bond distance of 1.967(3) Å in [AlMe3]2�dibenzo-18-crown-6. It is ironic that
15-crown-5 being more flexible, yet the mean Al–O bond distance in [AlMe3]4�15-crown-5 is
considerably longer at 2.005(6) Å. The coordination of the aluminum atoms in these complexes
were unremarkable four-coordinate tetrahedral.

Lastly, the mixed tetraoxo-diaza derivative of 18-crown-6, diaza-18-crown-6, has also been
utilized to stabilize aluminum atoms in high coordination environments. In particular, the
[(EtAl)2�diaza-18-crown-6]2þ cation displays the aluminum center in a rare square pyramidal
environment.43

3.4.1.4.3 Sulfur, selenium, and tellurium ligands

The chemistry of sulfur-based ligands with aluminum is striking in its range and diversity. While
the organoaluminum chemistry of sulfur bears some resemblance to that of oxygen, there are
notable differences. Perhaps most notable is the fact that sulfur is larger, softer, and more
polarizable than oxygen. This has a direct bearing on the manner in which the sulfur center
interacts with aluminum. The corresponding chemistry with selenium and tellurium ligands has
not been developed to a comparable extent.

The aluminum–sulfur bond has not been explored to an extent comparable to that of the
corresponding aluminum–oxygen bond. However, there does exist an interesting coordination
chemistry of organoaluminum species involving sulfur-containing ligands. An unusual Al–S linear
oligomer was reported for [Me2AlSMe]n,

44 with an Al–S bond distance of 2.348 Å. There is data
that suggest that this substance exists in the gas phase as a cyclic Al2S2 dimer with the methyl

Figure 13 Solid-state structure of [AlMe3]4�15-crown-5.
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groups oriented in a trans conformation.45 Another Al–S compound, K[Al2Me6SCN], was
synthesized containing the thiocyanide ligand and was characterized with an Al–S bond distance
of 2.489(2) Å.46 The coordination of aluminum in both of these compounds may be described as
four-coordinate tetrahedral.

3.4.1.4.4 Sulfur-based crown ethers

The two most important thiacrown ethers are [14]aneS4 (12) and [12]aneS4 (13) (the thia equiva-
lents of the aza-based crown ethers [14]aneN4 and [12]aneN4, respectively). Unlike oxygen-based
crown ethers, sulfur-based crown ethers, thiacrown ethers, have a demonstrated ability to com-
plex transition metals as opposed to alkali and alkaline earth metals. Nonetheless, interesting
thiacrown ether complexes have been isolated with organoaluminum moieties.

(12) (13)

S

S

S

S

S

S

S

S

Reaction of trimethylaluminum with [14]aneS4 gives [Me3Al]4[14]aneS4 (Figure 14).47 The
conformation of the thiacrown ether was surprising as it assumed an ‘‘exo-dentate’’ geometry.
Specifically, instead of the sulfur atoms residing along the macrocyclic cavity (as is the case for
neutral oxygen-based crown ethers), the sulfur atoms have been pulled on the outside. Also
noteworthy is the Al–S bond distance of 2.512(2) Å and 2.531(2) Å. These bond distances are
considerably longer than those cited for [Me2AlSMe]n (2.348 Å) and K[Al2Me6SCN] (2.489(2) Å).

Perhaps the most interesting organoaluminum-thiacrown ether complex is the
[Me3Al]�[12]aneS4 complex (Figure 15).48 Although the reaction was performed with a four-fold
excess of trimethylaluminum with [12]aneS4 only the 1:1 crystalline compound was isolated. Upon
examination of the coordination of the [Me3Al]�[12]aneS4 monomer, the coordination of the

Figure 14 Solid-state structure of [Me3Al]4[14]aneS4.
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aluminum atom appears decidedly nontetrahedral. Indeed, the aluminum atom appears to be
coplanar with the three carbon atoms of the methyl groups. Thus, the ‘‘immediate’’ coordination
of the aluminum atom goes beyond ‘‘distorted tetrahedral’’ and may be described as ‘‘trigonal
pyramidal’’ with an extremely long Al–S bond distance of 2.718(3) Å. Indeed, the special coordin-
ation of the local environment about the aluminum atom suggested a more expansive view was in
order. Upon examination of the unit cell it became clear that the coordination of the aluminum
atom is not four-coordinate, but rather it is best described as five-coordinate as each aluminum
atom has a secondary interaction with the sulfur atom of a neighboring [12]aneS4 complex. The
secondary Al–S contact is 3.052(3) Å. It is this secondary Al–S interaction, coupled with the primary
Al–S interaction (bond), which causes the planarity of theMe3Al unit. Thus, the coordination of the
aluminum atom(s) in the ‘‘extended’’ [Me3Al]�[12]aneS4 complex is best described as five-coordinate
trigonal bipyamidal. Essentially, a planar Me3Al unit bridges two [12]aneS4 moieties.

The literature reveals only a few examples of compounds that contain a direct Al–Se bond and
fewer still of compounds that contain an Al–Te bond.

3.4.1.5 Group 17 Ligands

3.4.1.5.1 Hydride ligands

The fact that hydrogen can exist as either a cation (i.e., HCl) or an anion (i.e., NaH) belies its
station as the simplest element. The chemistry of the H� hydride resembles that of the halides.
Relative to a singular compound, the chemistry of aluminum hydride is embodied in the ubiqui-
tous lithium aluminum hydride, LiAlH4. This notwithstanding, relatively few compounds exists
wherein a single hydrogen atom serves as a bridge between two organoaluminum moieties. One
such compound results from the reaction of sodium hydride with trimethylaluminum, in the
presence of 15-crown-5. This reaction yields the unusual [Me3Al{H}AlMe3]

� anion.49 Unlike the
‘‘bent’’ superoxide-based [Me3Al{O2}AlMe3]

� anion (previously discussed), the X-ray structure of
the [Me3Al{H}AlMe3]

� anion (Figure 16) unexpectedly reveals a perfectly linear, 180�, Al–H–Al
linkage with an Al–H bond distance of 1.65 Å. The aluminum–hydride bond was comparable to
that observed in the dimethylaluminum hydride dimer, [Me2AlH]2. The fact that the coordination
of the aluminum atom in both [Me3Al{O2}AlMe3]

� and [Me3Al{H}AlMe3]
� is tetrahedral does

not diminish the remarkable nature of these organoaluminum anions.

3.4.1.5.2 Halide ligands

The coordination of aluminum with halogen-based ligands is generally straight forward. The
halogen serves as a simple monodentate ligand with a 1�charge. The corresponding coordination
of the aluminum atom is simple four-coordinate tetrahedral. In particular, in the simple alkylaluminum

S4

S3

S2

S1

Al1

Figure 15 Solid-state structure of [Me3Al][12]aneS4.
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dihalides or dialkylaluminum halides the compounds exist as electron deficient dimers with
�-bridging halides (in much the same way as simple dimeric aluminum alkyls).

3.4.1.6 Compounds Containing Al–Al Bonds

3.4.1.6.1 Neutral compounds containing the Al–Al bond

The history of compounds containing Al–Al bonds is as colorful as it is interesting. Reports of
organometallic alanes, compounds containing the iconic Al–Al bond, may be found as early as
1966.50–54 However, these early reports are now viewed with considerable skepticism as neither
spectroscopic nor compelling structural data were presented. As a point of origin, the Al–Al bond
distance in aluminum metal has been reported as 2.348 Å. The first organometallic compound
unambiguously shown to contain an Al–Al bond, tetrakis[bis(trimethylsilyl)methyl]dialane,
[(Me3Si)2HC]2AlAl[CH(SiMe3)2]2, was reported in 1988.55 This yellow crystalline compound
was isolated from the potassium reduction of chloro-bis[bis(trimethylsilyl)methyl]aluminum
(Equation (12)) (Figure 17):

(Me3Si)2HC

(Me3Si)2HC

Al Al

CH(SiMe3)2

CH(SiMe3)2

2 [(Me3Si)2HC]2AlCl    +    2 K ð12Þ

The Al–Al bond distance of 2.660(1) Å observed in [(Me3Si)2HC]2AlAl[CH(SiMe3)2]2 is a bench-
mark in organometallic chemistry as it stands as the first structural confirmation of a compound
containing an Al–Al bond. The coordination of the aluminum atoms is also interesting as the core
of the molecule is a planar C2Al–AlC2 core. It is interesting that the trigonal planar AlC2

fragments are coplanar.
The ‘‘valence isomer of a dialane,’’ (�5-C5Me5)Al–Al(C6F5)3, was prepared by treatment of

[Al(�5-C5Me5)]4 with Al(C6F5)3.
56 This compound is notable as it has an Al–Al bond wherein the

two aluminum atoms reside in distinctly different coordination environments. Specifically, one
aluminum atom [(C6F5)3Al-] is four-coordinate tetrahedral while the other one [(�5-C5 Me5)Al-] is
basically two-coordinate interacting in a �5 fashion with the pentamethylcyclopentadienyl ligand.
The Al–Al-ring centroid bond angle deviates from linearity at 170.1(3)�. The Al�Al bond distance
was shown to be 2.591(3) Å.

Reactivity of [(C5Me5)Al]4 has proven particularly interesting. Reaction of [(C5Me5)Al]4 with
[ButAs]4 gives a compound with a polyhedral As2Al3 framework, As2[(C5Me5)Al]3,

32 (along with
2-methylpropane and isobutene). This novel As2[(C5Me5)Al]3 compound was isolated as yellow

Al2 H1 Al1

Figure 16 Solid-state structure of [Me3Al{H}AlMe3]
� anion.
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crystals (Figure 18). While the short Al–As bond has been previously discussed herein, the Al3
three-membered ring is noteworthy. The Al–Al bond distance in As2[Cp*Al]3 is 2.83 Å. This bond
distance is slightly longer than those reported for R2Al-AlR2 (R=CH(SiMe3)2, 2.66 Å) and
[(C5Me5)Al]4 (2.77 Å). The authors suggest that there are only twelve electrons available for the
nine bonds in the As2Al3 framework. Consequently, this results in an electron deficient situation. The
bonding in the As2Al3 polyhedral, therefore, is suggested to be similar to that in the closo-boranes.

Figure 17 Solid-state structure of [(Me3Si)2HC]2Al–Al[CH(SiMe3)2]2.

Figure 18 Solid-state structure of As2[Cp*Al]3.
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The gas-phase generation of aluminum(I) chloride, AlCl, in the presence of bis(pentamethyl-
cyclopentadienyl)magnesium yields the tetramer [(C5Me5)Al]4 (Equation (13)).57

4  (AlCl)  (OEt2)x    +    2  [Mg(C5Me5)2].

[(C5Me5)Al 4]    +   2  (MgCl2  (Et2O)  +  (4x - 4)  Et 2O. ð13Þ

This most novel compound contains an Al4 tetrahedra core (each aluminum atom bonds to
three other aluminum atoms) with pentamethylcyclopentadienyl ligands beyond the metallic
center (Figure 19). The coordination of the aluminum atoms is technically tetrahedral as each
aluminum atom bonds in a �-fashion to the pentamethylcyclopentadienyl ligand. The mean Al–Al
bond distance in [(C5Me5)Al]4 of 2.773(4) Å is expectedly longer than that observed for
[(Me3Si)2HC]2AlAl[CH(SiMe3)2]2 (2.660(1) Å). The 27Al-NMR spectrum (70.4 MHz, external
standard [Al(H2O)6]

3þ) of [(C5Me5)Al]4 in benzene displayed a sharp signal at �=�80.8
(!1/2= 170 Hz). This compound was also noteworthy in that it was the first molecular aluminum(I)
compound stable under normal conditions (structurally characterized by single crystal X-ray
diffraction). The relative weakness of the Al–Al bonds in [(C5Me5)Al]4 was supported by quan-
tum chemical calculations58 and by the fact that monomeric (C5Me5)Al units59 could be obtained
(both in solution and in the gas phase) by simply heating the [(C5Me5)Al]4.

It should be noted that a second compound containing an Al4-tetrahedra core was subsequently
reported by the same research group.60 In this study, reaction of (AlI�NEt3)4 with donor-free Bu

t
3SiNa

in toluene gives the tetramer [(But3Si)Al]4. The Al–Al bond distance in [(But3Si)Al]4 (2.604 Å) is
shorter than the corresponding metal–metal distances reported for [(C5Me5)Al]4 (0.17 Å shorter)
and [(Me3Si)2HC]2AlAl[CH(SiMe3)2]2(0.06 Å). Unlike the case for [(C5Me5)Al]4 which yielded a
very pronounced 27Al-NMR signal, the [(But3Si)Al]4 tetramer did not readily yield an 27Al-NMR
spectrum due, in part, to a ‘‘different HOMO-LUMO gap’’ (as compared to [(C5Me5)Al]4).

Even as we are often intrigued by compounds possessing short bonds, it is also important to
examine the other extreme: those compounds with exceedingly long, in this case Al–Al, bonds.
Reaction of AlX3 (X=Cl or Br) with Na[SiBut3] yields [Bu

t
3Si]2AlAl[SiBut3]2.

61 At a distance of
2.751(2) Å the central Si2Al–AlSi2 core of [But3Si]2AlAl[SiBut3]2, with as D2d symmetry, has the
longest Al–Al bond distance on record. In notable contrast, the next section will discuss com-
pounds containing a measure of �-bonding.
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Figure 19 Solid-state structure of [C5Me5Al]4.
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In terms of cluster compounds containing more than four aluminum atoms, recent advances
have proven quite encouraging. A novel aluminum cluster, K2[Bu

iAl]12, was obtained from the
potassium metal reduction of diisobutylaluminum bromide.62 This most unusual cluster has
twelve aluminum atoms in a virtually perfect icosahedral geometry (Figure 20). This product
was obtained in low yield as deeply red-colored crystals from a brown reaction mixture. The mean
Al–Al bond distance of 2.660 Å in K2[Bu

iAl]12 is virtually identical to the Al–Al bond distance
reported for the first organometallic alane, [(Me3Si)2HC]2AlAl[CH(SiMe3)2]2, 2.660(1) Å. This is
somewhat surprising in that in the cluster there is more steric repulsion in such a cluster. Logic
would suggest just the opposite: the small dialane dimer would have the shorter metal–metal
interaction instead of the larger metallic cluster.

Other interesting aluminum cluster compounds have prominently utilized the Al(I) species. In
particular, reaction of LiN(SiMe3)2 with a solution of Al(I) provided Al77R20

2�. 63 This compound
remains the largest metalloid cluster yet structurally characterized. The authors viewed this cluster
‘‘as an intermediate on the way to aluminum metal.’’ Schnöckel et al. subsequently reported that
the Al77R20

2� cluster is actually made up of smaller substituents including Al7R6
� 64 and

Al12R8
� 65 Another interesting aluminum cluster, containing an Al14 core, results from a variation

of the procedure established to prepare the Al77R20
2� cluster.66 The fact that these clusters

contain more metal–metal bonds than metal–ligand bonds contributes to the authors employing
the term ‘‘metalloid clusters’’ to distinguish them from traditional metallic clusters.

3.4.1.6.2 Radical anions: A degree of multiple bonding in the Al–Al bond

Soon after the experimental realization of compounds containing Al–Al bonds the concept of
multiple bonding between two aluminum atoms began to gain attention. Beginning with the
iconic compound of Uhl,55 Pörschke et al.67 allowed this compound to interact with lithium metal
at �30 �C, resulting in a black–violet solution. Crystallization of the product was achieved by the
addition of TMEDA to complex the lithium ion leaving the [(Me3Si)2HC]2Al–Al[CH (SiMe3)2]2

�

radical anion at 0 �C. Most importantly, an X-ray crystal structure of the radical anion revealed
2.53 Å for the Al–Al bond (Figure 21). This represents a significant shortening of the Al–Al bond
from the neutral alane (2.660(1) Å) distance. This is consistent with a measure of multiple bonding
between the two metal atoms. The environment about the two aluminum atoms in the radical
anion remain unchanged from that of the neutral species: three-coordinate trigonal planar.

3.4.2 GALLIUM

3.4.2.1 Introduction

In striking contrast to the ubiquitous nature of aluminum, gallium may legitimately be considered to
be a rare element. Indeed, some of the so-called ‘‘rare earth metals’’ are more terrestrially abundant

Figure 20 Solid-state structure of K2[Bu
iAl]12 core showing the Al12 cluster.

Aluminum and Gallium 367



than gallium. However, the history of gallium is just as interesting and engaging as that of aluminum.
Paul-E’mile Lecoq de Boisbaudran is credited with discovering the element that would become known
as gallium in 1875. He isolated little more than a single gram of this element from several hundred
kilograms of the appropriate zinc blende ore. A particularly amusing historical anecdote concerns
DmitriMendeleev and Lecoq de Boisbaudran. In his genius,Mendeleev had ‘‘predicted’’ the discovery
of eka-aluminum, gallium, five years before Lecoq de Boisbaudran’s actual discovery. Upon Lecoq de
Boisbaudran’s initial reporting of some of the physical properties of this new element Mendeleev
wrote to him suggesting that he double check his value for the density of this new element as it was at
odds with the value Mendeleev had predicted five years earlier. Upon closer examination of the
density of gallium, Lecoq de Boisbaudran found that the experimental value for the density was
indeed the value that Mendeleev had predicted.

There are significant differences between aluminum and gallium that directly affects the
coordination chemistry exhibited by the two elements. One of the most intriguing points concern
the atomic radius of gallium compared with that of aluminum. In striking contrast to the periodic
trend of atomic radii increasing as one descends a given group, the atomic radius of gallium is
observed to be slightly smaller (1.26 Å) than aluminum (1.48 Å). While size of the central atom is
a prominent factor in coordination chemistry, it is difficult to quantitatively ascertain this effect
relative to aluminum and gallium. Perhaps a more significant difference, as demonstrated by
trimethylaluminum, is that aluminum often forms electron deficient bonding to obtain an octet of
electrons. In notable contrast, gallium is perfectly at ease with only six electrons.

3.4.2.2 Group 14 Ligands

Similar to aluminum, the most important group 14 ligands for gallium are carbon based. The
first organometallic compound of gallium, triethylgallium monoetherrate, Et3Ga�OEt2, was
reported in 1932 from reaction of ethylmagnesium bromide with gallium bromide in diethyl
ether (Equation (14)):

3 EtMgBr    +    GaBr3 3  MgBr2     +    Et3Ga(Et2O) ð14Þ

Figure 21 Solid-state structure of [(Me3Si)2HC]2Al–Al[CH(SiMe3)2]2
�.
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These workers also stated that the ether-free triethylgallium derivative, Et3Ga, could be prepared
by a redox reaction between gallium metal and diethylmercury. Trimethylgallium, like triethylgal-
lium, is a monomer with the gallium atom residing in a trigonal planar environment. Indeed, the
gallium atom in the simplest organometallic compound, trimethylgallium, Me3Ga,68 has been
shown by gas phase electron diffraction to reside in a virtually idealized trigonal planar geometry.

A wealth of interesting chemistry concerns sterically demanding carbon-based ligands bonding
to gallium. In this regard, the discussion must begin with the interactions of the phenyl, C6H5-,
ligand with gallium even though this ligand is not normally considered to be sterically demanding.
Triphenylgallium, Ph3Ga,69 is a convenient point of entry for this discussion. As supported by the
solid-state crystal structure, the gallium atom in triphenylgallium is, on first glance, shown to
reside in an unremarkable three-coordinate trigonal planar environment with Ga–C bond dis-
tances of 1.946(7) Å (Figure 22). A clue that the reality of the situation may be a bit more
complicated is first hinted in the orientation of the phenyl rings. The three phenyl rings are
observed to reside at dihedral angles of 0�, 13�, and 32� relative to the GaC3 plane. Upon closer
examination of the unit cell of this compound one observes that this arrangement of the phenyl
rings allows for a significant secondary interaction of the gallium center with the meta-carbon
atoms of other Ph3Ga units. Thus—although not recognized or reported in the original article—
the coordination of the gallium atom in Ph3Ga may be best described as five-coordinate trigonal
bipyramidal.

The synthesis and molecular structure of trimesitylgallium in 1986 marked the beginning of an
exciting period in the organometallic chemistry of gallium. Trimesitylgallium was prepared by
reaction of the Grignard reagent mesitylmagnesium bromide with gallium chloride (Equation (15)):70

Ga3  MesMgBr    +    GaCl3 ð15Þ

Ga1

Figure 22 Solid-state structure of Ph3Ga.
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The solid-state structure of this compound (Figure 23) reveals that the aromatic rings of
Mes3Ga are configured in a propeller arrangement at angles of 55.9� (relative to the GaC3

basal plane). Indeed, the orientation of the mesityl groups provide substantial protection of the
metal center rendering a virtually idealized trigonal planar geometry (C–Ga–C angle: 120�) about
the deeply protected gallium center.

One of the most sterically demanding ligand systems used with gallium is the class of aryl-based
ortho-substituted phenyl derivatives known as m-terphenyls.71 Reaction of 2,6-dimesitylphenyl-
lithium with gallium chloride forms bis(2,6-dimesitylphenyl)gallium chloride, (Mes2C6H3)2GaCl
(Figure 24).72 Although the Ga–C bond length (1.956 Å and 2.000 Å) and Ga–Cl bond length
(2.177(5) Å) were expectedly somewhat longer than normal, this compound was significant as this
was the first example of a main group metal accommodating two such large sterically demanding
ligands. Perhaps most significant, however, is the coordination about the gallium center. The
steric bulk of the two ligands is such that the C–Ga–C bond angle has been significantly widened
from 120� expected for trigonal planar (observed for Mes3Ga) 153.5(5)�. Quite distinct from the
trigonal planar coordination observed for gallium in Mes3Ga, the gallium coordination in
(Mes2C6H3)2GaCl is T-shaped. Indeed, the 153.5(5)� C–Ga–C bond angle in (Mes2C6H3)2GaCl
is significantly greater than the corresponding C–Ga–C bond angle of 135.6(2)� for bis(2,4,6-tri-
tert-butylphenyl)gallium chloride, (But3C6H2)2GaCl,73 or the 134.3(3)� C–Ga–C bond angle for
bis(diphenylphenyl)gallium iodide, (C6H5)2C6H3GaI.74 The significance of the T-shaped coord-
ination for gallium lies in the fact that this generally obscure geometry is normally reserved for
interhalogen compounds like ClF3 and BrF3. In such compounds the T-shaped geometry is
predicated by the presence of two lone pairs of electrons in the equatorial plane on the central
halogen atom. It is noteworthy, therefore, that the T-shaped geometry in (Mes2C6H3)2GaCl
results entirely from the interaction between the two sterically demanding ligands. It should be
noted that the corresponding isostructural bis(2,6-dimesitylphenyl)gallium bromide, (Mes2C6H3)2-
GaBr,72 has been prepared and shown to be isostructural (C–Ga–C: 153.2�) with (Mes2C6H3)2GaCl.

While the organogallium chemistry of the cyclopentadienyl-based ligands (i.e., the pentamethyl
derivative) will be discussed in detail later, it should be noted that a novel ‘‘ferrocenylgallane,’’
[(�5-C5H5)Fe(�

5-C5H4)][Me2Ga]2[(�
5-C5H5)Fe(�

5-C5H4)], has been synthesized from reaction of

Figure 23 Solid-state structure of Mes3Ga.
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(chloromercurio)ferrocene, [(�5-C5H5)Fe(�
5-C5H4)HgCl], with trimethylgallium in toluene.75 This

ferrocenylgallane essentially consists of two ferrocene units bridged by two dimethylgallium units
(Figure 25). The molecule resides about a center of symmetry located at the center of a planar, if
asymmetric, Ga–C–Ga–C four-membered ring. While the ferrocenyl moieties are largely undis-
torted, the Ga–C bond distance of 2.587(5) Å was considered to be quite long. The coordination of
the gallium atoms is distorted tetrahedral. However, upon closer examination, one can see that the
coordination of the gallium centers may also be considered trigonal pyramidal wherein the trigonal
plane consists of a Me2Ga unit and one carbon atom of the ferrocenyl unit to give Me2GaCCp. The
fourth coordination site is completed by the axial approach of the carbon (Cp) approach of the
other ferrocenyl unit.

Figure 24 Solid-state structure of (Mes2C6H3)2GaCl.

Figure 25 Solid-state structure of [(�5-C5H5)Fe(�
5-C5H4)][Me2Ga]2[(�

5-C5H5)Fe(�
5-C5H4)].
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3.4.2.3 Group 15 Ligands

3.4.2.3.1 Nitrogen ligands

The organogallium chemistry of nitrogen ligands is generally quite similar to that of aluminum
with nitrogen ligands. Specifically, Lewis acid–Lewis base adducts are initially formed with
primary amines. Further reaction leading to dimers or higher oligomers is driven by alkane
elimination. In general, gallium is capable of all of the coordination modes displayed by alumi-
num earlier in this chapter. Thus, the coordination modes of gallium with various amines can
range from three-coordinate trigonal planar to six-coordinate octahedral.

Although the coordination of gallium with nitrogen-based crown ethers, azacrown ethers, is not
as well developed as that of aluminum, reports have demonstrated that gallium behaves in a
fashion similar to that of its lighter congener with [14]aneN4.

76

3.4.2.3.2 Phosphorus, arsenic, and antimony ligands

An informative reaction in this regard involves that of trimethylgallium with the sterically
demanding phosphine, tris(trimethylsilyl)phosphine (Me3Si)3P (Equation (16)):

Ga Ga

P

P

+    SiMe41/2Me3Ga    +    P(SiMe3)3

Me

Me

Me

Me

SiMe3Me3Si

Me3Si SiMe3

ð16Þ

This reaction, aided by evolution of tetramethylsilane, affords the organogallium dimer [Me2Ga-
P(SiMe3)2]2.

77 The X-ray structure of this compound, while revealing the gallium atoms in four-
coordinate tetrahedral environments, also highlights the planar Ga2P2(Ga–P: 2.456(1) Å; P–Ga–P:
88.0�; Ga–P–Ga: 90.0(1)) four-membered core of the molecule. Such ‘‘III–V’’ compounds were of
interest as they often served as single-source molecular precursors to various materials. Indeed,
the corresponding indium analog was shown to give indium phosphide upon pyrolysis.78 Like
nitrogen, the most common Ga–P structural motif is the Ga2P2 four-membered ring dimer.
Nonetheless, Ga3P3 six-membered rings have also been reported. For example, reaction of
trimethylgallium with diphenylphosphine results in [Me2GaPPh3]3.

79 The Ga3P3 ring is in a
chair conformation with Ga–P bond distances of 2.433(1) Å. The coordination of the gallium
(and phosphorus) atoms is four-coordinate tetrahedral.

A striking gallium–phosphorus compound containing a P–P bond was isolated from reaction of
the Lewis acid–Lewis base adduct Me3GaPMe3 with P(SiMe3)3, [P(SiMe3)(Me2Ga)2]PP([Ga-
Me2)2P(SiMe3)2].

80 The adduct, possessing C3v symmetry was allowed to react with an excess of
tris(trimethylsilyl)phosphine to give [P(SiMe3)(Me2Ga)2]PP([GaMe2)2P(SiMe3)2]. While the coord-
ination of the four gallium atoms in this complex is generally unremarkable as four-coordinate
tetrahedral, the most noteworthy feature is the P–P bond of 2.25(3) Å. This complex represents a
rare example of a phosphinogallane containing a P–P bond.

The organometallic coordination of gallium with arsenic ligands is quite similar to that of
phosphorus. In particular, the predominant structural motif in gallium–arsenic compounds would
be Ga–As dimers with a Ga2As2 four-membered ring core. The coordination of the arsenic and
gallium atoms in such compounds would be tetrahedral. Typical examples of such compounds
include [Me2GaAs(But)2]2,

81 and [Ph2GaAs(CH2SiMe3)2]2.
82 Occasionally, a Ga–As trimer with a

Ga3 As3 six-membered ring has been isolated. For example, although [Me2GaAs(Pri)2]3 is a trimer
(with the Ga atoms in four-coordinate tetrahedral environments) it is surprising that the ring was
reported to have a distorted boat confirmation.83

The literature reveals a paucity of compounds containing the Ga–Sb bond. However, antimony
seems to behave in a fashion similar to that of its lighter congeners. For example it can readily for Lewis
acid–base adducts, (But)3GaSb(Et3).

84Trimers such as [Me2GaSb (SiMe3)2]3 have alsobeen reported.
85

The coordination of gallium in both of these compounds is unremarkable four-coordinate tetrahedral.
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3.4.3.4 Group 16 Ligands

3.4.3.4.1 Crown ethers

The coordination chemistry of gallium with crown ethers is not developed to the same extent as
that of aluminum. Indeed, the literature reveals only bis(trimethylgallium)(dibenzo-18-crown-6,
[GaMe3]2�dibenzo-18-crown-6,86 the gallium analog of the previously reported aluminum com-
plex, [AlMe3]2�dibenzo-18-crown-6. The coordination of the gallium atoms in [GaMe3]2�dibenzo-18-
crown-6 is of course tetrahedral. Indeed, diaza-18-crown-6 has been shown to stabilize a gallium
center in a five-coordinate trigonal bipyramidal environment.87

3.4.2.5 Group 17 Ligands

Of the gallium compounds concerning group 17 ligands, the gallium halides are may be considered
the ‘‘work horses’’ of gallium chemistry as they are often the starting reagents. The gallium halides
are differentiated from their aluminum analogs in their respective structures: the aluminum
halides are dimeric with electron deficient Al–X–Al bridges (with the aluminum atoms being
four-coordinate tetrahedral), while the gallium halides are monomeric, with the gallium atoms
being three-coordinate trigonal planar. The first structurally characterized monomeric
organogallium dihalides involved compounds of the type sMesGaX2 (X=Cl, Br;
sMes= supermesityl, But3C6H2).

88 The coordination of the gallium atoms in sMesGaX2 is
three-coordinate trigonal planar. The monomeric nature of these compounds is particularly
significant when one considers (Figure 26) that organogallium dihalides with considerably more
sterically demanding ligands have been shown to be dimeric. In particular, even when the sterically
demanding 2,6-dimesitylphenyl ligand is employed, the organogallium dichloride dimer (with �-Cl
bridges), [(Mes2C6H3)GaCl2]2,

89 is isolated in the solid state. Thus, the monomeric nature of
sMesGaX2 is all the more remarkable considering the fact that dimers are found for much more
sterically demanding ligands.

3.4.2.5.1 Two-coordinate gallium centers

As should be evident at this point, depending upon the steric demands of the ligand, gallium is
equally disposed to be three-coordinate trigonal planar or four-coordinate tetrahedral. With
macrocyclic ligands such as crown ethers gallium can achieve five-coordinate square pyramidal
or trigonal bipyramidal geometries. Only in the last few years have reports appeared describing
gallium with novel two-coordinate motifs.

Reaction of solvent-free Li{(NDippCMe)2CH} (Dipp=C6H3Pr
i
2-2,6), ‘‘GaI,’’ and potassium

metal in toluene gave yellow crystals of Ga{(NDippCMe)2CH}.90 This striking compound

Ga1

Cl2

Cl1

Figure 26 Solid-state structure of sMesGaCl2.
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features a two-coordinate gallium center in an extremely rare ‘‘V-shaped’’ (N–Ga–N: 87.53(5)�)
structure (Figure 27). Moreover, the metal center was described as a six-electron gallium(I)
center: electronically analogous to a singlet carbene carbon system. The authors suggested
that the steric demands of this ligand are approximately similar to some of the sterically
demanding m-terphenyl ligands. Equally amazing about this compound is the presence of a
‘‘lone pair’’ of electrons on the gallium center. This would suggest possibly significant Lewis
base chemistry.

Another example of a two-coordinate gallium center is found in [(Pri3C6H2)2C6H3]GaFe(CO)4
(Figure 28), isolated from reaction of [(Pri3C6H2)2C6H3]GaCl2 with Na2[Fe(CO)4].

91 Although
this compound was described by the authors as a ferrogallyne, a compound containing an
iron–gallium triple bond (vide infra), the issue at hand is that the gallium atom in
[(Pri3C6H2)2C6H3]GaFe(CO)4 is unambiguously two-coordinate with a C–Ga–Fe bond angle of
179.2(1)�. The Ga–Fe bond reported for [(Pri3C6H2)2C6H3]GaFe(CO)4 of 2.2248(7) Å is among
the shortest on record.

Figure 27 Solid-state structure of Ga carbene.

Ga1

O6

Fe1 O5

O1

O3

Figure 28 Solid-state structure of [(Pri3C6H2)2C6H3]GaFe(CO)4.
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3.4.2.6 Compounds Containing Ga–Ga Bonds

3.4.2.6.1 Neutral compounds containing the Ga–Ga bond

The first inorganic compound shown to contain a Ga–Ga bond is traced to the structure of
bis[dibromo(1,4-dioxane)gallium], Br2GaGaBr2(dioxane)2 (14). X-ray structural data on
Br2GaGaBr2(dioxane)2

92 confirmed the existence of a Ga–Ga bond in this solvent-stabilized
species with the gallium atoms officially being in the (II) oxidation state (and not a ‘‘mixed’’
Ga(I)[Ga(III)] system). The Ga–Ga bond in Br2GaGaBr2(dioxane)2 was determined to be 2.395(6) Å.
Similarly, the chloro derivative bis[dichloro(1,4-dioxane)gallium], Cl2GaGaCl2(dioxane)2(Ga–Ga:
2.406(1) Å; Ga–Cl: 2.406(1) Å; Ga–O: 2.021(5) Å), was reported to be isostructural with the
bromine congener.93 The coordination of X2GaGaX2(dioxane)2 (X=Br, Cl) is four-coordinate
tetrahedral in both cases.

Br

Br

Br

O O OO

(14)

Br

Ga Ga

Almost two decades after the reporting of the structure of X2GaGaX2(dioxane)2 another
modification of a dioxane-stabilized gallium(II) halide was reported. Room temperature (instead
of 0 �C as in the original preparation) crystallization of Ga2Cl4 from a dioxane solution affords
Cl2GaGaCl2(dioxane)4 (Figure 29).94 A number of issues are noteworthy concerning this com-
pound. First of all, this compound is significant as it is a rare example of a dimeric compound
containing a Ga–Ga bond wherein both gallium atoms are five-coordinate. For example, unlike
the previous modification, in this case the coordination of both gallium atoms is five-coordinate.
The coordination sphere of the gallium atoms in Cl2GaGaCl2(dioxane)4 is completed by two
chlorine atoms, two dioxane units, and a gallium atom. The coordination is virtually idealized
trigonal bipyramidal (O–Ga–O: 179.10(10)�). While the Ga–O bond distance of 2.4087(19) Å in
Cl2GaGaCl2(dioxane)4 is considerably longer than that reported for Cl2GaGaCl2 (dioxane)2
(2.021(5) Å), the Ga–Cl bond distance of 2.1721(7) Å in Cl2GaGaCl2(dioxane)4 is substantially
shorter than the Cl2GaGaCl2(dioxane)2 value (2.406(1) Å). Perhaps the most significant difference
between the bis(dioxane) and quadro(dioxane) gallium(II) chloride modifications is found in the

Figure 29 Solid-state structure of Cl2Ga–GaCl2(dioxane)4.
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Ga–Ga bond distances: Cl2GaGaCl2(dioxane)2, Ga–Ga: 2.406(1) Å; Cl2GaGaCl2(dioxane)4, Ga–Ga:
2.3825(9) Å. It is most surprising that the Ga–Ga bond distance is shorter for the compound
wherein the coordination number is higher. Logic would predict just the opposite!

The first organometallic compound containing a Ga–Ga bond, tetrakis[bis(trimethylsilyl)
methyl]digallane, [(Me3Si)2HC]2GaGa[CH(SiMe3)2]2 (Figure 30), was reported in 1989.95 This
compound was prepared from reaction of the dioxane stabilized gallium(II) bromide, Br2Ga-
GaBr2(dioxane)2, with four equivalents of bis(trimethylsilyl)methyllithium, LiCH(SiMe3)2. The
Ga–Ga bond distance in [(Me3Si)2HC]2GaGa[CH(SiMe3)2]2, isolated as yellow crystals from
n-pentane, was determined to be 2.541(1) Å. This compound, like its aluminum analog, was shown
to have a planar C2M–MC2 unit. However, the metal–metal bond distance in [(Me3Si)2HC]2Ga-
Ga[CH(SiMe3)2]2 is 1.2 Å shorter than that observed for the aluminum analog. In addition, this
compound exhibits a UV–vis absorption at 370nm which was assigned to the Ga–Ga bond. It
should be noted that even though the gallium(II) bromide bis(dioxane) starting compound contained
a Ga–Ga bond (2.395(6) Å), it was conserved (and lengthened) in the organometallic compound.

The chemistry of molecules containing ‘‘gallium chains’’, strings of more than two gallium
atoms, has not been extensively developed. To date, only a few such compounds have been
reported. Reaction of the obscure ‘‘GaI’’ with phosphines resulted in a most unexpected product.
This gallium subhalide was prepared by the ultrasonic irradiation of gallium metal and I2. In the
presence of triethylphosphine, ‘‘GaI’’ in toluene at �78 �C results in [Et3P-GaI2]2Ga(I)PEt3.

29 The
most striking point concerning this compound is the fact that it contains the first reported
example of a ‘‘gallium chain’’ of three gallium atoms, -Ga–Ga–Ga-. It is noteworthy that the
Ga–Ga bonds in this compound were shown to be reasonably short and asymmetric at distances
of 2.451(1) Å and 2.460(1) Å. Moreover, this compound has mixed valences. Specifically, the
center, bridging gallium atom was considered Ga(I) while the two terminal metal atoms were
considered Ga(II). The Ga–Ga–Ga bond angle was shown to be 121.9(1)�.

A few years later another compound containing a ‘‘gallium chain’’ was reported. Interestingly,
this case also involved phosphines. In this instance, reaction of [(Pri3C6H2)2C6H3]2GaCl2 with
P(SiMe3)3 was shown to give the unusual organometallic compound [(Pri3C6H2)2C6H3]Ga{H2P-
Ga(H)PH2}Ga[C6H3(C6H2Pr

i
3)] (15).

96 Owing to the unusual nature of this compound character-
ization assumed added significance. To this end, this compound was characterized by
multinuclear NMR, complete elemental analyses (C, H, Ga, and P), IR spectroscopy, and single
crystal X-ray diffraction. The compound represented the first report of an organometallic com-
pound containing a gallium chain, -Ga–Ga–Ga-. Surprisingly, yet consistent with the first gallium
chain compound, [Et3PGaI2]2Ga(I)PEt3, the metallic chain is quite asymmetric with Ga–P

Figure 30 Solid-state structure of [(Me3Si)2HC]2Ga–Ga[CH(SiMe3)2]2.
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distances of 2.5145(13) Å and 2.7778(14) Å. The Ga–Ga–Ga bond angle in [(Pri3C6H2)2C6H3]-
Ga{H2PGa(H)PH2}Ga[C6H3(C6H2Pr

i
3)] is particularly acute at 69.68(4)�. This value is more than

50� less than the corresponding bond angle in [Et3PGaI2]2Ga(I)PEt3. Indeed, this compound may
be considered to have a Ga3P2 core (Figure 31).

The cluster chemistry of gallium is a fertile, if still emerging, area of study. In most of the gallium
clusters isolated sterically demanding ligands have been utilized. In a rather circuitous reaction
involving the ultrasonication of gallium metal with iodine, both insoluble gallium subhalides
and toluene-soluble ‘‘Ga2I3’’ were isolated. Addition of tris(trimethylsilyl)silyllithium�(THF)3 to this
complicated reaction yields an interesting ionic complex in which the anion contains a Ga4Si
trigonal bipyramidal core.97 It was ambiguous whether there was Ga–Ga bonding in the equatorial
plane.

Reaction of Ga2Br4(dioxane)2 with a fourfold excess of LiC(SiMe3)3 results in another inter-
esting gallium cluster: [{(Me3Si)3C}Ga]4, a compound with a gallium tetrahedral core (16).98 Each
of the gallium atoms reside at the corners of an almost idealized pyramid. The mean Ga–Ga bond
distance in the pyramid is 2.688 Å. This compound was reported to be thermally stable, decom-
posing only above 255 �C. Moreover, it was reported to be air-stable for months without
significant decomposition. This compound is overall quite similar to the previously discussed
Al4 tetrahedral pyramid.

Figure 31 Solid-state structure of [(Pri3C6H2)2C6H3]Ga{H2PGa(H)PH2}Ga[C6H3(C6H2Pr
i
3)].

(15)

H
Ga

P

P

H       H

H       H

Ga Ga
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(16)

Ga

Ga Ga

Ga

In 2001 a striking compound was prepared wherein two tetrahedra of gallium atoms are
bridged by a single Ga–Ga bond. At the heart of this synthesis is the fabrication of gallium(I)
bromide, GaBr. Reaction of trimethylsilyllithium (dissolved in toluene at �78 �C) with a GaBr
solution was carried out. After workup a black residue was reported to remain. One of the
products isolated from this residue was the neutral octagallane [{(Me3Si)3C}6Ga8].

99 The X-ray
crystal structure of [{(Me3Si)3C}6Ga8] showing the Ga8 core is shown in Figure 32. All angles
within the triangular faces of the tetrahdra are virtually idealized 60�. It is surprising that the
Ga–Ga bond distances in [{(Me3Si)3C}6Ga8] vary within a narrow range (2.605 Å to 2.648 Å).
Perhaps even more surprising is the fact that the Ga–Ga bond distances in [{(Me3Si)3C}6Ga8] are
significantly shorter than the corresponding distances reported for [{(Me3Si)3C}Ga]4(Ga–Gamean:
2.688 Å). Indeed, the Ga–Ga bond connecting the two tetrahedra is 2.6143(11) Å. This was the
first example of ‘‘two tetrahedral R3M4 units linked by a single metal–metal bond’’ for clusters
containing one element.

A hexameric aggregate of (pentamethylcyclopentadienyl)gallium(I) was recently reported.100 These
workers grew a single crystal of this compound by ‘‘cooling a molten sample of the pure, freshly
condensed material.’’ The structure of the compound reveals a Ga6 core inside a pentamethyl-
cyclopentadienyl perimeter. The authors note that the Ga6 unit ‘‘is not strictly octahedral but
compressed along a C3 axis to give two distinct Ga3 units’’. While the C5Me5

� ligands interact
with the gallium atoms in an �5 fashion, the authors argue that the ‘‘orientation of the C5Me5

�

ligands with respect to the M6 core is consistent with a second order Jahn–Teller effect. It is
important to note that other gallium clusters have been reported. For example, clusters containing
nine, Ga9(CMe3)9,

101 and twelve, [Ga12(Flu)10]
2�(Flu= fluorenyl),102 gallium atoms have recently

been prepared and characterized.

Figure 32 Solid-state structure of [{(Me3Si)3C}6Ga8].
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3.4.2.6.2 Radical anions and multiple bond character

The concept of a Ga–Ga bond with multiple bond character has only recently been brought to the
fore. Perhaps the most compelling studies are those that provide a direct ‘‘gallane’’ to ‘‘gallene’’
comparison. The first gallane, [(Me3Si)2HC]2GaGa[CH(SiMe3)2]2 (Ga–Ga: 2.541(1) Å), was reduced
with ethyllithium to give the radical anion [(Me3Si)2HC]2GaGa[CH(SiMe3)2]2

�(Equation (17)):103

(Me3Si)2HC

(Me3Si)2HC

Ga Ga

CH(SiMe3)2

CH(SiMe3)2

CH3CH2Li

 2 TMEDA

[Li(TMEDA)2]

(Me3Si)2HC

(Me3Si)2HC

Ga Ga

CH(SiMe3)2

CH(SiMe3)2

ð17Þ

The Ga–Ga bond in the radical anion was determined to be 3.401(1) Å, a decrease of 0.14 Å from the
neutral gallane. While the data strongly supports a measure of p-bonding among the gallium atoms,
the coordination about the metal centers is unchanged from the neutral gallane (three-coordinate
trigonal planar). Others have obtained similar results in different gallane to gallene comprisons.104

3.4.2.6.3 Cyclogallenes and metalloaromaticity

One of the more exciting developments in the coordination chemistry of gallium in the past few
years has been the realization of metalloaromaticity. Metalloaromaticity, by definition, is trad-
itional aromaticity exhibited by a metallic ring system rather than a carbon ring system. The first
metalloaromatic compound was prepared by the sodium metal reduction of (Mes2C6H3)GaCl2 to
give Na2[(Mes2C6H3)Ga]3 (Figure 33).105 As shown, the gallium atoms are three-coordinate in
virtually idealized trigonal planar environments. The Ga–Ga–Ga bond angles within the ring are
60.01(1)�, while the Ga–Ga bond distance is 2.441(1) Å. The potassium-based cyclogallene,
K2[(Mes2C6H3)Ga]3, has also been reported.106 In these compounds, the sodium atoms are not
engaging in any meaningful metal–metal bonding with the gallium atoms (sodium–gallium
approach: 3.1 Å). The sodium atoms appear to be assisted by subtle interactions with the
�-cloud of the m-terphenyl ligands. Various computational quantum chemistry calculations, in
addition to agreement with Schleyer’s NICS (Nucleus Independent Chemical Shift),107 have
confirmed the metalloaromatic natures of these compounds.108,109

Figure 33 Solid-state structure of Na2[(Mes2C6H3)Ga]3.
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3.4.2.6.4 Ga–Ga triple bonds

Sodium metal reduction of [(Pri3C6H2)2C6H3]GaCl2 does not result in a compound containing
three-coordinate gallium atoms (like the cyclogallenes), rather, a most unexpected compound
containing two-coordinate gallium atoms is isolated, Na2[{(Pr

i
3C6H2)2C6H3}Ga�

Ga{C6H3(C6H2Pr
i
3)2}] (see Figure 34).

110 The two-coordinate nature of each gallium atom simply
consists of one sterically demanding ligand and the other gallium atom. Again, the sodium atoms
do not appear to be engaging the gallium atoms. The Ga–Ga bond distance of 2.319(3) Å is
noteworthy as being very short. Even though the bond angles about the two gallium atoms are
decidedly nonlinear at angles of 128.5(4)� and 133.5(4)�, the authors referred to this compound as
a gallyne—the first example of a gallium–gallium triple bond. While this description of the
bonding was initially challenged,111 the compelling nature of the compound is well documen-
ted.112,113 Subsequent computational quantum chemistry calculations, including bond order
analysis, provided a firm basis for the triple bond description.114,115 Review articles have been
published on the concept of triple bonding between two gallium atoms.116–118
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57. Dohmeier, C.; Robl, C.; Tacke, M.; Schnöckel, H. Angew. Chem., Int. Ed. Engl. 1991, 30, 564–565.
58. Gauss, J.; Schneider, U.; Ahlrichs, R.; Dohmeier, C.; Schnöckel, H. J. Am. Chem. Soc. 1993, 115, 2402.
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67. Pluta, C.; Pörschke, K.-R.; Kruger, C.; Hildenbrand, K. Angew. Chem., Int. Ed. Engl. 1993, 32, 388–390.
68. Beagley, B.; Schmidling, D. G.; Steer, I. A. J. Mol. Struct. 1974, 21, 437.
69. Malone, J. F.; McDonald, W. S. J. Chem. Soc. (A) 1970, 3362–3367.
70. Beachley, O. T.; Churchill, M. R.; Pazik, J. C.; Ziller, J. W. Organometallics 1986, 5, 1814–1817.
71. Du, C.-J. F.; Hart, H.; Ng, K.-K. J. Org. Chem. 1986, 51, 3162–3165.
72. Li, X.-W.; Pennington, W. T.; Robinson, G. H. Organometallics 1995, 14, 2109–2111.
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3.5.1 INDIUM

3.5.1.1 Introduction

The metallic element indium is the second heaviest member of the group 13 family. Indium has
the electronic configuration of [Kr]4d105s25p1, and forms compounds in the oxidation states I, II,
and III. Coordination compounds with indium in the trivalent state are the most common. In this
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chapter, primarily the developments in indium coordination chemistry since the early 1980s will
be surveyed. Comprehensive Coordination Chemistry-I (CCC, 1987) is an excellent reference source
for pre-1980 work.1 In general, organometallic compounds are outside the scope of this chapter.
Still, there is a huge body of literature that covers various aspects of indium coordination
chemistry. Fortunately, there are several treatises pertinent to the coordination, organometallic,
and general chemistry of indium.1–21 For categories where there is a large amount of more recent
work, and for early background material, the reader will be directed to some of these sources for
more detailed coverage of the topic.

3.5.1.2 Indium (III)

3.5.1.2.1 Group 14 ligands

(i) Carbon ligands

The vast majority of molecules that belong to this category are organoindium compounds.
Review articles on the chemistry of such compounds are available.11–14 Although the carbon
monoxide complexes of indium are unknown, the isoelectronic cyanide ligand forms thermally
stable adducts with indium(III). During the attempted synthesis of indium oxycyanide by the
action of cyanogen on indium oxyiodide, the monoclinic form of In(CN)3 was obtained in low
yield as a by-product.22 Recently, a new form of indium(III) cyanide has been prepared in
excellent yield by a low-temperature solution method, using InCl3 and Me3SiCN as starting
materials.23 X-ray crystallographic data show that In(CN)3 has a cubic structure with an octa-
hedrally coordinated indium atom surrounded by an average of three carbon and three nitrogen
atoms. This material readily, and reversibly, incorporates Kr gas into the empty cavities to form
In(CN)3�Kr.23

(ii) Silicon, germanium, tin, and lead ligands

A few silyl complexes of indium(III) are known. The homoleptic trimethylsilyl derivative
In(SiMe3)3 was reported in 1969.1 It is a highly thermally, light- and oxygen-sensitive compound.
Compounds with higher thermal stability have been obtained using sterically more demanding
silyl ligands. For example, {(Me3Si)3Si}2In(�-Cl)2Li(THF)2 (1) has been prepared by treating
InCl3 with {(Me3Si)3Si}Li(THF)3.

24 It features a tetrahedral indium center with an unusually
large Si�In�Si bond angle (139.9(2)�). The synthesis of (t-Bu2PhSi)3In (2),25 {(Me5C5)2Me-
Si}2InMe,26 and the silyl indium halides (t-Bu3Si)nInX3�n (X¼ halide, n¼ 1, 2)27–29 and t-Bu2Ph-
SiInCl2

25 have also been reported. The synthesis of (t-Bu2PhSi)3In and (t-Bu3Si)3In involves a
metathesis process between indium(III) halides and the sodium salt of the corresponding silyl
ligand. The {(Me5C5)2Si(Me)}2InMe26 has been obtained in high yield by treating the silylene
(Me5C5)2Si with InMe3. Some of the indium halide derivatives form adducts with oxygen- and
nitrogen-containing donors.25,27,28 For example, the dichlorides react with THF to form t-Bu2Ph-
SiInCl2(THF) and t-Bu3SiInCl2(THF). The monochloride compound (t-Bu3Si)2InCl reacts with
AlCl3 to give an ionic indium species [(t-Bu3Si)2In][AlCl4].

In

(Me3Si)3Si

(Me3Si)3Si

Cl

Cl

Li

O

O

(1)
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(2)

Si

Ph

t-Bu

In

t-Bu

Si

Si

Ph

t-Bu

t-Bu

Ph

t-Bu
t-Bu

Compounds with In�Ge (e.g., (Et3Ge)3In)
1 and In�Sn bonds are rare. A series of stannyl

compounds of the type Ph3SnInX2(TMEDA) with apparently five-coordinate indium centers have
been obtained from the reaction between InX in toluene/TMEDA (X¼Cl, Br, I) and Ph3SnX.

30

The treatment of Ph3SnInCl2(TMEDA) with Et4NCl leads to [Et4N][Ph3SnInCl3]. The compound
L2InSnPh3 (L¼ 2-[(dimethylamino)methyl]phenyl) can be synthesized using the chloro derivative
L2InCl and the sodium salt of SnPh3

�.31 There are no reports of coordination compounds with
In�Pb bonds.

3.5.1.2.2 Group 15 ligands

(i) Nitrogen ligands

(a) Neutral monodentate nitrogen ligands. Neutral nitrogen donors form a variety of adducts
with indium in the trivalent state. Indium salts, in particular those with weakly coordinating
anions such as BF4

�, NO3
�, or ClO4

�, form cationic species like [In(en)3]
3þ, [In(py)6]

3þ,
[In(bipy)3]

3þ, and [In(phen)3]
3þ.1,3,4 The formation of adducts containing acetonitrile donors,

e.g., [In(NCMe)6](BF4)3, is also established.32 The cation [In(NH3)6]
3þ is present in liquid ammo-

nia.1 However, X-ray crystal structural data are not available. An ammonia adduct
InF2(NH2)(NH3) has been prepared by reacting ammonium fluoride and indium nitride in super-
critical ammonia.33 The solid-state structure consists of octahedral indium moieties linked by
fluoride and amide ligands. In addition, each indium atom is coordinated to one terminal F and
one terminal NH3 molecule.

(b) Azide, NCO, and NCS ligands. Indium nitride is an important semiconductor material.34

Relatively milder routes (ideally below 600 �C) are preferred for the generation of indium nitride, due
to its low thermal stability. Thus there is a constant need for new precursor material that generates
InN under low-temperature conditions. One impetus for studying indium complexes of nitrogen-
ligand compounds such as azido and amido derivatives is their potential utility in InN-related
applications.
The isolation of several indium(III) adducts containing azide groups has been reported. These

include Cl2InN3, Br2InN3, Cl2InN3(py)2, Cl2InN3(THF)2, [(py)2Na][(py)2In(N3)4], (py)3In(N3)3,
(2,20,200-terpyridine)In(N3)3, and (2,20,200-terpyridine)In(N3)2(O2C(CH2)2CH2OH).

35–39 Syntheses
of [(py)2Na][(py)2In(N3)4], (py)3In(N3)3, (2,2

0,200-terpyridine)In(N3)3, and (2,20,200-terpyridine)In-
(N3)2(O2C(CH2)2CH2OH) involve the use of InCl3 and sodium azide in the initial step.36,38,39

Haloindium azides Cl2InN3, Br2InN3, Cl2InN3(py)2, and Cl2InN3(THF)2 have been synthesized,
starting with the appropriate indium(III) halide and Me3SiN3.

35 They are reported to have
relatively high thermal stability. In(N3)3, in contrast, is an explosive solid; Lewis-base adducts
like (py)3In(N3)3 and (2,20,200-terpyridine)In(N3)3 are relatively less dangerous.
The pyridine adduct (py)3In(N3)3 (3) is monomeric in the solid state. The indium atom adopts

mer-octahedral geometry. In pyridine, the IR absorption bands corresponding to azide stretch
appear at 2,084, 2,068, and 2,055 cm�1. Cl2InN3(THF)2 (4) forms dimers in the solid state, with a
planar In2N2 core. Azido groups occupy the bridging sites. The X-ray crystal structures of
[(py)2Na][(py)2In(N3)4] and (2,20,200-terpyridine)In(N3)2(O2C(CH2)2CH2OH) have also been
reported.
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A few cyanate complexes of indium are reported. These include In(NCO)3(py)3,
In(NCO)3(DMSO)3, and anionic species like [In(NCO)3]

�.40,41 Indium(III) adducts containing
different ligand combinations of cyanate, fluoride, and water have been investigated using NMR
spectroscopy.42 The thiocyanate (or more correctly, isothiocyanate, considering the common
mode of bonding with indium(III)) derivatives are relatively more common.115In NMR spectros-
copy was used to study the reactions of indium(III) halides with halide and pseudohalide ions,
and to observe NCS� and NO2

� complexes of indium(III).43 The detection of N-bonded
[In(NCS)6]

3� and [In(NO2)6]
3�, and the unique four- to six-coordination equilibrium, were

observed between these and the tetracoordinated anions. The X-ray crystal structure of
[Bu4N]3[In(NCS)6] reveals that the six isothiocyanate ligands coordinate to indium octahedrally
through the nitrogen atoms.44 A calorimetric study of the coordination behavior of isothiocyanate
ions in DMF has indicated the formation of [InNCS(DMF)5]

2þ, [In(NCS)2(DMF)4]
þ,

[In(NCS)3(DMF)3], [In(NCS)4]
�, and [In(NCS)5]

2�.45 Indium(III) isothiocyanate has been synthe-
sized from InCl3 and KSCN, and used in the preparation of ionic salts containing
[In(NCS)4(bipy)]

� and [In(NCS)4(py)2]
� anions, as well as compounds with indium-transition-

metal bonds such as [In(NCS){W(CO)3(Cp)}2].
46,47 The solid-state structural data of some of

these ionic isothiocyanate compounds are available.47

(c) Amido and imido ligands. A convenient route to indium(III) amide has been reported. The
reaction of indium(III) iodide with three equivalents of KNH2 in anhydrous liquid ammonia
affords In(NH2)3, which is insoluble in NH3 but dissolves in NH3 solutions containing KNH2 to
produce KxIn(NH2)3þx.

48 Related sodium indium amide may be obtained using a similar route.
The compound Li3In(NH2)6 can be synthesized from a mixture of InI3, LiI, and KNH2. Upon
thermolysis, In(NH2)3, KxIn(NH2)3þx, and NaxIn(NH2)3þx give InN, whereas Li3In(NH2)6
affords Li3InN2.
H2InNH2 has been generated in argon matrices and characterized using IR spectroscopy.49,50

Univalent and divalent indium amide derivatives are also observed under these conditions.
Many indium(III) adducts derived from primary or secondary amido ligands have been

reported.51 Syntheses of essentially all nonorganoindium amido complexes involve a salt-elimin-
ation process. The compound (THF)3Li(�-Cl)Cl2InN(SiMe3)(Dipp) (5) (Dipp¼ 2,6-(i-Pr)C6H3)
represents a rare dihaloindium amide. It is obtained by the reaction of InCl3 with LiN(SiMe3)
(Dipp) in tetrahydrofuran.52 Although this reaction leads to the formation of an In�N bond, the
LiCl elimination is incomplete. The phosphoranylidiniminodium(III) adduct [Cl2(DMF)-
In(NPPh3)]2 also has different ligands, in addition to nitrogen-based donors bonded to the indium
atom. It is a dimeric molecule with pentacoordinate indium sites and NPPh3 bridges.53 The
bromo derivative BrIn(tmp)2 (tmp¼ 2,2,6,6-tetramethylpiperidinato) is reported to be monomeric
in solution and in the gas phase.54

The compounds In[N(SiMe3)2]3,
55 In(tmp)3,

54 In[N(H)(2,4,6-(t-Bu)3C6H2)]3,
56 In(NEt2)3,

57

In(NCy2)3,
58 In[N(SiMe3)Ph]3, In[N(SiMe3)t-Bu]3, and In[N(SiHMe2)t-Bu]3 have been obtained

as solvent- or halide-free indium(III) adducts via a metathesis route.59 The use of smaller amido
groups may lead to solvent-coordinated products or ‘‘ate’’ complexes. For example, the diethyl
ether-coordinated compound (Et2O)In[N(SiMe3)Ph]3 (6) was obtained initially during the synthe-
sis of In[N(SiMe3)Ph]3 using InCl3 and LiN(SiMe3)Ph in Et2O. However, the coordinated ether
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can be removed easily by dissolving the adduct in CH2Cl2, followed by the removal of solvent
under reduced pressure. The attempted synthesis of In[N(SiMe3)Me]3 in Et2O formed Li{In[N-
(SiMe3)Me]4}.

59 However, the tris-amido adduct (py)In[N(SiMe3)Me]3 may be obtained by per-
forming the reaction in pyridine. The neutral indium(III) complex (py)In(NPh2)3 (7) can be
synthesized using InCl3 and LiNPPh2 in pyridine.59 [Li(THF)4][ClIn(NPh2)3] (8) is obtained if
the reaction is carried out in THF. The pyridine coordinated (py)2In[N(H)(2,6-(i-Pr)2C6H3)]3 (9)
and the p-(dimethylamino)pyridine adducts (p-Me2Npy)In[N(SiHMe2)t-Bu]3 and (p-Me2N-
py)In[N(SiMe3)Me]3 have also been reported.56,59 The reaction of InCl3 with 3 or 4 equivalents
of LiNCy2 (Cy¼ cyclohexayl) affords only the neutral, trigonal-planar In(III) derivative
In(NCy2)3.

58 The use of 4 equivalents of LiN(CH2Ph)2, however, leads to the ionic product
[Li(THF)4][In{N(CH2Ph)2}4].
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The solid-state structures of In[N(SiMe3)2]3,
60 In(tmp)3, and In[N(H)2,4,6-(t-Bu)3C6H2]3 show

that they are monomeric molecules with planar, three-coordinate indium centers. In[N(SiMe3)2]3
reacts with CsF in toluene to produce [Cs(toluene)3][FIn[N(SiMe3)2]3.

61 The solid-state structure
shows an essentially linear Cs–F–In moiety (174�). The four-coordinate indium(III) complexes
(Et2O)In[N(SiMe3)Ph]3 (6), (py)In(NPh2)3 (7), and (p-Me2Npy)In[N(SiHMe2)t-Bu]3 have severely
distorted tetrahedral metal sites (closer to the planar In(amido–N)3kernel).

59 The compound
[Li(THF)4][ClIn(NPh2)3] (8) features a four-coordinate indium atom with the expected tetrahedral
geometry. The X-ray crystal structure of (py)2In[N(H)(2,6-(i-Pr)2C6H3)]3 (9) shows a five-coordin-
ate, trigonal-bipyramidal indium center in which the axial sites are occupied by the two pyridine
molecules.56 Crystalline (p-Me2Npy)Li{In[N(SiMe3)Me]4} has been obtained by treating
Li{In[N(SiMe3)Me]4} with p-(dimethylamino)pyridine, and characterized using X-ray crystallo-
graphy.59

One of the main interests in indium amides has been their potential utility as single-source
precursors for indium nitride materials. They also serve as starting materials in the synthesis of
various other indium compounds. For instance, amides such as In(NEt2)3 and In[N(SiMe3)t-Bu]3
react with alcohols or thiols to produce indium(III) alkoxides or thiolates, respectively.
The reaction of InX3 (X¼Cl, Br, I) with two equivalents of LiN(H)(t-Bu) led to imido

derivatives [In4X4(t-BuN)4] (10) with In4N4 heterocubane structures. The reaction involving
InBr3 also produced a minor by-product [In3Br4(t-BuN)(t-BuNH)3] (11).
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(d) Multidentate ligands. The dimeric [ClIn(N(Me)SiMe2)2NMe]2 and monomeric LiIn[(NSi-
Me3)2SiMe2]2 complexes feature bidentate amido donors.63,64 The synthesis involves the treatment
of Li2(N(Me)SiMe2)2NMe and Li2(NSiMe3)2SiMe2 with InCl3 at 1:1 or 2:1 molar ratio, respect-
ively. The reaction of Li2(N(Me)SiMe2)2NMe with InCl3 at 4:1 molar ratio affords an indium
(III) compound [Li{In(HN(Me)SiMe2NMe)2(MeNSiMe2NMe)}]2, with a Li2In2Si2N4 adaman-
tane-like core.63

Indium complexes of bidentate nitrogen-ligand systems such as triazenide, amidinate, amino-
troponiminate, and �-ketiminate have been reported. These ligands feature unsaturated ligand
backbones. The reaction of InCl3 with either one or two equivalents of 1,3-diphenyltriazene in the
presence of triethylamine gives an ionic product [HNEt3][InCl2(PhNNNPh)2], rather than the
expected neutral species InCl2(PhNNNPh) or InCl(PhNNNPh)2.

65,66 Interestingly, [HNEt3]-
[InCl2(PhNNNPh)2] reacts with a variety of Lewis bases to produce neutral indium(III)
complexes [InCl2(PhNNNPh)L2] (L¼ pyridine, 3,5-dimethylpyridine, PEt3; L2¼ 2,20-bipyridine,
1,10-phenanthroline, Me2PCH2CH2PMe2, or Et2PCH2CH2PEt2). The [InCl2(PhNNNPh)2]

�

anion has a six-coordinate indium center with a highly distorted octahedral geometry. The
tris(1,3-diphenyltriazenido)indium(III)In(PhNNNPh)3 complex was prepared via an alkyl-
group-elimination route (usually the preferred method for the synthesis of organoindium deriva-
tives) using InMe3 and H(PhNNNPh).65

The amidinate complex {In[CyNC(H)NCy]2Cl}2 (12) may be obtained by treating InCl3 with
two equivalents of Li[CyNC(H)NCy], or by reacting Me2InCl with two equivalents of
H[CyNC(H)NCy].67 It has a dimeric, lantern-type structure with an unusual square-pyramidal
geometry at the indium atoms.67 In this molecule, four formamidinate ligands bridge the two
indium atoms, while the chlorides occupy the apical sites. Bulkier substituents on the ligand
backbone afford indium(III) adducts in which the amidinate serves as a chelating donor. Synthe-
ses of In[CyNC(Me)NCy]2Cl, In[CyNC(t-Bu)NCy]2Cl (13), and In[Me3SiNC(t-Bu)NSiMe3]2Cl, as
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well as the tris(amidinate) derivative In[CyNC(Me)NCy]3, were reported.
68 The crystal-structure

determination of In[CyNC(t-Bu)NCy]2Cl (13) reveals that the indium atom adopts a distorted
trigonal-bipyramidal geometry, with the chloride occupying one of the equatorial positions. The
dichloroindium compound [Me3SiNC(Ph)NSiMe3]InCl2 was obtained via a trimethylsilyl chloride
elimination route.69,70

N

N
In

N

N

Cl
Cy

Cy

Cy

Cy

t-Bu

t-Bu

(13)(12)

Unlike the triazenide or amidinate ligands that form four-membered metallacycles, the amino-
troponiminates coordinate to metal ions forming five-membered metallacycles.71 The dichloro
In(III) adduct [(i-Pr)2ATI]InCl2 (14) ([(Me)2ATI]¼N-i-propyl-2-(i-propylamino)troponiminate)
has been synthesized using InCl3 and [(i-Pr)2ATI]Li.

72 It has a tetrahedral indium center. The
bis(aminotroponiminate) adduct [(Me)2ATI]2InCl (15) was obtained via an oxidative ligand-
transfer process involving [(Me)2ATI]2Sn and InCl.71,73 Its solid-state structure shows a slightly
distorted trigonal-bipyramidal geometry at indium, with the chloride ion occupying one of the
equatorial sites. This molecule shows fluxional behavior in solution at room temperature. Indium
(III) complexes containing bridged aminotroponiminato ligands have also been synthesized. The
indium atom in [(i-Pr)2TP]InCl([(i-Pr)2TP]¼ 1,3-di[2-(isopropylamino)troponiminate]propane) is
five-coordinate and the geometry may be described as a distorted tetragonal pyramid.74 The
chloride ion occupies the apical position. The chloride may be replaced by a t-BuO� group using
t-BuOK to obtain [(i-Pr)2TP]In(OBu

t).
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The �-ketiminate ligands typically form six-membered metallacycles. Synthesis of
[HC{(Me)C(2,6-(i-Pr)2C6H3)H}2]InX2 (X¼Cl (16) or I) via a salt-elimination process has been
reported.75 It features the expected tetrahedral metal sites. An alkyl-elimination method involving
Me3In and 2-(benzylamino)pyridine starting material has been used in the synthesis of the six-
coordinate, tris-ligand complex In[N(CH2Ph)C5H4N]3.

76 The 3-(2-pyridyl)pyrazolate ligand has
been used in the isolation of a dichloroindium(III) derivative.77 In[{(3-Py)Pz}InCl2(DME)]2, the
3-(2-pyridyl)pyrazolate ligand serves as a bridging as well as a chelating ligand for InCl2(DME)
fragments. Each indium atom has an N3Cl2O coordination sphere.
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The dibenzo-tetraaza macrocycle 5,7,12,14-tetramethyldibenzo[b,i][1,6,9,10]-tetraazacyclotetra-
decine (H2TMTAA) is considered to be the intermediate between saturated cyclam-type ligands
and aromatic porphyrin systems.78 Treatment of Li2TMTAA with indium(III) chloride yields
ClIn(TMTAA) (17).78,79 The In–Cl fragment occupies a site above the N4 plane of the saddle-
shaped macrocycle, with indium adopting a square-pyramidal geometry.78 The chloride can be
substituted by -N(SiMe3)2 and -OSiMe3 groups to obtain (TMTAA)InN(SiMe3)2 and
(TMTAA)InOSiMe3, respectively.
Poly(pyrazolyl)borate ligands play an important role in indium coordination chemistry.80

Indium(III) adducts of bis-, tris-, and tetrakis(pyrazolyl)borates have been synthesized and the
structures and chemistry have been investigated. The reaction of [H2B(Pz)2]K (Pz¼ pyrazolyl)
with In(NO)3 or InCl3 at 3:1 molar ratio affords [H2B(Pz)2]3In.

81,82 The solid-state data show that
the octahedrally coordinated indium center is surrounded by three puckered bis(pyrazolyl)borate
ligands.81 It is also possible to synthesize [H2B(Pz)2]2InCl and [H2B(Pz)2]InCl2 using InCl3 and
[H2B(Pz)2]K in appropriate proportions.82 The reaction of [H2B(Pz)2]2InCl with CH3CO2Na, or
[H2B(Pz)2]3In with CH3CO2H, leads to the acetate derivative [H2B(Pz)2]2In(O2CCH3).

82

In the absence of adverse steric constraints, the tris(pyrazolyl)borates have a tendency to
produce six-coordinate In(III) complexes. [HB(3,5-(Me)2Pz)3]InCl2(THF),

83 [HB(3,5-(Me)2-
Pz)3]InCl2(NCCH3),

84 [HB(3,5-(Me)2Pz)3]InCl2(3,5-(Me)2PzH),
83 and [HB(3,5-(Me)2Pz)3]InI2(3,5-

(Me)2PzH)
85 have been isolated from reaction mixtures involving [HB(3,5-(Me)2Pz)3]K and

InCl3 or InI3. Cationic, six-coordinate species containing {[HB(3,5-(Me)2Pz)3]2In}
þ and

{[HB(Pz)3]2In}
þ moieties, and the related tris(pyrazolyl)gallate adduct {[MeGa(Pz)3]2In}[InI4],

are known.83,86 They have been obtained as by-products resulting from the disproportionation
of In(I) reagents. Alternative routes to {[HB(Pz)3]2In}

þ involve halide abstraction from
[HB(Pz)3]2InCl using AgBF4, or methyl-group abstraction from [HB(Pz)3]2InMe using
[HNEt3][BPh4], or treating InCl3 with one equivalent of [HB(Pz)3]K.

83 In a toluene/dichloro-
methane solution, [HB(Pz)3]2InCl exists as a mixture of ionic {[HB(Pz)3]2In}Cl and covalent
[HB(Pz)3]2InCl forms. The compound {[HB(Pz)3]2In}{[HB(Pz)3] InCl3} (18) is an interesting
example where there is a six-coordinate anion and a cation in the same molecule. It was obtained
using InCl3 and [HB(Pz)3]K at 2:3 molar ratio in a THF/H2O solvent system.83 X-ray data show
that both indium centers have octahedral geometry.
Tetrakis(pyrazolyl)borate complexes of In(III)83 [B(Pz)4]3In, [B(Pz)4]2InCl, and mixed-ligand

complexes such as [HB(3,5-(Me)2Pz)3]InCl[H2B(Pz)2], [HB(3,5-(Me)2Pz)3]InCl[H2B(3,5-
(Me)2Pz)2], [HB(3,5-(Me)2Pz)3]InCl[HB(Pz)3], and [HB(3,5-(Me)2Pz)3]InCl[B(Pz)4], have been
synthesized.87 All these adducts are believed to feature six-coordinate indium sites. The crystal
structure of [HB(3,5-(Me)2Pz)3]InCl[H2B(Pz)2] shows that the indium center has a distorted
octahedral geometry.
Ligand-substitution chemistry at the indium center has been investigated. Most of these reac-

tions concern the halide substitution of [HB(3,5-(Me)2Pz)3]InCl2(THF) by C-, N-, O-, and
S-based ligands.80 For example, [HB(3,5-(Me)2Pz)3]InCl2(THF) reacts with K2S5 to form the
In(III) polysulfide complex [HB(3,5-(Me)2Pz)3]In(S4)(3,5-(Me)2PzH).

88 The related [HB(3,5-
(t-Bu)2Pz)3]In(S4) is also known, although it was synthesized by treating an In(I) adduct with
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sulfur.89 Metal adducts of formally monovalent indium are obtained by reacting [HB(3,5-(Me)2-
Pz)3]InCl2(THF) with [Fe(CO)4]

2� and [W(CO)5]
2�.90 Several products resulting from the hydrolysis

of tris(pyrazolyl)boratoindium(III) complexes have also been isolated.85

The mixed-ligand complex {[CpCo{P(O)(OMe)2}3]In[HB(Pz)3]}X (X¼ InCl4 (19) or PF6) con-
tains two different tripodal ligands (N3 and O3 type).

91,92 It was synthesized starting from a 1:1:2
mixture of [CpCo{P(O)(OMe)2}3]Ag, [HB(Pz)3]Tl, and InCl3. Interestingly, no homoleptic pro-
ducts (e.g., {[HB(Pz)3]2In}

þ) result from this mixture. However, heating a mixture of {[CpCo-
{P(O)(OMe)2}3]2In}PF6 and {[HB(Pz)3]2In}PF6 for two days in water/MeOH produces {[CpCo-
{P(O)(OMe)2}3]In[HB(Pz)3]}PF6. The indium atom features octahedral geometry with a fac-N3O3

coordination sphere. The related {[CpCo{P(O)(OMe)2}3]In[HB(3,5-(Me)2Pz)3]}[AgCl2] has been
prepared from [HB(3,5-(Me)2Pz)3]InCl2(NCCH3) and [CpCo{P(O)(OMe)2}3]Ag. The synthesis of
{[HB(Pz)3]2In}PF6 using [HB(Pz)3]Tl as a ligand-transfer agent is also described.
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Indium(III) porphyrin complexes have been investigated by many groups.93–113 They are of
interest for applications related to photodynamic therapy, radiolabeled indium chemistry, light-
emitting devices, photovoltaic cells, metal-catalyzed oxidation, and sensors. The indium(III)
chloro derivatives of meso-tetraphenylporphine (TPPH2), meso-tetrakis(p-methoxyphenyl)por-
phine (TMPPH2), and meso-tetrakis(p-tolyl)porphine were reported in the early 1970s.114 Synthe-
sis typically involves the treatment of an indium(III) halide with the free ligand in an acetic acid/
sodium acetate mixture. The indium(III) prophyrin complexes with axial acetate groups, such as
In(TPP)(OAc), In(TPYP)(OAc) (TPYP¼meso-tetra(4-pyridyl)porphyrinato), and In(TMPP)(OAc),
can be obtained directly and in high yield by using In2O3 instead of InCl3 in the above mixture.101

Various other porphyrin-ligand systems, in particular OEP2� (2,3,7,8,12,13,17,18-octaethylpor-
phyrinato), have also been used to complex In(III) ions. Indium(III) porphyrin complexes with
axial halide, N-donor, and O-donor groups (as well as alkyl, aryl, or transition-metal substituents)
have been investigated.96,101,105,107,108,113,115–119

A series of indium(III) porphyrin complexes (porphyrin¼TPP, OEP, Tp-CF3PP) containing
axial tetrazolato and triazolato ligands have been prepared by the cycloaddition reactions of

N

N

N

NN

N

B H

N

N

N

N N

N

BH In

Cl

Cl

Cl

N

N

N

N N

N

BH In

(18)

Indium and Thallium 391



azidoindium(III) porphyrin complexes with nitriles and alkynes. Based on the mode of tetrazole
or triazole linkage, two different isomers are possible (kinetic and the thermodynamic product).
Structural and spectroscopic data reveal that the coordination mode of the tetrazolato or
triazolato group depends on the alkyl or aryl substituent on the azolate moiety.105,120 The crystal
structure of (OEP)InL (L¼ 5-methyltetrazolate (20), 4-phenyltetrazolate (21)) reveals that the
phenyl substituent occupies the tetrazolate ring 4-position, whereas the methyl group prefers the
5-position. The most important factor that determines the bonding mode of the crystallized
product seems to be steric.120 Redox properties and the reactivity towards donors such as pyridine
or N-methyl imidazole have also been described.108,118
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The indium center adopts a square-pyramidal geometry when coordinated to the porphyrin
ligand and a monodentate donor (e.g., (TPP)InCl (22) or 10-(40-N-pyridyl)-5,15,20-triphenylpor-
phyrinatoindium(III) chloride).115,116 The indium atom occupies a site above the plane formed by
the four porphyrin nitrogen atoms. Solid-state structures of six-coordinate indium derivatives
containing chelating bidentate ligands are known. In(TPYP)(OAc) (23) has an asymmetric
bidentate acetato group, whereas in In(TMPP)(OAc) the two In–O(acetato) distances are
equal.101 Synthesis of [indium(III)(octaethyloxophlorin)]2 featuring an oxophlorin ligand has
been reported.121 The X-ray structure shows a centrosymmetric dimer with the two metalla-
oxophlorin units linked by In�O bonding.
Phthalocyanine derivatives of indium(III) have attracted even more interest.94,122–144 Some

indium phthalocyanine adducts show interesting nonlinear optical properties.123,124,134 For exam-
ple, tert-butyl-substituted chloro(phthalocyaninato)indium(III) (t-Bu)4PcInCl (24) is one of the
best substances for optical-limiting applications.134Optical limiters limit the intensity of transmitted
light once the input intensity exceeds a threshold value. This ability is useful for the protection of
sensitive objects, such as human eyes or light sensors from high-intensity light beams.
Synthesis of indium phthalocyanine complexes usually involves the assembly of a ring system in

the presence of an indium source. For example, (t-Bu)4PcInCl(chloro(tetra-(tert-butyl)phthalo-
cyaninato)indium(III)) or (n-C5H11)8PcInCl(chloro(octa-(n-pentyl)phthalocyaninato)indium(III))
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may be synthesized directly from amixture of 4-tert-butylphthalonitrile or 4,5-bis(n-pentyl)phthalo-
nitrile and InCl3 in dry quinoline containing a catalytic amount of DBU.

130 Indium(III) adducts of
various ring-substituted napthalocyanines (e.g., (25)) can also be obtained by using a similar route,
starting with napthalenedicarbonitrile or more reactive diiminoisoindolines and InCl3.

122,145 The
use of indium metal and indium alloys has also been described.128,139–141 The compound PcInI-
(iodo(phthalocyaninato)indium(III)) was synthesized from the reaction of indium powder with
1,2-dicyanobenzene under a stream of iodine.128

Indium(III) phthalocyanine complexes show a rich structural diversity. Compounds like PcInI
are monomeric, with a five-coordinate, square-pyramidal geometry at indium. The indium atom is
located out of the N4 plane, and the phthalocyaninato ring forms a dome shape.128 In general,
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this type of ring distortion is observed when the metal atom is too large (about 0.7 Å or larger) to
fit into the phthalocyaninato core.126 Tetra n-butylammonium salts of cis-[PcInX2]

� (X¼F (26),
Cl, CN, HCO2) compounds have been synthesized starting from PcInCl or cis-[PcIn(OH)2]

�.131 The
X-ray crystal structure of [n-Bu4][PcInF2] (26) shows that the indium center is six-coordinate and
the fluorides occupy cis-sites. Compounds containing the anion [PcInX2]

� (X¼NCO, NO2) are
also known.136,138 The carbonato derivative [n-Bu4][PcInCO3] features a cis-chelating ligand.132
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There are sandwich-type complexes of In(III) featuring phthalocyanine ligands. The neutral
[Pc2In] (27) is an interesting paramagnetic compound in which the In(III) is coordinated to a Pc2�

and to the radical anion Pc��.139 It was obtained by a direct reaction of InMg alloy and 1,2-
dicyanobenzene.139 The magnetic susceptibility measurement exhibits Curie-Weiss behavior.
Structural data show that both halves of the sandwich are equivalent. The indium site is eight-
coordinate and shows distorted square antiprismatic geometry. Compounds with anionic [Pc2In]

�

moieties have also been prepared.126

The iodine-doped, paramagnetic compound [Pc2In](I3)2/3 can be synthesized directly from In–Tl
alloy and 1,2-dicyanobenzene under a stream of iodine.146 The solid-state structure features one-
dimensional stacks of [Pc2In] columns and I3 chains. A triple-decker indium(III) phthalocyanine
complex [Pc3In2], which is diamagnetic, has been obtained by reacting In–Sn alloy with 1,2-
dicyanobenzene at 210 �C.141 Indium atoms are six-coordinate, and are located between the
phthalocyanine rings. An indium(III) derivative of a bicyclic phthalocyanine system has also
been synthesized and structurally characterized.140
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(ii) Phosphorus, arsenic, antimony, and bismuth ligands

Synthesis of ionic indium(III) compounds such as [In(PPh3)4](ClO4)3, [In(AsPh3)4]ClO4, or
[In(diphos)2]ClO4 have been reported.1,3,4

The preparation of nanometer-size isolated particles of group III–V materials such as InP is
very challenging. It has been shown that indium(III) phosphides serve as useful single-source
precursors to such material. The decomposition of (t-Bu2P)3In (which has been obtained by
reacting InCl3 with three equivalents of t-Bu2PLi)

147 in refluxing 4-ethylpyridine leads to nano-
meter-size InP.148 This material shows clear quantum confinement effects. Nanocrystalline InP
has been obtained from a mixture of InCl3 and (Me3Si)3P via dechlorosilylation followed by
thermolysis.149 An intermediate product of this process, believed to be an oligomeric [Cl2InP(Si-
Me3)2]n, has been isolated as a yellow powder.150 A low-temperature route to indium phosphide
involving InCl3, yellow phosphorus, and KBH4 in ethylenediamine is also reported.151 InAs and
InSb may also be obtained via a similar technique.152,153 The reaction of InCl3 with t-Bu2PSiMe3
leads to [(t-Bu2P)2InCl]2 (28), which contains an In2P2 ring.154 Each tetrahedrally coordinated
indium atom is linked by two bridging t-Bu2P groups, a terminal t-Bu2P group, and a terminal Cl
atom.154 Reaction of InCl with the potassium salt of phospholyl anion [K(18-crown-6)][PC4Me4]
has resulted in the indium(III) adduct [(�1-PC4Me4)2In(�-Cl)2K(18-crown-6)] (29).155 This is
believed to be a product of a disproportionation reaction.155 A compound with an In4P4 core
has been observed in [{Cp(CO)3Mo}4In4(PSiMe3)4].

156 The InCl3 reacts with 4 equivalents of
LiPPh2 in tetrahydrofuran to give [Li(THF)4][In(PPh2)4].

157 It is not possible to synthesize the
analogous ‘‘ate’’ complex with bulkier t-Bu2P

� ligands.
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The synthesis of (t-Bu2As)3In via a salt-elimination process has also been reported.147 The
stibido indium(III) complex [(t-Bu2Sb)2InCl]2 (30) was obtained by the interaction of InCl3 with
[t-Bu2SbSiMe3]2.

158 The X-ray crystal structure reveals that it is a dimer with stibido groups,
rather than chlorides, acting as bridges.

(27)
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Reaction of indium(III) chloride with three equivalents of LiN(PPh2)2 in tetrahydrofuran
affords the phosphazenide complex In[(PPh2)2N]3 (31) as a yellow solid.159 The solid-state
structure shows that the six-coordinate indium atom is surrounded by three chelate rings in a
propeller-like conformation.
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3.5.1.2.3 Group 16 ligands

(i) Oxygen ligands

(a) Neutral oxygen ligands. Ionic compounds of indium(III) with neutral oxygen are easily
obtained by using indium salts of weakly coordinating anions. The existence of compounds with
In3þ coordinated to water, dimethyl formamide, dimethyl sulfoxide, acetone, hexamethylphos-
phoramide, and OP(OMe)3 has been established by various methods.1,160–162 X-ray crystallographic
data demonstrate the presence of octahedrally coordinated indium in [In(H2O)6]

3þ and
[In(DMSO)6]

3þ ions.163–165 All the DMSO ligands are O–bonded. The structure of the hydrated
indium(III) ions in aqueous perchlorate and nitrate solutions has been investigated by large-angle
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X-ray scattering and extended X-ray absorption fine-structure techniques.166 Data indicate that
the indium ion is coordinated by six water molecules, and the In�O bond distance in the first
hydration sphere is 2.131(7) Å. Changes in concentration or the anion had no influence on this
distance. This In�O distance is very similar to the In�O distances observed for [In(H2O)6]

3þ ion
in the solid state.164,167

(b) Hydroxide and oxide ligands. Hydrolysis of aqueous indium(III) ions occurs easily, leading
to indium hydroxo species, and finally to insoluble In(OH)3.

1,168,169 This is one of the challenges
associated with designing indium complexes for radiopharmaceutical applications.170 Indium(III)
hydroxide can also be prepared at 0 �C by sonicating an aqueous InCl3 solution.171 It was
obtained as needle-shaped, nanosized material. There are few well-authenticated indium adducts
containing hydroxo ligands.172–174 Indium(III) bromide reacts with 1,4-triazacyclononane (L) to
give LInBr3.

172 The hydrolysis of this adduct in alkaline aqueous solution leads to the first well-
authenticated In(III) �-hydroxo complex. The dithionate salt [L4In4(�-OH)6](S2O6)3 contains
[L4In4(�-OH)6]

6þ cations, with an admantane-like In4(OH)6 skeleton. The hydrolysis of LInBr3
in sodium acetate affords a neutral, oxo-bridged dimer L2In2(�-O)(MeCO2)4. The compound
[In2LCl4(�-OH)2] (L¼ bis[3-(2-pyridyl)pyrazol-1-yl]methane) is also a rare In(III) complex with
bridging hydroxide ligands.173 It has two pseudo-octahedral indium centers with cis,cis,cis-
N2O2Cl2 coordination environments.
The 1,3,5-triamino-1,3,5-trideoxy-cis-inositol (H3taci) ligand (capable of N- or O bonding)

shows an interesting group trend in which the ligand adopts O6, O3N3, and N6 modes of
coordination for trivalent Al, Ga, and Tl ions, respectively.175 The product obtained from the
In(III) system is somewhat different.176 In(NO3)3 reacted with H3taci in MeOH to give [In6O-
(taci)4](NO3)4�8H2O, which was characterized by NMR and mass spectroscopy and by X-ray
crystallography. The crystal structure shows that the central O2� ion is surrounded by six indium
atoms in an octahedral arrangement. This In6O moiety is bonded to four hexadentate taci ligands,
resulting in a larger octahedral In6O13 core.

176

(c) Alkoxide ligands. There is a significant interest in indium alkoxides because of their potential
use as CVD precursors for indium oxide films.177,178 Doped or undoped indium oxide thin films are
used as heat insulators, transparent and conductive ceramics, solar-cell windows, and display panels.
A series of tris(alkoxide) compounds In(OR)3 (R¼Me, Et, i-Pr, n-Bu, s-Bu, t-Bu, pentyl) was reported
in the mid-1970s.179The isopropyl derivative was obtained from a reaction of InCl3 with i-PrONa, and
was used in the preparation of other alkoxides. Subsequent work suggested that this (i-PrO)3In may
not be a simple homoleptic alkoxide. For example, an oxo-centered cluster In5(�5-O)(�3-O-i-Pr)4
(�2-O-i-Pr)4(O-i-Pr)5 can be obtained using the same starting materials under similar conditions.

180,181

More recently it has been shown that indium amides serve as convenient starting materials for
obtaining alkoxide derivatives.178 For example, In[N(SiMe3)t-Bu]3 reacts with t-BuOH, EtMe2-
COH, Et2MeCOH, and i-PrMe2COH to yield dimeric [In(�-OR)(OR)2]2 (R¼ t-Bu (32), EtMe2C,
Et2MeC, and i-PrMe2C) alkoxides. Indium alkoxides with less bulky substituents have also been
prepared, e.g., (i-PrO)3In and (Et2HCO)3In (33). The (Et2HCO)3In is a tetramer in the solid state,
whereas the insoluble isopropoxide analogue is believed to be a polymeric compound. The
indium(III) amides In(tmp)3 and In(NEt2)3 may also be used as starting materials for preparing
alkoxides. Among this group of alkoxides, [In(�-OCMe2Et)(OCMe2Et)2]2 is reported to be the
best precursor candidate for the deposition of indium oxide films.
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Acidic alkoxides (pKa(O–H) of less than 10–11) also react with In[N(SiMe3)t-Bu]3 to afford
alkoxides.178 However, t-BuNH2 resulting from the amido ligand decomposition often incorpor-
ates into the product. For example, an In[N(SiMe3)t-Bu]3 and 2,6-(i-Pr)2C6H3OH mixture
produces [2,6-(i-Pr)2C6H3O]3In(t-BuNH2)2.
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The reactivity of some of the indium(III) alkoxides has been investigated. Monomeric mol-
ecules can be obtained by treating indium alkoxide aggregates with good Lewis bases, such as
p-(dimethylamino)pyridine. Accordingly, compounds with p-(dimethylamino)pyridine donors,
In(OCEtMe2)3(p-Me2Npy) and In(OCMe3)3(p-Me2Npy)2, were synthesized and structurally char-
acterized. They show four- and five-coordinate indium centers, respectively. The p-Me2Npy
ligands occupy axial positions of the five-coordinate, trigonal-bipyramidal system. The �-diketo-
nate derivative [CH{(t-Bu)CO}2]2In(�-OCMe3)2In(OCMe3)2 has also been obtained by the reac-
tion of In(OCMe3)3 with [(t-Bu)CO]2CH2.
The synthesis and chemistry of indium fluoroalkoxides have also been reported.182 For less

acidic alkoxides, In[N(SiMe3)t-Bu]3 again serves as a good starting point. [In{�-OCMe2-
(CF3)}{OCMe2(CF3)}2]2 was obtained by treating the In(III)amide In[N(SiMe3)t-Bu]3 with
HOCMe2(CF3). More acidic alcohols produce t-BuNH2-incorporated products, such as In{OC-
Me(CF3)2}3(t-BuNH2), In{OCH(CF3)2}3(t-BuNH2)3, and [(t-BuNH3][In{OCH(CF3)2}4 (t-BuNH2)].
Reactions involving In(tmp)3 and In(NEt2)3 amides are less complicated, because they do not contain
hydrolysable N–Si bonds. Synthesis and structures of trigonal bipyramidal [H2NEt2]
[In{OCH(CF3)2}4(HNEt2)] and mer-octahedral In[OCMe(CF3)2]3(py)3 (34) have been reported as
well. Chiral indium alkoxides were obtained by reacting Li2(S)-BINOLate ((S)-BINOL¼ (S)-(�)-
2,20-dihydroxy-1,10-binaphthyl) with InCl3 in tetrahydrofuran.183 Mixed-metal products were
obtained, with three (S)-BINOLate ligands forming a distorted octahedral coordination sphere at
indium.

(d) Multidentate oxygen ligands. Acetylacetonate complexes of indium(III) are also of interest
as potential CVD precursors for the deposition of indium oxide materials. A number of homo-
leptic �-diketonates have been synthesized, including [CH{(Me)CO}2]3In, [CH{(t-Bu)CO}2]3In
and [CH{(CF3)CO}2]3In.

184–191 [CH{(CF3)CO}2]3In can be synthesized from the free ligand and
In(NO3)3, or [CH{(CF3)CO}2]Na and InCl3.

191,192 Indium metal also reacts with bis(diketonato)-
copper(II) derivatives (R1COCHCOR2)2Cu (R

1, R2¼Me, Me; or Ph, Ph; or Me, Ph; or Me, t-Bu)
to afford tris(diketonato)indium(III) adducts.189 The use of the parent diketone and In(OH)3
to prepare indium(III) diketonates has been described as well.
X-ray structural data are available for some of these adducts.184,193 The structure of

[CH{(CF3)CO}2]3In has been determined by gas-phase electron diffraction.192 The coordination
geometry at indium is described as distorted octahedral. The compounds [CH{(Me) CO}2]3In and
[CH{(t-Bu)CO}2]3In have been used as precursors for indium oxide materials.194–197

A liquid–liquid extraction study using several �-diketones and Al3þ and In3þ ions reveals that
the metal-ion extraction ability of �-diketone ligands depends on the distance between the two
oxygen atoms and the interligand distance.190 The ligands MeCOCH2COMe and PhCOCH2-
COMe extract both smaller Al3þ and larger In3þ ions well. The PhCOC(Ph)HCOMe does not
extract In3þ, because the phenyl group at the �-position prevents PhCOC(Ph)HCOMe from
widening its bite size to accommodate the larger indium ion. Ligands with bulky terminal
substituents, e.g., PhCOCH2COPh, allow only the larger In3þ ion to be readily extracted.
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Mono-, bis-, and tris-monothio-�-diketonate complexes of In(III) have been prepared.186,198–201

The crystal structure of In(PhCSC(H)COPh)3 (35) shows that the indium has a distorted octahedral
coordination with a fac arrangement of the S and O ligand atoms.
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Tris(tropolonato)indium(III) may be prepared in water from tropolone and indium(III) nitrate.202

The indium center shows octahedral coordination. This tropolonato adduct is lipid-soluble and
may be of radiopharmaceutical interest. The stability of adducts formed between trioctylphos-
phine oxide and tris(tropolonato)indium(III) has been investigated experimentally and computa-
tionally.203 Unlike the gallium analogue, the indium complex can accommodate trioctylphosphine
oxide while increasing its coordination number to seven. The thallium analogue can also take in
one trioctylphosphine oxide. Indium derivatives of other chelating oxygen donors such as quin-
ones,204–207 �-pyrone,208 and pyridinone 209–217 have also been reported.
Indium halides react with t-butyl substituted orthoquinones to give either catecholate or

semiquinonate complexes. For example, InI3 reacts with two equivalents of (TBSQ)Na
(TBSQ¼ 3,5-di-tert-butyl-1,2-benzosemiquinonate) to afford a paramagnetic product (TBSQ)2InI.

206

The EPR data of (TBSQ)2InI show characteristic signals attributable to semiquinonate (an anion
radical) ligands bonded to an indium(III) center (with AIn¼ 7.2G). Hyperfine constants for
coupling to 115In (I¼ 9/2) are about 5–7 G for similar In(III) adducts (for comparison, the
monovalent derivatives show higher coupling constant values in the 9–10G range).218 Although
the (TBSQ)2InI species is present in solution, attempts to obtain a crystalline product by coordin-
ating 4-methylpyridine molecules to indium led to the formation of the catecholate (TBC)
derivative [(TBC)InI(4-Mepy)2]2 (36). Crystalline indium(III) complexes containing semiquinonate
ligands are known. For example, solid (TBSQ)InI2(4-Mepy)2 can be obtained starting either with
indium(II) iodide or InI3. The compound (TBSQ)InBr2(4-Mepy)2 (37) has been obtained starting
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with InBr3. The crystal structures of (TBSQ)InX2(4-Mepy)2 (X¼Br, I) show that indium has a
pseudooctahedral O2N2X2 coordination sphere.205,219

O In
Ot-Bu

t-Bu

I

OIn
O t-Bu

t-Bu

I

N

Me

N

Me

N

Me

N

Me

(36)

t-Bu

t-Bu O

O

In

Br

Br

N

N

Me

Me

(37)

The chemistry of quinolinolato derivatives of In(III) has been investigated.220–223 The crystal
structure of tris(8-quinolinolato)indium(III) reveals that the indium has a pseudo mer-octahedral
N3O3 coordination sphere. The 111In analogue of this compound is useful for radiolabeling
applications of white blood cells or platelets.170,224,225

Indium carboxylates and related compounds such as acetate, formate, and oxalate derivatives
have been synthesized and investigated by various methods.1,3,4,226 The structures of the In(III)
oxalate complexes [In2(C2O4)3(H2O)4]�2H2O, NH4[In(C2O4)2]�2H2O, and Na[In(C2O4)2]�2H2O
have been studied using X-ray crystallography.227 Thermal decomposition of NH4[In-
(C2O4)2]�2H2O leads to indium oxide.228 The thermal behavior of mixed indium–thallium salts
has also been examined.229,230 Thermal decomposition of indium(III) formate provides another
route to indium oxide materials.231 It is possible to synthesize indium oxalato complexes with
fluoride ligands. The preparation of In(C2O4)F and [In(C2O4)F2]

� has been reported.232
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(e) Polyoxyanion ligands. Indium(III) compounds of polyoxyanions such as nitrate, sulfate,
phosphate, and chlorate are well known.1,4 Some of the work on indium phosphates in the late
1990s centered on developing different three-dimensional structures using organic templates.233–242

Indium phosphonate derivatives have also been investigated as building blocks for preparing
materials with well-defined internal spaces.243–246

Several periodato complexes of indium(III) have been obtained by using In(NO3)3 and H5IO6.
At pH< 1, a crystalline product H11I2InO14 forms.247 At higher pH, insoluble, amorphous
material of composition In5(IO6)3�nH2O and H3In4(IO6)3�nH2O was produced.

(ii) Sulfur, selenium, tellurium ligands

(a) Neutral sulfur ligands. Neutral, sulfur-based donors, such as thioether and thiourea, form
adducts with indium ions. The tridentate 1,4,7-trithiacyclononane reacts with InCl3 to form a 1:1
adduct.172 Structural data are not available. Cationic, neutral, and anionic indium(III) complexes
of thiourea have been described.4,248,249

(b) Thiolate ligands. Alkyl and aryl thiolate derivatives of indium(III) can be synthesized by
several methods. For example, In(SEt)3, In(S-n-Bu)3, and In(SCMe2Et)3 have been synthesized by
an electrochemical method using an indium anode and the appropriate thiol in an acetonitrile
medium.250 This method also allows the synthesis of aryl thiolate complexes like In(SPh)3,
In(SC6F5)3, In(S-p-tolyl)3, and In(SC10H7)3, as well as low-valent indium thiolates. A metathesis
route (involving InCl3 and NaSPh)

251 and an oxidative addition pathway (using indium metal and
PhSSPh)252 to In(SPh)3 are also available. In[S(2,4,6-(t-Bu)3C6H2)]3 (38) has been synthesized
by an amine-elimination process253 using In[N(SiMe3)2]3 and three equivalents of 2,4,6-
(t-Bu)3C6H2SH in toluene. It is a rare monomeric indium thiolate, and has a trigonal-planar
indium center. The steric bulk of the ligand obviously prevents aggregation. In[N(SiMe3)t-Bu]3
serves as a good starting point for In(S-t-Bu)3 and In(S-i-Pr)3.

254 The compound In(S-t-Bu)3 is
believed to be a dimer, whereas In(S-i-Pr)3 is a polymeric solid.
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In[S(2,4,6-(i-Pr)3C6H2)]3 is a yellow oil at room temperature.255 Solid samples containing
In[S(2,4,6-(i-Pr)3C6H2)]3 may be obtained by coordinating THF or acetonitrile to the indium
atom. In[S(2,4,6-(i-Pr)3C6H2)]3(THF) and In[S(2,4,6-(i-Pr)3C6H2)]3(CH3CN)2 have been structur-
ally characterized. The thiolate ligands of the indium(III) complexes [2-(MeO)-5-(Me)C6H3-S]3In
and [o-(Me2NCH2)C6H4S]3In have additional O- and N-donor sites.255 An electrochemical route
has been utilized to synthesize In[2-(Ph2P)C6H4S]3, In[2-(Ph2P)-6-(Me3Si)C6H3S]2[2-(Ph2PO)-6-
(Me3Si)C6H3S], In[2-(Ph2PO)-6-(Me3Si)C6H3S]3, and [NMe4][In{PhP(C6H4S-2)2}2].

256 The add-
itional P- and/or O donors present on these thiolate ligands coordinate intramolecularly to indium
forming octahedral structures with InS3P3, InS3P2O, and InS4P2 cores, respectively. The compound
In[2-(Ph2P)C6H4S]3 (39) shows the mer-conformation. Phosphorus atoms of [In{PhP(C6H4S-2)2}2]

�

anion occupy cis-sites of an octahedron.
The Lewis-acidic property at the indium center also allows the synthesis of In(S-t-Bu)3(py),

In(S-t-Bu)3(p-Me2Npy)2,
254 In(SPh)3(py)2,

257 and In[S(2,4,6-(CF3)3C6H2)]3(Et2O).
258 X-ray crys-

tallographic data are available. The compounds In(S-t-Bu)3(p-Me2Npy)2 and In(SPh)3(py)2 have

Indium and Thallium 401



trigonal-bipyramidal structures, with the apical sites occupied by pyridines. The In(S-t-Bu)3(py)
and In[S(2,4,6-(CF3)3C6H2)]3(Et2O) have four-coordinate, tetrahedral indium atoms.
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Synthesis of indium(III) thiolates containing halide donors have also been reported. The
oxidative addition reactions of InX (X¼Cl, Br, I) with PhSSPh yields (PhS)2InX.

4,259 Related
selenolates can also be synthesized, using PhSeSePh instead of PhSSPh.259

Ionic indium(III) thiolate compounds [Ph4P][In(S-t-Bu)4] and [Ph4P][In(SCH2CH2S)2] were
obtained using InCl3 and the appropriate thiolate t-BuSK or NaSCH2CH2SNa in the presence
of a PPh4

þ salt. The synthesis of [XIn(SPh)3]
� (X¼Cl, Br, I) salts was achieved by treating

In(SPh)3 with tetraalkyl ammonium salts.251 Anionic moieties have four-coordinate, tetrahedral
indium atoms. The first indium–copper cluster [Ph4P][Cu6In3(SEt)16] has been prepared, using
[Cu(CH3CN)4]PF6 and [Ph4P][In(SEt)4]. Its crystal structure shows an adamantanoid Cu6In3S13
framework (40).260
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One of the primary interests in indium thiolates concerns their potential utility as precursors for
chemical vapor deposition of indium sulfide and related materials. Thermal decomposition of
In[S(2,4,6-(i-Pr)3C6H2)]3, [2-(MeO)-5-(Me)C6H3S]3In, and [o-(Me2NCH2)C6H4S]3In leads to
In2S3.

255 Indium thiocarboxylates are also useful in this regard.261 A sonochemical method for
In2S3 involves the sonication of InCl3 and thioacetamide in an aqueous solution at room
temperature. At 0 �C, In2O3 was the major product.262 Compounds like [Ph4P][Cu6In3(SEt)16]
are of interest as potential sources of InCuS2 materials. (Ph3P)2AgIn{SC(O)R}4 (R¼Me or Ph),
which is derived from thiocarboxylate ligands, serves as an excellent precursor for AgInS2 and
AgIn5S8 materials. The indium(III) in (Ph3P)2AgIn{SC(O)Ph}4 adopts a distorted octahedral
coordination geometry.263

(c) Chelating anionic sulfur ligands. The chemistry of indium(III) complexes containing bidentate
sulfur donors such as dithiocarbamates [S2CNR2]

�, dithiophosphates [S2P(OR)2]
�, dithiophos-

phinates [S2PR2]
�, and dithioarsinates [S2AsR2]

� has been investigated.264–283 The synthesis of
In[S2CNEt2]3 using a weakly acidic solution of an indium salt and sodium diethyldithiocarbamate
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was reported many years ago, in the early 1940s.284 Since then, many different tris(dialkyldithio-
carbamates) complexes of indium, including In[S2CNR2]3 (R¼Me, Et, n-Pr, i-Pr, n-Bu, i-Bu),
have been synthesized and characterized structurally, spectroscopically, and by thermodynamic
methods.267,269,273–275,277,279,280,284 Their use in the preparation of indium sulfide material, how-
ever, is more recent.265,275,285 For example, the tris(dialkyldithiocarbamates) In[S2CN(Me)n-Bu]3
and In[S2CN(Me)n-hexyl]3 serve as excellent precursors for depositing In2S3 films under CVD
conditions.285 Indium(III) derivatives containing internally functionalized dithaiocarbamate
ligands, [S2CN(CH2CH2)2O]

�, (41), and [S2CN(CH2CH2)2NMe]�, are also known.264,265
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A common route to synthesis involves the use of InCl3 and the sodium salt of dialkyldithio-
carbamate.264,284 This method also allows the isolation of mixed-ligand adducts, e.g., Cl2In-
[S2CN(CH2CH2)2O], ClIn[S2CN(CH2CH2)2O]2, O(CH2CH2S)2In[S2CN(CH2CH2)2O], and
O(CH2CH2S)2In[S2CN(CH2CH2)2NMe].264 A related, but much simpler method uses an acidic
solution of In(III) (generated from indium metal and HCl) and dialkylammonium dialkyldithio-
carbamate ([R2NH2][S2CNR2], synthesized from R2NH and excess CS2 in acetone).269 Upon
treatment of this mixture with NaOH, In[S2CNR2]3 (R¼Me, Et, n-Pr, i-Bu) precipitates as a
white solid. In[S2CNMe2]3 has been obtained from a reaction of Me2NC(S)SS(S)CNMe2 with
indium metal in refluxing xylene. The diethyl analogue could not be obtained by this method.269

The same reagents react in 4-methylpyridine at room temperature to afford In[S2CNMe2]3.
267,274

Electrochemical methods that use a sacrificial indium anode and Me2NC(S)SS(S)CNMe2 are also
reported.269,276,277 Reaction of InX (X¼Cl, Br, I) with Et2NC(S)SS(S)CNEt2 gives In[S2CNEt2]3.

269

This reaction is believed to go through an XIn[S2CNEt2]2 intermediate.
Tris(dialkyldithiocarbamato)indium(III) compounds In[S2CNR2]3 exist as discrete molecules

with distorted octahedral indium sites.264,280 The related In[S2COEt]3 has a similar structure.286

The five-coordinate ClIn[S2CN(i-Pr)2]3 displays square-pyramidal geometry.
273 Compounds such

as In[S2CO-i-Pr]3 serve as precursors for indium sulfide films.287

Dialkylmonothiocarbamato derivatives of indium(III) can be prepared using either the sodium
or lithium salt of the carbamate ligand and InCl3. Compounds In[SOCNR2]3 (R¼Et, i-Pr (42))
have been prepared, structurally characterized, and used successfully as single-source precursors
for the deposition of �-In2S3 films by low-pressure MOCVD at temperatures of 300–500 �C.288–290

These monomeric compounds feature a distorted trigonal-prismatic geometry, with mer-O3S3
conformation at indium.
Indium(III) dithiophosphate [S2P(OR)2]

�,270,272,278 dithiophosphinate [S2PR2]
�,266,268,281–283,291

and dithioarsinate [S2AsR2]
� complexes271 contain somewhat similar sulfur-based chelating ligands.

The compound In[S2P(i-Bu)2]3 can be prepared by treating InCl3 with Na[S2P (i-Bu)2].
266

The ammonium salt of the ligand has been used in the synthesis of In[S2P(OR)2]3 (R¼Et,
n-Pr, i-Pr, etc.).272,278 The structurally characterized complexes are all monomeric, and
contain six-coordinate indium atoms with distorted octahedral geometry.266,270–272,281,283,291 More
descriptive, and perhaps more proper, ways of describing the deviations from ideal octahedral
geometry (often observed with these four-membered chelates) were discussed.271 An X-ray
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crystallographic study reveals that In[S2P(i-Bu)2] and Ga[S2P(i-Bu)2]3 are not isostructural,
which is rare for closely related systems of indium and gallium with S/S or O/O chelates.266

The imidobis(diphenylphosphinechalcogenide) ligands [Ph2P(X)NP(X)Ph2]
� (X¼O, S, Se) also

form complexes with indium(III). They feature six-membered, phosphazene metallacycles. The
dithioindium adduct [Ph2P(S)NP(S)Ph2]3In,

292 and the related [Ph2P(O)NP(O)Ph2]3In,
292,293

[Ph2P(Se)NP(Se)Ph2]3In,
294 and [Ph2P(S)NP(O)Ph2]3In

295 have been reported, including their
X-ray crystal structural data. Indium adducts have distorted octahedral geometry. The structure
of the mixed-donor tris(chelate) complex [Ph2P(S)NP(O)Ph2]3 In corresponds to the fac-isomer. It
was prepared by reacting [Ph2P(S)NP(O)Ph2]K with InCl3 in a 3:1 molar ratio. Interestingly, the
attempted synthesis of [Ph2P(S)NP(Se)Ph2]3In by following a similar route leads only to the bis
ligand adduct [Ph2P(S)NP(Se)Ph2]2InCl. It is monomeric, and has a five-coordinate, distorted
trigonal-bipyramidal indium center. The Cl and the Se atoms occupy the equatorial sites. Five-
coordinate indium(III) adducts containing symmetric imidophosphinate ligands have also been
reported. These include [i-Pr2P(S)NP(S)i-Pr2]2InCl, [i-Pr2P(Se)NP(Se)i-Pr2]2InCl, and
[Ph2P(Se)NP(Se)Ph2]2InCl.

296 They were obtained by the 2:1 stoichiometric reaction of the
potassium or the sodium salt of the ligand with InCl3. They all have distorted trigonal-bipyr-
amidal geometry with equatorially bound chlorides.
Indium(III) complexes of dianionic sulfur ligands are mostly those derived from toluene-3,4-

dithiolate (TDT2�), 1,2-dicyanoethylene-1,2-dithiolate (MNT2�), 1,2-ethanedithiol (EDT2�), or
1,1-dicyanoethylene-2,2-dithiolate (i-MNT2�). Various adducts (e.g., four-coordinate [In(MNT)2]

�,
five-coordinate [XIn(i-MNT)2]

2� (X¼Cl, Br, or I), or six-coordinate [In(i-MNT)3]
3�) have

been reported.1,4

A number of indium thiolato complexes containing additional nitrogen-donor sites have
been described in the literature. These include pyridine-2-thionate derivatives In(pyS)3 (43),

282,297

In(3-CF3pyS)3,
298 In(3-Me3SipyS)3,

297 and pyrimidine-2-thionates In(RpymS)3 (R¼H; 4,6-Me2;
5-Et-4,6-Me2; 4,6-(Me, CF3)).

299 The compounds In(pyS)3 and In(3-Me3SipyS)3 were prepared
using In(NO3)3, pyridine-2-thiole derivative and Et3N in ethanol. Under anaerobic conditions in
ethanol and with the use of InCl3 and H(pyS), an alkoxy-bridged dimer [In(pyS)2 (OEt)]2 could be
isolated.297 Electrochemical oxidation of a sacrificial indium anode in a nonaqueous solution
containing the precursor ligand is the method used in the synthesis of In(RpymS)3. It is
considered to be the preferred synthetic route to most of these compounds.298 It is believed that
the electrochemical reactions proceed via indium(I) derivatives.298 Hydrogen gas forms at the
cathode.
Solution NMR spectroscopic data of these tris(ligand) adducts point to the existence of

fac-S3N3 isomers in solution. The same structure is retained in the solid state for In(pyS)3,
In(3-CF3pyS)3, In(3-Me3SipyS)3, and In(pymS)3.

298 However, the compound In(5-Et-4,6-
Me2pymS)3 adopts a mer conformation in the solid state.299 The indium(III) complexes of

In

O

O

S

O

S

SN
N

N
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i-Pr
i-Pr

i-Pr
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1-hydroxypyridine-2-thione (HPT) have also been synthesized by an electrochemical method.300

The In(PT)3 prefers the fac arrangement of ligands in chloroform, but crystallizes in the mer
conformation.

N

S

N

S

In

N

S

(43)

(d) Selenium and tellurium ligands. Group III/V material involving heavier chalcogens is also
of interest.301–303 Thus, as in the case of lighter thiolates, indium(III) selenolates and tellurolates
have been investigated as possible single-source precursors for group III/V materials. However,
compared to indium(III) thiolates, relatively little is known about the structures and properties of
the heavier analogues. Neutral homoleptic complexes [In(SePh)3]n,

257,304 In[Se(2,4,6-
(t-Bu)3C6H2)]3 (44), In[SeC(SiMe3)3]3,

305 In[SeSi(SiMe3)3]3,
305 and In[TeSi(SiMe3)3]3 have been

synthesized.305

Se In

Se

Se

t-But-Bu

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

(44)

The diselenide PhSeSePh reacts with indium metal in refluxing toluene to give In(SePh)3. The
iodo derivative InI(SePh)2 can be obtained by adding iodine to the mixture.252 InCl3 reacts with
three equivalents of (DME)LiSeC(SiMe3)3 to afford In[SeC(SiMe3)3]3, whereas with (THF)2LiSe-
Si(SiMe3)3 a THF adduct (THF)In[SeSi(SiMe3)3]3 was obtained.305 The THF-free compound
In[SeSi(SiMe3)3]3 and the related tellurium derivative In[TeSi(SiMe3)3]3 can be synthesized by
treating Cp3In with HSeSi(SiMe3)3 and HTeSi(SiMe3)3, respectively. The synthesis of In[Se(2,4,6-
(t-Bu)3C6H2)]3 involves an alkane-elimination process between HSe(2,4,6-(t-Bu)3C6H2) and
Et3In.

253 The indium hydride complex InH3(PCy3) and PhMMPh (M¼ S, Se, Te) in DME were
utilized in the synthesis of In(MPh)3(PCy3).

306

The Lewis acidity of the indium center is apparent in the formation of adduct compounds like
In(SePh)3(PPh3)2, In(SePh)3(PCy3), In(TePh)3(PCy3), In(SePh)3(py)2, In(SePh)3(2,2

0-bipy),
In(SePh)3(phen), In[SeSi(SiMe3)3]3(THF), In[SeSi(SiMe3)3]3(py), In[SeSi(SiMe3)3]3(TMEDA),
In[SeSi(SiMe3)3]3(DMPE), and {In[SeSi(SiMe3)3]3}2(�-DMPE) (DMPE¼ 1,2-bis(dimethylphos-
phino)ethane).252,305 Although In[TeSi(SiMe3)3]3 also forms adducts with Lewis bases, attempts
to isolate adduct complexes have resulted in significant decomposition to the indium-free pro-
ducts Te[Si(SiMe3)3]2 and [TeSi(SiMe3)3]2. Note, however, that the In(TePh)3(PCy3) has been
isolated as a thermally stable solid and characterized using X-ray crystallography.306

The indium selenolate [PPh4][In(SePh)4] can be prepared by treating InCl3 with NaSePh,
followed by the addition of [PPh4]Cl.

307 Interestingly, if the product resulting from InCl3 and
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NaSePh is added to a flask containing NaBH4 and elemental sulfur (not Se), a hydroselenido
derivative [In(SeH)(SePh)3]

� can be isolated. Compounds like [PPh4][In(SeH)(SePh)3] with hydro-
selenido ligands are rare.
The treatment of neutral In(SePh)3 with [PPh4]Br also results in a selenolate adduct compound

[PPh4][BrIn(SePh)3].
257 A copper–indium complex with bridging selenolates (Ph3P)2Cu[In(�-

SeEt)2(SeEt)2] was also reported.308 The action of selenium on [HB(3,5-(t-Bu)2Pz)3]In or [(t-
Bu3Si)2In]2 affords [HB(3,5-(t-Bu)2Pz)3]InSe or (t-Bu3SiIn)4Se4 (45), respectively.

29 The tellurium
does not react with [HB(3,5-(t-Bu)2Pz)3]In.

309

Se
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In

In

In

Se

Se

In

t-Bu3Si

Si-t-Bu3

Si-t-Bu3

t-Bu3Si (45)

The indium selenolate complex [2,4,6-(t-Bu)3C6H2Se]3In (44) shows trigonal planar coordin-
ation of the indium atom.253 The compound In[SeSi(SiMe3)3]3 is also monomeric.305 The indium
atom appears to have close contacts with hydrogen atoms of methyl groups. Although the indium
is four-coordinate in {In[SeSi(SiMe3)3]3}2(�-DMPE) (46), it adopts a flattened tetrahedral geom-
etry.305 The anions [In(SePh)4]

� and [In(SeH)(SePh)3]
� (47) and the phosphine adducts

In(MPh)3(PCy3) (M¼ S, Se, Te) feature the expected tetrahedral coordination.306,307 The IR stretching
frequency corresponding to the Se–H stretch appears at 2,241 cm�1. The neutral In(SePh)3 (48) and
(49), which lacks bulky substituents, is polymeric. However, it shows two crystalline modifications,
a monoclinic form (48) that has six-coordinate, octahedral indium centers,257 and a triclinic version
(49) featuring five-coordinate, trigonal-bipyramidal indium sites.304
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SeSiMe3
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Me
Me
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H2C

Me
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(47)(46)

The In(III) adducts [Ph2P(Se)NP(Se)Ph2]3In and [i-Pr2P(Se)NP(Se)i-Pr2]2InCl, containing che-
lating ligands, were described earlier. Dialkylselenocarbamate derivatives of indium, like
In[Se2CN(Me)n-hexyl]3, are useful CVD precursor compounds for the deposition of In2Se3
films.310 In[Se2CN(Me)n-hexyl]3 has been synthesized using InCl3, CSe2, and N-methylhexylamine.
Ternary material CuInSe2 has been prepared from a stoichiometric mixture of In[Se2CN(Me)n-
hexyl]3 and Cu[Se2CN(Me)n-hexyl]2.

311,312 Pyrolysis of In(SePh)3 affords hexagonal films of
In2Se3. In(SePh)3 has also been used in the preparation of III/V material using a spray
MOCVD technique.313
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The pyridineselenolate ([SePy]�) and the 3-(trimethylsilyl) pyridineselenolate ([3-Me3SipySe]
�)

ligands form air-stable, homoleptic In(III) compounds In(SePy)3 and In(3-Me3SipySe)3.
314,315 The

In(SePy)3 has been synthesized by an electrochemical or a thermal method using indium metal
and 2,20-dipyridyldiselenide. Arrangements of the donor atoms of In(SePy)3 (50) and In(3-Me3Si-
pySe)3 around indium correspond to the fac-isomer. The same structures are maintained in
solution, as indicated by the presence of single peak at � 399 in the 77Se NMR spectrum.298

Compound In(SePy)3 decomposes at 220
�C to afford In2Se3.

314

3.5.1.2.4 Group 17 ligands

Indium(III) fluoride, chloride, bromide, and iodide are commercially available compounds. They
are ionic compounds with six-coordinate metal sites.2 The dimeric In2I6 (�-form) is also
known.316,317 Thermal decomposition of (NH4)3InF6 is one of the routes to InF3.

7 InF3-based
glass materials are important in optics-related applications. Unlike the Tl(III) derivative, which
hydrolyses in water, InF3 is insoluble in water. Hydrates of InF3 are obtained by the evaporation
of HF solutions of InF3. The other trihalides of indium (InX3; X¼Cl, Br, I) are hygroscopic
compounds and can be synthesized directly from the elements. InI3 may be obtained easily by
reacting indium with I2 in diethyl ether.318 These halides are widely used as starting materials for
the synthesis of various other indium compounds.
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Indium(III) halides form adducts with a variety of neutral and anionic donors of group 15,
16, or 17 elements. This area has been explored actively for many years. The interest in these
adducts ranges from learning the effects of d 10 configuration on the structure and stability of
complexes, through their possible use as precursors for MOCVD processes (e.g., InN, InP
material), to potential catalytic applications. Types of coordination compound formed by
indium(III) halides (InX3) include InX3L, InX3L2, InX3L3, [InX2L2]

þ, [InX2L4]
þ, [InX4L2]

�,
[InX5L2]

2�, [InX4]
�, [InX5]

2�, and [InX6]
3� (L¼ neutral donor). Note that not all these types are

reported for all the halides. Based on the reported data, chloride derivatives appear to be
the most diverse.
Donor–acceptor complexes involving indium(III) have been investigated using computational

methods.319,320 A recent theoretical study of MX3–D (M¼Al, Ga, In; X¼F, Cl, Br, I; D¼YH3,
YX3, X

�; Y¼N, P, As), using self-consistent field and non-Hartree–Fock/density functional
(B3LYP) methods with effective core potentials, reveals that the donor–acceptor strength
decreases in the order F>Cl>Br> I and Al>Ga< In for all the donors D.320 The study also
finds that for all indium(III)(and Al and Ga) halides, the donor strength follows the order
X�>NH3>H2O>PH3>AsH3>PX3.

(i) Halides and carbon ligands

One of a rare group of donor-acceptor adducts concerns the nucleophilic carbene complexes of indium
(III) halides.321Carbene complexes of boron,322 aluminum,323 gallium,324 and thallium325 have also been
reported. The 1:1 adducts Cl3In[C{N(i-Pr)CMe}2], Br3In[C{N (i-Pr)CMe}2] (51), and 1:2 adducts
Cl3In[C{N(i-Pr)CMe}2]2, Br3In[C{N(i-Pr)CMe}2]2 (52) can be synthesized by treating the appropriate
InX3 (X¼Cl, Br) with either one or two equivalents of ‘‘stable’’ carbene C{N(i-Pr)CMe}2.

321 The
reaction at 1:5metal halide-to-carbene ratio produced only 1:2 adducts, suggesting that the 1:3 complexes
are sterically not viable. The conductivity and the 115In NMR spectra suggest that the solid-state
structures are retained in methylene chloride solutions, and are not in equilibrium with ionic structures
of the type [InX2L2][InX4]. For example, no signals corresponding to [InCl4]

� and [InBr4]
� ions were

observed in 115 In NMR spectra at � 430 and 176, respectively.
The X-ray data reveal that Br3In[C{N(i-Pr)CMe}2] (51) is monomeric and tetrahedral. Both

the 1:2 adducts Cl3In[C{N(i-Pr)CMe}2]2 and Br3In[C{N(i-Pr)CMe}2]2 (52) show essentially
trigonal-bipyramidal indium sites but unusual halide ion coordination, with halide ions
occupying one equatorial and two axial sites. Most 1:2 adducts between indium(III) halides
and neutral donors show three equatorial halides. Ionic compounds featuring {Cl4In[C{N(i-
Pr)CMe}2]}

� and {Br4In[C{N(i-Pr)CMe}2]}
� (53) anions have been obtained by treating a 1:1

mixture of InX3 (X¼Cl, Br) and [C{N(i-Pr)CMe}2] with half an equivalent of water.321 The
resulting ionic compounds {H[C{N(i-Pr)CMe}2]}{X4In[C{N(i-Pr)CMe}2]} are fluxional in
solution at room temperature. Only one set of heterocyclic resonances has been observed
in 1H and 13C NMR spectra for the coordinated carbene and the imidazolium cation.
The anions show trigonal-bipyramidal geometry at indium, with the carbene occupying an
equatorial site.
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Indium halide compounds with ylide donors have been reported.326,327 The reaction of InBr with
CH2Br2 leads to Br2InCH2Br, which upon treatment with PPh3 produces Br3InCH2PPh3. Several other
adducts of the type Br3InCH2L (L¼NEt3, AsPh3, SbPh3, SC(NMe2)2) are also known.

326,327 Some of
these compounds have been analyzed by X-ray crystallography, semi-empirical quantum-mechanical
methods, mass spectroscopy, and by thermogravimetric methods.

(ii) Halides and group 15 and group 16 ligands

Data on group 15, 16, and 17 donor adducts of indium(III) halides are more numerous.
Compounds of the type InX3L include InCl3(OCMe2), InCl3(OCPh2), InCl3(OPCl3),

7 InI3(py),
7

InI3(L) (L¼PPh3, P(i-Pr)3, P(SiMe3)3, PHPh2, PH(t-Bu)2, AsPh3).
328–332 Structurally character-

ized compounds of this type reveal the expected tetrahedral geometry at the indium. The InI3[P-
(i-Pr)3] can be synthesized by stirring a mixture of indium powder and I2P(i-Pr)3 (2:3 molar ratio)
in Et2O for 7 days.330 Interestingly, the reaction involving I2P(n-Pr)3 which contains the n-propyl
substituents leads to a divalent indium iodide product. Reaction of (Et2O)InI3 with PPh3 or AsPh3
affords InI3(L) (L¼PPh3 or AsPh3) along with five-coordinate adducts InI3(L)2.

329

The five-coordinate compounds are well represented. Some example of InX3L2 type include
InCl3(THF)2,

333 InCl3(NMe3)2,
334 InCl3{OC(NMe2)2}2,

335 InCl3{SC(NMe2)2}2,
335 InCl3{SC[N(Me)-

CH]2}2,
336 InCl3(PMe3)2,

337 InBr3(THF)2,
338 InBr3{SC[N(Me)CH]2}2,

336 InBr3(PPhMe2)2,
339

InI3(PPhMe2)2,
339 InI3(PPh3)2,

332 and InI3(AsPh3)2.
329 Solid-state structures (e.g., InCl3(NMe3)2, InCl3-

(PMe3)2, and InCl3{OC(NMe2)2}2 (54))334,335,337 consist of trigonal-bipyramidal indium sites with
halides occupying the sites at the equatorial belt. There are exceptions, as in InCl3{SC(NMe2)2}2
(55),335 InCl3{SC[N(Me)CH]2}2,

336 InBr3{SC[N(Me)CH]2}2,
336 and in the bis(carbene) adduct.321

These adducts show structures with one halide occupying an equatorial site and the remaining
two at axial positions. The compounds InCl3{SC[N(Me)CH]2}2 and InBr3{SC[N(Me)CH]2}2 have
been synthesized by treating InCl3�4H2O and InBr3 with a slight excess of 1,3-dimethyl-2(3H)-
imidazolethione in hot CH3CN/EtOH.336
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Compounds InF3(bipy)(H2O),
340 InCl3(H2O)3,

341 InCl3(THF)3,
342 InCl3(PhMe2PO)3,

InCl3(Me2SO)3,
343 InCl3(Me3PO)3,

343 InBr3(Me2SO)3,
343 InCl3(Me3PO)3,

343 and InI3(4-Me-
py)3

344 represent InX3L3-type molecules. Structural data show octahedral indium sites. However,
both mer- and fac-configurations have been observed. The compounds InCl3(PhMe2PO)3,
InCl3(Me2SO)3 (56), and InBr3(Me2SO)3 show the fac-configuration,343 whereas InF3-
(bipy)(H2O),

340 InCl3(Me3PO)3 (57), and InI3(4-Mepy)3 are mer-octahedral.343,344
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A group of aqua complexes of In(III) have been obtained as a part of supramolecular
assemblies.345 A macrocyclic cavitand cucurbituril has been used to facilitate the crystallization
process. Compounds featuring [InCl2(H2O)4]

þ, [InCl4(H2O)2]
�, and [In(H2O)6]

3þ ions have been
isolated and characterized by X-ray crystallography. The cation [InCl2(H2O)4]

þ has the trans
arrangement of chlorides. The anion [InCl4(H2O)2]

� shows both cis and trans isomers; cis-
[InCl4(H2O)2]

� has also been obtained using the [S4N3]
þ cation.346 Molecules with

[InCl5(H2O)2]
2� and [InBr5(H2O)2]

2� ions are also known.347,348

A study of indium(III)–iodine bond lengths as a function of coordination number of the indium
shows a systematic change. The symmetry or the charge of the adduct has only a minor effect.
For well-authenticated four-, five-, and six-coordinate systems, the average In�I distances are
about 2.68, 2.73, and 2.83 Å, respectively.344

Overall, many factors—such as the halide ion, steric and electronic properties of the neutral
donor, solvent, crystal packing forces, etc.—seem to control the nature of the product. Even
minor variations lead to major structural changes.343 For example, InCl3(Me2SO)3 (56) shows fac-
octahedral configuration, whereas InCl3(Me3PO)3 (57) adopts the mer conformation. The
InCl3(Me3PS)2 is a five-coordinate complex. The compound InCl3(Ph2MePO)3 is covalent, while
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the bromide analogue [InBr2(Ph2MePO)4][InBr4] is ionic. The chloride of the bulkier Ph3PO is
also ionic, [InCl2(Ph3PO)4][InCl4].

(iii) Halides and multidentate ligands

Cyclic tetraamine ligands such as cyclams (58) and cyclens (59) form adducts with indium
halides.349,350 Synthesis of [InX2(cyclam)][InX4]3 (X¼Cl, Br, I) and the 1:1 InBr3 adducts of
cross-bridged cyclam (1,4,8,11-tetraazabicyclo[6.6.2]hexadecane) and cross-bridged cyclen
(1,4,7,10-tetraazabicyclo[5.5.2]tetradecane) have been reported. It is reported that, compared to
cyclam and cyclen ligands, the cross-bridged ligands afford more kinetically inert metal com-
plexes. Such adducts are of interest as potential indium-111-based pharmaceutical agents. The
crystal structure of InBr3(1,4,7,10-tetraazabicyclo[5.5.2]tetradecane) shows that it consists of
[InBr2(1,4,7,10-tetraazabicyclo[5.5.2]tetradecane)]

þ (60) cations and bromide ions. The indium
site is hexacoordinate and has a distorted octahedral geometry, with two bromides occupying
cis sites.350 Indium complexes of smaller ring systems are also known. Indium(III) chloride and
bromide react with 1,4,7-triazacyclononane ([9]aneN3) and 1,4,7-trimethyl-1,4,7-triazacyclono-
nane (Me3[9]aneN3) to produce 1:1 complexes.172,338 The X-ray crystal structure of
InBr3(Me3[9]aneN3) (61) reveals fac-coordination of the macrocycle. A similar structure is
observed for the InBr3 adduct of 1,3,5-trimethyl-1,3,5-triazacyclohexane.
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Reaction of 1,2-bis-(diphenylphosphanyl)benzene (DP) with an equimolar quantity of InCl3
affords [(DP)2InCl2][InCl4].

351 The ionic structure was confirmed by X-ray crystallography. The
indium atom in the cation adopts an octahedral geometry, and the chlorides occupy trans
positions. The InBr3 and InI3 reactions lead to neutral, five-coordinate (DP)InX3 compounds.
The reaction of DP ligand with InBr3 and InI3 at 1:2 molar ratio, however, produces ionic
[(DP)InX2][InX4] (X¼Br or I).351 The chelating, potentially tridentate phosphine ligand,
bis[(2-diphenylphosphanyl)phenyl]phenylphosphane (TP), also reacts with InCl3 and InI3 forming
ionic species [(TP)InX2][InX4] (X¼Cl or I).351,352However, the indium centers are four-coordinate,
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and the phosphine ligand (although it has three P-donor sites) acts only as a bidentate donor. The
indium atoms in these cations adopt essentially tetrahedral geometry.
The pyridine-2,6-bis(acetyloxime) acts as a tridentate chelator for In(III).353,354 The reaction of

2,6-(HONCMe)2C5H3N with InCl3 in MeOH yields seven-coordinate, distorted pentagonal-bipyr-
amidal InCl3[2,6-(HONCMe)2C5H3N](MeOH). The related, but bulkier, Schiff-base ligand 2,6-
(PhNCMe)2C5H3N forms a six-coordinate adduct InCl3[2,6-(PhNCMe)2C5H3N] (62). The MeOH
can be replaced with Cl� or water to obtain {InCl4[2,6-(HONCMe)2C5H3N]}

� or InCl3[2,6-(HON-
CMe)2C5H3N](OH2), respectively. These seven-coordinate adducts feature indium atoms with
pentagonal-bipyramidal geometry. The chloride groups may be replaced by monoanionic dialkyl-
thiocarbamates and pyridine-2-thiolate (PyS) ligands, or by dianionic oxalato (oxa) groups.354

Compound In(oxa)Cl[2,6-(HONCMe)2C5H3N](OH2) (63) is seven-coordinate, and has a pentago-
nal-bipyramidal indium center as well. The oxalato and amine oxime ligands form the pentagon.
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A few crown ether complexes of indium(III) have been reported. These include [InI2(dibenzo-
24-crown-8)(H2O)](InI4),

355 [InX2(dibenzo-18-crown-6)][InX4] (X¼Cl, Br, I),349 [InI2(18-crown-
6)][InI4],

356 and [In(12-crown-4)2][SbCl6].
357 Crown ether-containing solids of aqua InCl3 adducts

were noted.358,359 Synthesis of [InI2(dibenzo-24-crown-8) (H2O)][InI4] involves the treatment of
two equivalents of InI3 with dibenzo-24-crown-8 in acetonitrile. The solid-state structural data
show the InI2 moiety located off-center within the crown ether cavity, with indium ions forming
four bonds to ether oxygens and one to a water molecule. The compound [InI2(18-crown-6)][InI4]
(64) has been prepared by the reaction of InI3�OEt2 with 18-crown-6. Again, the typical InI2

þ

threading through the ring is observed. The [In(12-crown-4)2]
þ cation, which contains a smaller

crown ether, features an eight-coordinate indium sandwiched between the two crown ethers.

(iv) Anionic complexes with halide ligands

Anionic indium(III) species containing only halides (e.g., [InX4]
�, [InX5]

2�, [InX6]
3�) have been

well known for many years.1,3,4 The tetrahalo ion [InX4]
� (X¼Cl, Br, I) is a common counter-ion

for cationic indium(III) compounds. It adopts tetrahedral geometry. The structure of the anion in
[Et4N]2[InCl5] (65) is particularly interesting, because it does not show the expected trigonal-
bipyramidal geometry for a five-coordinate species.360,361 It has a distorted square-pyramidal
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geometry, which is rare for a main-group compound.362 The thallium salt [Et4N]2[TlCl5] is
reported to be isomorphous with the indium analogue. The pentacoordinate anion in
[PPh4]2[InCl5]�CH3CN (66), however, adopts trigonal-bipyramidal geometry.363 It should be
noted that the energies are not much different for the trigonal-bipyramidal and square-pyramidal
geometries.7 The pentacoordinate [InBr5]

2� and hexacoordinate [InBr6]
3� ions are known.364

[InBr6]
3� displays the expected octahedral arrangement of bromides around indium(III). The

pentabromoindate anion in [4-ClC5H4NH]2[InBr5] adopts a rare, square-pyramidal geometry.364
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3.5.1.3.5 Hydride ligands

Indane or its aggregates are believed to be too unstable to exist as thermally stable species at
room temperature.365–367 Theoretical calculations predict that In2H6 is thermodynamically
unstable in both the gas phase and as a solid.367 However, since 1998 there have been some
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(64)
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notable developments involving InH3 complexes.368 It is possible to synthesize tertiary amine
complexes of InH3 such as Me3NInH3, (quinuclidine)InH3, and [N(CH2)3N]InH3. These adducts
decompose at room temperature, resulting in indium metal, H2, and free amine. The compound
Me3NInH3, however, can be decomposed in the presence of ammonia to obtain InN.368 The
(quinuclidine)InH3 and LiBr afford an interesting indium aggregate [(quinuclidine)2H][In{InBr2-
(quinuclidine)}4], featuring a tetrahedron of indium atoms around an indium center.368

Phosphine adducts of InH3 (prepared using LiInH4 and Me3NHCl, and then treating the
resulting Me3NInH3 adduct with a phosphine) show better thermal stability in the solid state.
Among the known InH3 adducts of phosphines, the 1:1 and 1:2 Cy3P adducts ((67), (68)) are the
most stable.306,369 Imidazol-2-ylidene (nucleophilic carbene) complexes of indane, [{(MeCN-
(i-Pr)}2C]InH3 (69), and [{(HCN(Mes)}2C]InH3 (70) have been synthesized.370,371 Solid samples of
[{(HCN(Mes)}2C]InH3 are stable up to 115 �C.
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Some of these InH3 adducts are useful starting materials for the preparation of other In–H
compounds. The carbene adduct [{(HCN(Mes)}2C]InH3 reacts with quinuclidine�HCl to produce
[{(HCN(Mes)}2C]InH2Cl. In situ-generated Me3NInH3 reacts with LiPCy2 to give the trimeric
phosphido–indium hydride complex (H2InPCy2)3.

368 Review articles on the chemistry of group 13
hydrides, and more recent work involving donor stabilized InH3, are available.

365,366,368

There are several reports of organoindium compounds containing In–H bonds. These include
[Li(THF)2][{Me3Si)3C}2In2H5],

372K[H{In(CH2CMe3)3}2],
373K3[K(Me2SiO)7] [HIn(CH2CMe3)3]4,

374

HIn{2-Me2NCH2(C6H4)}2,
375Me2InB3H8,

376 and [Li(TMEDA)2][H(InMe3)2].
377 The anionic indium

species MInH4 (M¼Li–Cs)378 and Li[InH4–nPhn] (where n¼ 1, 2)379 are also known.
In addition to the coordination compounds, InH3 and a variety of molecules containing In�H

bonds have been generated in solid argon matrices.49,50,380–382 These include HInCl2, H2InCl,
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H2InNH2, and H2InPH2. The IR data of these species are reported. There is also a growing
interest in the use of indium hydrides in organic synthesis.365,383,384 For example, indium hydride
species generated from a mixture of InCl3 and NaBH4 are shown to be promising alternatives to
Bu3SnH systems.

3.5.1.2.6 Mixed-donor-atom ligands

Mixed-donor-atom ligands play an important role in indium(III) coordination chemistry. One
important application concerns their use in the synthesis of indium-111- (�-emitter, half-
life¼ 67.9 h) based radiopharmaceutical agents.170 Choosing the ideal metal–ligand combination
for this purpose is challenging. The metal adduct formation step should be fast, and resulting
indium must be kinetically and thermodynamically stable. Hydrolysis reactions leading to indium
hydroxo derivatives or In(OH)3 are a concern. Furthermore, the complex should be stable enough
to prevent exchange of indium from the radiopharmaceutical to transferrin (a plasma protein with
a high affinity for indium(III), log K1¼ 18.74).385 A large variety of multidentate ligands contain-
ing various combinations of N, O, and/or S donors have been used in the preparation of indium
adducts for possible pharmaceutical use.170,386–398 Multidentate ligands with neutral nitrogen and
anionic sulfur donors,399 and 6-coordinate metal sites appear to be the best.400 The most popular
ligand for indium-111, however, is diethylenetriaminepentaacetic acid (DTPA) (71).170
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The diaqua(2,6-diacetaylpyridinedisemicarbazone)indium(III) cation (72) represents the first
example featuring a pentagonal bipyramidal indium site.401 It was isolated as
[In(H2DAPSC)(H2O)2](NO3)2(OH) by reacting hydrated indium nitrate and 2,6-diacetylpyridine
bis(semicarbazone) (H2DAPSC) in a water–ethanol solution.

N

Me

Me N

N

In

OH2

OH2

O
O

N

N C

C

H

H

NH2

NH2

3+

(72)

The chloroindium(III) complex of 1,4,7-triazacyclononanetriacetic acid also features pentagonal-
bipyramidal geometry.402 The chloride and one of the tertiary nitrogens occupy the axial sites.
The compound {O[In(HDAPTSC)(OH)]2} (73) (where H2DAPTSC¼ 2,6-diacetylpyridine
bis(thiosemicarbazone)) has two distorted pentagonal-bipyramidal units bridged by an oxo
group.174 The indium atoms also have terminal hydroxo ligands. Semicarbazone and thiosemi-
carbazone complexes of indium have been reviewed.403
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Transition-metal complexes of indium and indium adducts are available.404 Structures, bond-
ing, reactivity, and their materials-related applications are of current interest in the early 2000s.

3.5.1.3 Indium (II)

3.5.1.3.1 Group 14 ligands

Several well-defined In(II) compounds are known, and a few of these contain bulky silyl sub-
stituents such as supersilyl (t-Bu3Si–) and hypersilyl ([Me3Si]3Si–) groups. The ruby-red colored
{[(Me3Si)3Si]2In}2 (74) has been isolated in low yield from a reaction between InCl3 and (Me3Si)3
SiLi in 1:3 molar ratio.405 The major products of this reaction are [(Me3Si)3Si]2, indium metal,
and LiCl. The In�In bond distance is 2.868(1) Å. The reaction between t-Bu3SiNa and (Me5C5)In
or InCl3 or InBr leads to deep violet [(t-Bu3Si)2In]2 (75).406-408 The red-violet [(t-Bu2PhSi)2In]2
(76) can also be synthesized using similar routes.29 The solid-state structures of [(t-Bu3Si)2In]2 and
[(t-Bu2PhSi)2In]2 show trigonal-planar indium sites, orthogonal InInSi2 planes, and a relatively
long In�In distance of 2.922(1) and 2.938(1) Å, respectively.29,407 The divalent [(t-Bu3Si)2In]2
may be used in the synthesis of both subvalent and trivalent indium compounds. For example,
thermolysis of [(t-Bu3Si)2In]2 in boiling heptanes affords (t-Bu3Si)8In12.

408 The indium(III) com-
plexes (t-Bu3Si)InF2 and (t-Bu3Si)InBr2 were obtained by treating [(t-Bu3Si)2In]2 with AgF2 or
HBr, respectively.28 The action of selenium on [(t-Bu3Si)2In]2 yields a heterocubane (t-Bu3Si-
In)4Se4.

29

A few well-characterized organoindium(II) compounds are also known. These include
{[(Me3Si)2CH]2In}2 (In–In¼ 2.828(1) Å), {[2,4,6-(CF3)3C6H2]2In}2 (In–In¼ 2.744(2) Å), {[2,4,6-(i-Pr)3-
C6H2]2In}2 (In–In¼ 2.775(2) Å), {[2,6-(Me2NCH2)2C6H3](Cl)In}2 (In–In¼ 2.7162(8) Å),
{[(Me3Si)2C(Ph)C(Me3Si)N]InBr}2 (In–In¼ 2.728(4) Å).409–412 Perfluoroiodo organics RfI
(Rf¼ n-CyF2yþ 1 (y¼ 1, 2, 3, 4, 6), i-C3F7, C6F5) and C6F5Br react with indium metal in polyethers
or THF to generate oxidative addition products of the general formula RfInX (X¼Cl, Br)
involving In(II).413

In addition to In–C linkages, compounds {[2,6-(Me2NCH2)2C6H3](Cl)In}2 and {[Me3Si)2C(Ph)C-
(Me3Si)N]InBr}2 have In�halide and In�N bonds. The coordination numbers at the indium are 4
and 5, respectively. The preparation of {[2,6-(Me2NCH2)2C6H3](Cl)In}2 involves the use of an In(III)
precursor, whereas {[(Me3Si)2C(Ph)C(Me3Si)N]InBr}2 was a result of a disproportionation reaction
involving In(I). Triindylindane {[2,4,6-(i-Pr)3C6H2]2In}3In has been prepared.414 A collection of
M�M bond distances (M¼ group 13 element) of metallanes is available.410,412
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3.5.1.3.2 Group 15 ligands

The first well-characterized amide of In(II) was isolated using the cyclic silazane [(t-BuNSiMe)2-
(t-BuN)2]H2 ligand system.415 The reduction of [(t-BuNSiMe)2(t-BuN)2]InCl using sodium
naphthalene provides a convenient entry route to indium(II) species {[(t-BuNSiMe)2-
(t-BuN)2]In}2 (77). The related bis(tert-butylamido)cyclodiphosphazane [(t-BuNP)2(t-BuN)2]

2�

ligand system is also useful in this regard. However, {[(t-BuNP)2(t-BuN)2]In}2 (78) has been
obtained, as a redox disproportionation product, starting with InCl and the dilithium salt of
[(t-BuNP)2(t-BuN)2]

2�.416 In contrast to indium, the related thallium(I) derivative does not
undergo disproportionation. The two indium(II) amido complexes {[(t-BuNSiMe)2(t-BuN)2]In}2
and {[(t-BuNP)2(t-BuN)2]In}2 are isostructural, and contain indium cages linked by unsupported
In�In bonds with bond distances of 2.768(1) and 2.7720(4) Å, respectively. The indium atoms are
four-coordinate, with each atom bonded to three nitrogens and an indium atom.
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A mixed-valent In(I)/In(II) amide [MeC(CH2NSiMe3)3In2]2 (79) can be obtained via a transmetal-
ation reaction between the lithium salt of the ligand and InCl.417 The thallium analogue is also
known. The key feature is the In2

4þ fragment with an In�In bond distance of 2.8067(9) Å. Inter-
estingly, this bond distance is even longer than the Tl�Tl distance in [MeC(CH2NSiMe3)3Tl2]2,
(2.734(2) Å), but lies in the range found for covalent In�In bonds. The In�In bond is well shielded
by the tripodal, N-SiMe3-substituted ligand. This is reflected in the lack of reactivity towards
isocyanides and heteroallenes, which were found to insert into In�In bonds of related compounds.
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The redox disproportionation tendency of monovalent In(I) systems is further exemplified by
the formation of [{C10H6(Me3SiN)2}In(THF)]2 (80) during the attempted metal exchange of
[C10H6(Me3SiN)2]Li2(THF)4 with InCl in tetrahydrofuran.418 The In�In distance of 2.7237(6) Å
in this molecule is one of the shortest established for a diindane. The related thallium analogue
shows metal–ligand (rather than metal–metal) redox chemistry.
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The compound {syn-In[PhP(CH2SiMe2NSiMe2CH2)2PPh]}2 (81) represents an example in
which an In(II) species has been stabilized by a macrocyclic ligand.419 Reduction of [PhP(CH2Si-
Me2NSiMe2CH2)2PPh]InCl with KC8 in diethyl ether yields the dimeric In(II) complex as a
colorless solid. The indium atoms exhibit distorted trigonal-bipyramidal geometries. The In�In
bond length of 2.7618(12) Å is in the normal range.
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An interesting route to indium(II) compounds was discovered during an investigation of the
oxidizing power of R3PI2 (R¼Ph, i-Pr, n-Pr) with indium metal powder.330 The action of
(n-Pr)3PI2 on indium metal in diethyl ether leads to colorless, solid [(n-Pr)3PInI2]2 (82). The use
of (i-Pr)3PI2 or Ph3PI2 with indium metal leads only to indium(III) iodides. In [(n-Pr)3PInI2]2, the
indium atoms have tetrahedral geometry, and the In�In distance is 2.745(3) Å.
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Close to nanometer size, molecular, group III/V compound [In3(In2)3(PhP)4(Ph2P2)3Cl7-
(PEt3)3], featuring an unusual 19-atom cage, has been obtained from the reaction of InCl3 with
Et3P and PhP(SiMe3)2. The 19-atom polyhedron, which has a diameter of about 0.7 nm, is built
up by three formally trivalent indium atoms, six formally divalent indium atoms, and ten
phosphorus atoms.420
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3.5.1.3.3 Group 16 ligands

During an investigation involving InCl and Ph3PAuCl in tetrahydrofuran, an indium(II) species
was isolated as a colorless solid.421 It was identified by X-ray crystallography as the tetrakis-THF
adduct of the InCl2 dimer (83). The indium atoms adopt trigonal-bipyramidal geometry. The
dioxane complex of the lighter member gallium, [(dioxane)Cl2Ga]2, has tetrahedrally coordinated
metal atoms. It is also possible to prepare [(THF)2Cl2In]2 (83) by the reaction of In metal and
InCl3 in xylene, followed by the addition of tetrahydrofuran. The Raman spectrum of
[(THF)2Cl2In]2 shows an absorption at 180 cm�1, suggesting that the In�In bond is retained in
solution. The gold-containing indium adduct (dppe)2Au3In3(THF)6, containing two divalent
indium atoms, may be obtained in the presence of 1,2-bis(diphenylphosphino)ethane(dppe)
ligand.421
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An electrochemical route to indium(II) thiolates has been described.250 The electrochemical
oxidation of anodic indium in acetonitrile and certain thiols leads to In2(SR)4 (R¼C5H11,
napthalide) derivatives. Thiols with different substituents produce In(I) or In(III) products. The
corresponding oxidation of thallium metal gives only Tl(I) thiolates.

3.5.1.3.4 Group 17 ligands

Some of the earliest work on In(II) compounds centered around the identity of InX2

(X¼ halide).1,2,218 Structures of the type X2In–InX2 and In[InX4] fit the observed diamagnetic
property of these halides. The structures of bromides and iodides have been confirmed to be of the
latter type.422,423 They involve indium(I) cations together with [InX4]

� anions.
There are several mixed-valent bromides involving In(II) as well (e.g., In2Br3¼ InI2[In

II
2Br6],

In5Br7¼ InI3[In
II
2Br6]Br).

2,424 The [InII2Br6]
2� unit features an In�In bond. The exact nature,

or even the existence, of binary compounds of InCl2 stoichiometry is less clear, and the early
literature provides conflicting results.218,425,426 However, there are various indium subchlorides
known, including In2Cl3, In5Cl9, and In7Cl9.

2,427 They are formulated as mixed-valent compounds
of In(I) and In(III) ions. Evidence has been found, during the electrochemical oxidation of indium
metal in liquid ammonia solutions of NH4X (X¼Cl, Br, I), for the formation of In(II) species at
the anode.428 In the NH4I-containing mixture, Raman data confirm the presence of In2I4. How-
ever, the isolation of neutral or anionic In(II) derivatives has not been successful, since the
disproportionation reaction occurs on removal of solvent to give indium metal, In(I), and
In(III) derivatives.
Preparation of a series of In2X4�2L and In2X4�4L (X¼Cl, Br, or I; L¼O, N, P, or S donors)

has been reported.2,3,218,429,430 These neutral In(II) halide complexes may be synthesized by
treating the dihalide with various donors at low temperatures, or by starting with InX and
InX3 compounds. The presence of In�In bonds in In2X4�2L and In2X4�4L adducts is supported
by Raman spectroscopic data. The reaction between InX (X¼Cl, Br, I) and InY3 (Br, I) in toluene-
CH2Cl2–TMEDA solution at low temperature (<�20 �C) produces an In(II) species XYIn–InY2.

431

The crystal structure of In2Br3I�TMEDA (TMEDA¼N,N,N0,N0-tetramethylethanediamine) has
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been obtained.432 It exhibits five-coordinate indium atoms with distorted trigonal-bipyramidal
geometry, joined by an In�In bond 2.775(2) Å in length. The corresponding reaction with InCl3
does not produce analogous chloro derivatives. A structural study of In2X4�(1,2-dioxane)2
(X¼Cl and Br) using NQR spectroscopy has been reported.426 Synthesis of In2X4�(1,2-dioxane)2
involves the use of In metal and InX3 starting materials. The isolation of [(n-Pr)3PInI2]2 and
[(THF)2Cl2In]2 during the attempted syntheses of various other products has been described in
earlier sections.
Anionic derivatives In2X6

2� (X¼Cl, Br, I) can also be prepared and isolated as stable solid
materials.2 For example, the reaction between In2X4 and Bu4NX leads to anionic systems.
Vibrational spectroscopic data support the existence of In�In bonded species.4 The reaction
between InCl and PPh4Cl in acetonitrile has resulted in [PPh4]2[In2Cl6], which contains centro-
symmetric [In2Cl6]

2� (84) ions having an In�In bond of length 2.727(1) Å.363 The ternary In(II)
bromide complex KInBr3 (formulated as K2[In2Br6]) has been prepared from InBr3, KBr, and
In.433 The X-ray powder diffraction data indicate that the [In2Br6]

2� ion has an eclipsed, ethane-
like structure.
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3.5.1.3.5 Hydride ligands

There are no reports of well-characterized InH2 or its adducts. However, the indium(II) hydride
species HInNH2 and HInPH2 have been generated by thermal and photoactivated reactions of
indium metal atoms with NH3 or PH3 in solid argon matrices.381,382 They have been identified by
their IR spectra.

3.5.1.4 Indium(I)

3.5.1.4.1 Group 14 ligands

A dark green compound (t-Bu3Si)6In8 (85) with an In8 cluster framework has been isolated from a
reaction between t-Bu3SiNa and (Me5C5)In.

406 This species is thermally stable up to 100 �C in
solutions with the exclusion of light. The indium atom arrangement may be described as a doubly
capped octahedron. The indium(II) species [(t-Bu3Si)2In]2 is one of the by-products of this
reaction. An even larger cluster compound (t-Bu3Si)8In12 (86) results from the thermolysis of
[(t-Bu3Si)2In]2 in boiling heptane for 22 hours.408 This black-violet, crystalline solid has a poly-
hedral framework of indium atoms, with the shape of a stretched ellipsoid rather than the
icosahedron, and a longitudinal diameter of 750 pm. Thus these molecules reach nanoparticle
sizes. The In�In bond distances range from 2.80 to 3.30 Å.
Synthesis of InC6H3-2,6-Trip2 (where Trip¼ 2,4,6-(i-Pr)3C6H2)

434 and [(Me3Si)3CIn]4
435–437,

and the matrix isolation of MeIn438, are particularly noteworthy developments in organo-
indium(I) chemistry. X-ray data of InC6H3-2,6-Trip2 and [(Me3Si)3CIn]4 show the presence of a
one-coordinate indium center and a tetrahedral In4 core, respectively. They show interesting
metal-ion coordination and oxidation chemistry.409,434,436 Among indium(I) compounds, some
of the earliest (e.g., In(C5H5) was isolated in 1957) and the most widely known complexes are
those containing cyclopentadienyl ligands.13,218
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3.5.1.4.2 Group 15 ligands

As indicated in an earlier section, the amido indium(I/II) species [MeC(CH2NSiMe3)3In2]2 is
known.417 The solid-state structure shows a longer In�N distance, with the monovalent indium
atoms (daverage: In(I)–N¼ 2.43 Å, In(II)–N¼ 2.17 Å).
Tris(pyrazolyl)borate ligands play an important role in indium(I) chemistry.439 This is perhaps

not surprising, considering the close similarity between the ubiquitous cyclopentadienyl and
tris(pyrazolyl)borate systems,440 and the well-established utility of cyclopentadienyl ligands in
indium(I) chemistry. The first thermally stable tris(pyrazolyl)boratoindium(I) adduct [HB(3-
(Ph)Pz)3]In (87) was reported in 1994.441 It is an air-stable, monomeric compound. Shortly
thereafter, the In(I) compounds of alkylated tris(pyrazolyl)borates were reported. These included
[HB(3-(t-Bu)Pz)3]In,

442 [HB(3,5-(t-Bu)2Pz)3]In,
443 and the fluoralkylated-ligand compound

[HB(3,5-(CF3)2Pz)3]In (88).444,445 The alkali-metal derivatives of the ligand and InI or InCl
have been utilized in the preparation of [HB(3-(Ph)Pz)3]In and [HB(3,5-(t-Bu)2Pz)3]In. The
thallium(I) and silver(I) complexes were used as ligand-transfer agents in the synthesis of
[HB(3-(t-Bu)Pz)3]In and [HB(3,5-(CF3)2Pz)3]In.
Unlike some of the cyclopentadienylindium(I) compounds (e.g., (Me5C5)In is hexameric in the

solid state), none of these tris(pyrazolyl)borates show any intermolecular In���In interactions. It
should be noted, however, that [HB(3-(Ph)Pz)3]In, [HB(3-(t-Bu)Pz)3]In, [HB(3,5-(t-Bu)2Pz)3]In,
and [HB(3,5-(CF3)2Pz)3]In contain much more sterically demanding ligands. The disproportion-
ation of In(I) to In metal and In(III) has been observed in the presence of [HB(3,5-(CH3)2Pz)3]

�.86

The compounds [HB(3-(Ph)Pz)3]In, [HB(3-(t-Bu)Pz)3]In, and [HB(3,5-(CF3)2Pz)3]In show C3v

molecular symmetry. [HB(3,5-(t-Bu)2Pz)3]In exhibits a structure in which the [HB(3,5-
(t-Bu)2Pz)3]

� ligand adopts a highly twisted configuration, due to the intraligand repulsive
interactions of the tert-butyl substituents.
Main-group and transition-metal adducts such as [HB(5-(t-Bu)Pz)(3-(t-Bu)Pz)2](5-(t-Bu)PzH)In-

InI3 (89),
446 [HB(3,5-(CH3)2Pz)3]InFe(CO)4 (90), and [HB(3,5-(CH3)2Pz)3]InW(CO)5 are known.

90

The iron and tungsten adducts, however, have been obtained using In(III) precursors. The
terminal selenido complex [HB(3,5-(t-Bu)2Pz)3]InSe may be obtained by the addition of selenium

(85)
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to the In(I) adduct [HB(3,5-(t-Bu)2Pz)3]In.
447 The indium(I) alkyl complex [{(Me3Si)3C)In]4,

however, does not afford similar adducts with selenium. [HB(3,5-(t-Bu)2Pz)3]In(S4) and [HB(3,5-
(t-Bu)2Pz)3]InI2 have also been prepared from In(I) starting materials.89 The zinc alkyl derivative
[HB(3-(t-Bu)Pz)3]ZnEt may be obtained by treating [HB(3-(t-Bu)Pz)3]In with Et2Zn.

442
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Co-condensation of indium vapor and t-BuC�P at 77K affords two phosphacyclopentadienyl
derivatives of In(I), In[�5-P2C3(t-Bu)3] (91) and In[�5-P3C2(t-Bu)2] (92).

448,449 These compounds are
volatile solids. X-ray data of In[�5-P2C3(t-Bu)3] show a monomeric structure, whereas In[�5-P3C2-
(t-Bu)2] adopts a structure in which half-sandwich units are linked into chains by weak interactions
between the indium atoms and the neighboring triphospholyl rings. In[�5-P3C2(t-Bu)2] may also be
synthesized using InI and K[P3C2(t-Bu)2]. Unlike the tris(pyrazolyl)boratoindium(I) derivatives, the
indium(I) center in In[�5-P3C2(t-Bu)2] does not act as a Lewis-base site.

3.5.1.4.3 Group 16 ligands

An interesting indium(I) alkoxide [(2,4,6-(CF3)3C6H2O)In]2 (93), featuring two-coordinate, bent
indium sites, has been reported.450 This compound is synthesized from CpIn and 2,4,6-
(CF3)3C6H2OH in hexane, and features a planar In2O2 core. The reaction of Sn(�-t-BuO)3Tl or
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[Sn(t-BuO)3Na]2 with InBr yields an alkoxide Sn(�-t-BuO)3In (94) featuring both Sn(II) and In(I)
sites.451 A study of Lewis-base properties at the two low-valent, main-group metal sites reveals
that transition-metal carbonyl fragments coordinate to the indium(I) site first and then to the tin
atom(II).

CF3

CF3

F3C O

F3C

F3C

CF3O

In

In

(93)

In

O

Sn

O

O

t-Bu

t-Bu
t-Bu

(94)

When indium metal is treated with 3,5-di-tert-butyl-1,2-benzoquinone (TBQ) in a 1:3 mole
ratio, a paramagnetic, green solid In(TBSQ)(TBQ)2 (where TBSQ¼ 3,5-di-tert-butyl-1,2-benzo-
semiquinonate) forms. The same product may be obtained from InI3 and three equivalents of
NaTBSQ.452 The ESR results confirm that the indium atom in this product is in the þ1 state
(and also confirm the presence of the semiquinone moiety).218 The paramagnetic indium(I)
compound In(TBSQ) has also been reported. It can be stabilized by coordination to 1,10-
phenanthroline.218

The reaction of In(I) with an aqueous thiosulphate solution leads to In2S2O3�2(H2O), In2S2O3�In-
OH�2(H2O), and In2S2O3�2InNO3�2(H2O). These compounds have been characterized by IR
spectroscopy, X-ray diffraction, and by thermal analytical methods.453 A study of In/In(NO3)3
disproportionation to InNO3 has been carried out, and shows that the nitrate ion exhibits a much
stronger stabilizing influence on In(I) than Cl�, SO4

2�, Br�, or ClO4
�.454
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The electrochemical oxidation of anodic indium in acetonitrile solutions of aromatic diols R(OH)2
(diol¼ 1,2-dihydroxybenzene, 2,3-dihydroxynapthalene, 2.20-dihydroxybiphenyl, 1,2-dihydroxy-
tetrabromobenzene) leads to indium(I) derivatives of In[OR(OH)].455 The deprotonation of –OH by
Et3N produces the anionic derivatives.
Related sulfur-donor compounds may also be prepared using electrochemical methods.456 The

electrochemical oxidation of anodic indium in the presence of alkanediols (R(SH)2) produces
In[SR(SH)] (R¼ various hydrocarbon bridges such as 1,2-C2H4, 1,3-C3H6, 1,4-C4H8). Interestingly,
under these conditions, thallium always produces Tl2(S2R). The syntheses of alkene- and
arenethiolato derivatives of indium InSR (R¼Et, Bu), In2(SR)4 (R¼C5H11, 2-C10H7), and
In(SR)3 (R¼Ph, C6F5) have also been reported.250 Again, thallium behaves somewhat differently
under similar conditions. In general, electrochemical technique is simple, and leads to products in
high yield. Furthermore, products are often low-valent derivatives. Some of the advantages and
unique features of electrochemical synthesis have been described.457

Indium(I) complexes of Se and Te donors are known.305 The reaction between InCl and
(Me3Si)3SiELi(THF)2 (E¼ Se or Te) and InCl leads to the metathesis product (Me3Si)3SiEIn.
Chalcogenolysis with CpIn also affords the same In(I) selenolate or tellurolate. These indium(I)
compounds are light-sensitive compounds. No solid-state structural data are available.

3.5.1.4.4 Group 17 ligands

Binary fluoride, chloride, bromide, and iodide derivatives of indium(I) are known. Among these
InI is the most stable, whereas InF is known as an unstable gaseous species.7 Many of these In(I)
halides serve as useful sources of In(I) for chemical reactions.218 Although they have a high
tendency to disproportionate in solutions containing water or other bases, and are insoluble in
common solvents, a few methods are now available to deliver In(I) in soluble form. For example,
InX (X¼Cl, Br, I) forms relatively stable solutions in mixtures of aromatic solvents and nitrogen
donors like TMEDA at low temperatures.218 The structures of these adducts are not well
established. The effects of temperature on the stability, and the concentration of TMEDA on
the solubility, of indium(I) species have been described. Interestingly, in ammonia InBr and InI
disproportionate easily to produce indium(III) halide complexes. Solutions of indium(I) may also
be prepared by the treatment of In/Hg with silver trifluoromethanesulfonate in dry acetonitrile.458

In the absence of O2, these solutions are stable for over five days. These mixtures serve as useful
In(I) sources for synthetic applications.459 The InBF4 salt has been synthesized from the reaction
of indium metal with anhydrous HF and BF3.

460

Several mixed-valent halide compounds (e.g., In2Cl3¼ InI3[In
IIICl6], In7Cl9¼ InI6[In

IIICl9],
In5Cl9¼ InI3[In

III
2Cl9], InBr2¼ InI[InIIIBr4], In2Br3¼ InI2[In

II
2Br6], In4Br7¼ InI5In

III
3Br14,

In5Br7¼ InI3[In
II
2Br6]Br, In7Br9¼ InI6In

IIIBr9), and InI2¼ InI[InIIII4]) are known.2,427,461–463

Heating InCl with InCl3 or SnCl2 produces In7Cl6 via a redox process. The In7Br9 has a structure
similar to that of the chloride analogue.462 The solid-state structure of the bromide In4Br7 reveals
unusual coordination numbers for In(I) of 10 and 12.461 Evidence for the formation of [InBr2]

�,
along with InBr, has been reported when excess indium dissolves in HBr acid.464

The mixed-valent gold–indium cluster [Au3In3Cl6(dppe)2] is composed of In(I) and In(II)
atoms. Synthetic details were presented in an earlier section. Insertion and redox reactions of
In(I) halides have been described. For example, oxidative addition reactions of InX (X¼Cl, Br, I)
with PhSSPh yields indium(III) thiolates of the type (PhS)2InX.

4,259 Unexpected In(II) or In(III)
products are common in reactions involving indium(I) halides, which result from facile dispro-
portionation processes. Several such cases were described with divalent indium compounds.

3.5.2 THALLIUM

3.5.2.1 Introduction

Thallium is the largest and the heaviest element of the group 13 family. The metal and its
compounds are dangerously toxic, even at low levels. It is a cumulative poison, and the lethal
dose is considered to be about 13mg of thallium for each kg of human body weight (or less than
1g of a thallium compound in a single ingestion). The ability of free Tl(I) ions in aqueous
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solutions to mimic potassium is one of the main causes of its high toxicity.465 However, thallium-
201 compounds are still useful for the diagnosis of myocardial perfusion.466

Thallium has the electronic configuration of [Xe]4f 145d106s26p1, and forms compounds in the
oxidation states I, II, and III. Thallium(II) derivatives are relatively rare. In general the bonding
between Tl(III) and a donor is more covalent in nature, whereas Tl(I) compounds show more
ionic behavior. Interactions between the Tl(I) atoms of neighboring molecules are common. The
theoretical explanation has been controversial.467–470 The coordination chemistry of Tl(III) is
complicated by the highly oxidizing power of thallium(III) in both aqueous and nonaqueous
solutions.
In this review, primarily the developments in thallium coordination chemistry since the early

1980s will be surveyed. CCC (1987) is an excellent reference source for work prior to that time.1

In general, organometallic compounds are outside the scope of this article. There are several
useful review and reference articles that describe thallium chemistry, including organothallium
work.1,6–8,12,14,16–19,471–475 Thallium is an important element in the field of high-temperature
superconducting materials.476

3.5.2.2 Thallium (III)

3.5.2.2.1 Group 14 ligands

(i) Carbon ligands

A detailed, multimethod study of hydrated Tl(III) cyanide species in aqueous solution reveals that
Tl(III) forms very strong complexes with cyanide ions (even stronger than halide–Tl(III) inter-
actions).477,478 Formation of a series of Tl(III) complexes Tl(CN)n

3�n (n¼ 1–4) has been estab-
lished, and the solution structures and stability constants were reported. The mono- and dicyano
complexes [Tl(CN)(OH2)5]

2þ and [Tl(CN)2(OH2)4]
þ show six-coordinate thallium centers,

whereas Tl(CN)3(OH2) and [Tl(CN)4]
� have four-coordinate Tl(III) ions.

The equilibria, dynamics, and structures of [Tl(edta)X]2� (X¼ halide or pseudohalide) have
been investigated.479 The one-bond 205Tl–13C coupling constant for [Tl(edta)CN]2� is found to be
10,479Hz. This indicates a strong Tl�C bond. The solid state structure of Na2[Tl(edta) CN] shows
that the seven-coordinate thallium atom sits in the ‘‘edta-pocket’’ formed by the two nitrogen and
four oxygen atoms with an axial bond to the cyanide ion (Tl–C¼ 2.14(3) Å).479 Thallium(III)
porphyrin complexes containing cyanide ligands are known.480–482 The cyano group occupies an
axial coordination site. The 1J(205Tl–13C) coupling constants are large and typically>5,000Hz.480,482

The X-ray crystal structure of meso-tetra(4–pyridyl)porphyrinatothallium(III)cyanide, Tl(TPYP)(CN),
shows that thallium–carbon (cyanide) distance is 2.12(2) Å. The characteristic IR band for 	CN
appears at 2,163 cm�1.482

It is possible to prepare oligonuclear Pt–Tl compounds by using thallium(III) cyano complexes
and [Pt(CN)4]

2�.483 The relative oxidation states of the metal atoms were estimated from their
195Pt and 205Tl NMR data, confirming that the [(NC)5Pt–Tl(CN)n]

n� (n¼ 1–3) adducts can be
considered as metastable intermediates in a two-electron process leading to Tl(I) and Pt(IV) final
products.483 These Pt-Tl bonded products show remarkably large one–bond 195Pt-205Tl spin–spin
coupling constants, ranging from 25 to 71 kHz.484 They have also been studied computation-
ally.485,486 Systems with such short metal–metal distances between relatively heavy atoms
(e.g., Au, Pt, Tl, Pb) display interesting electronic properties.487,488

There are no Tl(III) carbonyl complexes isoelectronic with [Tl(CN)2]
þ. Theoretical studies

predict that it would be difficult to observe [Tl(CO)2]
3þ experimentally. Organothallium(III)

compounds are well known, in particular those involving one or more noncarbon substituents
of the type R2TlX or RTlX2.

473,474 Those compounds will not be considered here.

(ii) Silicon, germanium, tin, and lead ligands

Silyl thallium halides (t-Bu3Si)nTlX3�n (X¼ halide, n¼ 1, 2) have been reported. These compounds
display relatively low thermal stability.28,29,489 (t-Bu3Si)2TlCl has been obtained by the addition of
Me3SiCl to a mixture containing TlCl3 and t-Bu3SiNa in a 1:3 molar ratio.489 The reaction
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between TlCl3 and t-Bu3SiNa at a 1:2 molar ratio has produced thallium clusters [(t-Bu)3Si]4Tl3Cl
and [(t-Bu)3Si]6Tl6Cl2, containing covalently linked Tl atoms.489

Tris(trimethylsilyl)thallium is prepared by the reaction between Hg(SiMe3)2 and trimethyl
thallium.2 Apart from the pre-1984 work, there are no significant new developments in Tl�Sn,
Tl�Ge, or Tl�Pb bonded compounds.1,3

3.5.2.2.2 Group 15 ligands

(i) Nitrogen ligands

Simple complexes of thallium(III) with neutral nitrogen donors like ammonia or amines are not
known in aqueous solution. The hydrolysis in aqueous solutions leading to hydroxo complexes
Tl(OH)n

3–n (n¼ 1, 2) is one of the complications.490Mixed hydroxo complexes of Tl(III) containing
ethylenediamine (en) are known.491,492 Additional ligands on thallium can prevent the hydrolysis
tendency. Complexes of the formula [Tl(en)3]X3, [TlX2(en)2][TlX4], and [TlX2(en)2]X3 (X¼Cl or Br)
have been synthesized and identified based on IR spectroscopic or conductivity and molecular
weight data.493,494 More recently, the formation of [Tl(en)n]

3þ (n¼ 1–3) complexes in a pyridine
solution has been established by NMR spectroscopy.495 The compound [Tl(en)3][ClO4]3 has been
crystallized and characterized using X-ray crystallography. The thallium ion features a distorted
octahedral geometry, with nitrogen atoms of the three chelating ethylenediamine ligands forming
the coordination sphere. The Tl(III) coordination chemistry involving diethylenetriamine (dien) and
N,N,N0,N0-tetrakis(2-aminoethyl)ethane-1,2-diamine (penten)496 has also been investigated, includ-
ing the solid-state structures of [Tl(dien)2][ClO4]3 and [Tl(NO3)(penten)](NO3)2. Thallium(III)
nitrate and 1,4,7-triazacyclononane (L) at 1:4 ratio produce [L2Tl](NO3)3.

497 The N,N0,N00-tri-
methyl-1,4,7-triazacyclononane (L0) derivatives of Tl(I) may also be synthesized from TlNO3.
The ligand 1,3,5-triamino-1,3,5-trideoxy-cis-inositol (taci) is an interesting one, since it can

provide four different coordination sites with variable softness and size. It features both nitrogen-
and oxygen-donor sites. The metal coordination chemistry of taci with group 13 elements has
been investigated.175 Single-crystal X-ray analysis revealed a TiN6 coordination sphere for Tl
(taci)2(NO3)3�2H2O (95). Interestingly, the aluminum(III) in Al(taci)2Br3�7H2O shows AlO6 bond-
ing, whereas gallium(III) in Ga(taci)2(NO3)3�3H2O adopts a GaN3O3 coordination sphere. The
indium(III) shows an unusual structure, with a (�6-O)In6 unit.
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(95)

Reacting TlCl3 with the silylated amidine PhC(NSiMe3)N(SiMe3)2 gives the ionic derivative
[PhC(NHSiMe3)2][PhC(NSiMe3)2TlCl3] (96).

498 The anion exhibits a five-coordinate thallium site
in which the thallium atom is surrounded by three chlorine atoms and by two nitrogen atoms of
the amidinato ligand. The axial sites of the trigonal bipyramid are occupied by one nitrogen and
one chloride atom.
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A dinuclear thallium(III) complex, tris[di(4,40-phenyltriazenido)phenylmethane]dithallium(III),
is formed by the reaction of TlNO3 with di(4,40-phenyltriazeno)phenylmethane in the presence of
NaOH and air.499 Each complex contains three doubly deprotonated bis(triazenido) ions
(PhN3C6H4CH2C6H4N3Ph)

2� and two six-coordinate Tl3þ ions with trigonal-prismatic coordin-
ation of six N atoms.
Thallium(III) complexes of porphyrins are common.97–99,117,480–482,500–515 Most studies involve

2,3,7,8,12,13,17,18–octaethylporphyrin (H2OEP) and 5,10,15,20-tetraphenylporphyrin (H2TPP)
ligand systems. Synthesis, structures, spectroscopic data, and electrochemistry have been investi-
gated. The typical coordination number at thallium(III) is either 5 or 6, and the coordination
geometry may be described as a square-based pyramid formed by the porphyrin, in which the
apical site is occupied either by a monodentate ligand (e.g., Cl, CN) or by a bidentate group
(e.g., acetate). The X-ray crystal structure of Tl(TPYP)(CN)482 (meso-tetra(4-pyridyl)porphyrina-
tothallium(III) cyanide) or Tl(TPP)CN516 shows distorted square-pyramidal geometry at thallium.
The thallium center in Tl(TPYP)(OAc) is six-coordinate, but the acetate group coordinates in
asymmetric fashion, with two different Tl–O distances.507 In contrast, the X-ray structure of Tl(III)
meso-tetraphenylporphyrin acetate shows that the acetate group is coordinated as a symmetrically
bonded bidentate ligand.517 The N-methyltetraphenylporphyrin thallium(III) complex Tl(N-Me-
TPP)(OAc)2 has two cis-chelating acetate groups and an eight-coordinate thallium atom with a
square-based antiprism geometry.500 An unusual 4:3 tetragonal base–trigonal base, piano-stool,
seven-coordinate geometry has been observed in Tl(N-Me-TPP)(O2CCF3)2.

518 The compound
Tl(TPP)(OSO2CF3)(THF) (97) features a six-coordinate thallium site, but a rare transoid geometry.503

NN

NN
Tl

O

O

S

O

O

CF3
(97)

Heterometallic homo- and heteroleptic porphyrinate dimers with metal–thallium bonds have
been described. These include (OEP)Rh–Tl(OEP), (TPP)Rh–Tl(OEP), (OEP)Rh–Tl(TPP), and
(TPP)Rh–Tl(TPP).519 The UV–visible spectroscopy confirms the presence of a strong 
–
 inter-
action between the macrocycles in each metal derivative.
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Several phthalocyanato thallium(III) compounds have been synthesized and characterized.520

Oxidation of dithalliumphthalocyaninate with excess iodine affords a blue-green iodophthalo-
cyaninatothallium(III) derivative.521 The thallium center has a tetragonal-pyramidal arrangement,
with the iodo group occupying the axial site. The thallium atom is displaced out of the N4 plane
towards iodide by about 0.959 Å. Treatment of this iodo derivative (Pc)TlI with n-Bu4NX
(X¼Cl, ONO, NCO) yields [n-Bu4N][cis-(Pc)TlX2] adducts.

522 Optical, vibrational data and the
solid-state structures of [n-Bu4N][cis-(Pc)Tl(ONO)2] and [n-Bu4N][cis-(Pc)TlCl2] have been
reported. The Tl(III) adducts [n-Bu4N][cis-(Pc)Tl(ONO)2] (98) and [n-Bu4N][cis-(Pc)TlCl2] feature
eight- and six-coordinate thallium sites, respectively.
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Complete lithiation of the tripodal amine HC{SiMe2NH(p-Tol)}3 with n-BuLi, followed by the
reaction with TlCl3, affords the Tl(III) amide HC{SiMe2NTl(p-Tol)}3 (99). The same product
may be obtained by treating the HC{SiMe2NLi(p-Tol)}3 with three equivalents of TlCl. If the
lithiation and transmetalation are performed in one step, an interesting mixed-valent amide
[HC{SiMe2N(p-Tol)}3(n-BuTl)Tl] (100) forms.523 The mixed-valent amide {CH2[CH2NSi-
Me3]2}2Tl

IIITlI, which features a bidentate ligand, has been prepared by treating two equivalents
of the Tl(I) amide CH2[CH2N(Tl)SiMe3]2 with one equivalent of TlCl3.

524
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Thallium(III) adducts with a mixed-donor surrounding can be found in seven-coordinate
[Tl(edta)OH]2�, [Tl(edta)CN]2�,479 [Tl(bipy)3(DMSO)]3þ,525 and eight-coordinate [Tl(bipy)2(NO3)3],
[Tl(tpen)(NO3)](ClO4)2 adducts (edta¼ ethylenediaminetetraacetate tpen¼N,N,N0,N0-tetrakis-
(2-pyridylmethyl)ethylenediamine).525 The thallium(III) ion has also been encapsulated in an
iminophenolate cryptand ligand.526 The NMR spectroscopic data suggest that the thallium(III) is
held strongly within the host.

(ii) Phosphorus, arsenic, antimony, and bismuth ligands

There appear to be no notable nonorganothallium compounds that belong in this category. The
highly oxidizing thallium(III) ion will most likely present problems during the synthesis of
thallium(III) complexes of these soft donors. However, there are a few organothallium derivatives,527,528

and Tl(III) adducts of sulfur ligands are known.
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3.5.2.2.3 Group 16 ligands

(i) Oxygen ligands

Solid-state data show that hexaaquathallium(III) ion has six water molecules coordinated to
Tl(III) in a regular octahedral fashion.529 However, in solution the water molecules are quite
labile.530,531 These solutions are acidic and the resulting hydroxides are fairly stable. Thallium(III)
hydroxo species have also been investigated.471 The solid-state structure of the first hydroxothal-
late, Ba2[Tl(OH)6]OH, has been reported.532 It was synthesized by reacting Tl2O3�xH2O with
NaOH in the presence of barium hydroxide. The structure and vibrational spectra of the DMSO-
solvated Tl(III) ion were studied in a DMSO solution and in the solid state. The X-ray crystal
structure of [Tl(DMSO)6](ClO4)3 has been reported.533

Although Tl(III) adducts of �-diketones are not available, the homoleptic tropolonato deriva-
tive has been synthesized. The tris(tropolonato)thallium(III) can bind to trioctylphosphine oxide
forming seven-coordinate complexes.203 The indium(III) analogue behaves similarly.
Thallium(III) salts of polyoxyanions, including those of nitrate, halogenates, sulfate, phos-

phate, and acetate have been prepared, often starting from the thallium(III) oxide, and some
solid-state structures have been investigated.471,534–537 Thallium(III) acetate is a useful reagent in
organic synthesis. Mixed-ligand complexes of thallium(III) containing donors in addition to
oxygen have also been investigated.538,539

(ii) Sulfur, selenium, tellurium ligands

Thallium(III) complexes in which the coordination sphere is made up exclusively of heavier, group 16
donors are rare.540–545 The high oxidizing power of Tl(III) poses difficulties during the synthesis of such
complexes. There are several early reports concerning the synthesis and structures of tris(N,N-dimethyl-
dithiocarbamato)thallium(III) and tris(N,N-diethyldithiocarbamato) thallium(III) adducts, and com-
pounds of the type [Tl(dithiolene)2]

� (where dithiolene¼ 1,2-S2C2H2, 4,5-S2C6H2(CH3)2, 1,2-S2C2-
(CN)2).

540,541,546 Thallium adducts of the type [Tl(dithiolene)3]
3� are also known.547–549 Tris chelate

adducts of Tl(III) containing 1,3-dithiole-2-thione-4,5-dithiolate (dmit) and 1,2-dithiole-3-thione-4,5-
dithiolate (dmt) ligands can be synthesized using the alkali-metal salts of the ligand and [Ph4As][TlCl4] as
the thallium source. [Ph4As]3[Tl(dmit)3] and [Ph4As]3[Tl(dmt)3] have been isolated as red-brown and red
crystalline solids, respectively.547

The Tl(III) adduct of dicyclohexyldithiophosphinic acid [Tl{S2PCy2}3] has been reported.550 The
reaction between diphenylthallium(III) compounds TlPh2X (X¼Br, OH or S2PCy2) and dicyclohexyl-
dithiophosphinic acid, HS(S)PCy2, has resulted in the loss of one or more phenyl groups, leading
to Tl[S2PCy2]3 (101) as one of the products. The thallium atom is coordinated to three pairs of S
atoms from two very anisobidentate ligands and one symmetrically bonded dithiophosphinate.
Anionic, tridentate tris(mercaptoimidazolyl)borates [TmR]� systems are useful for isolation of

Tl(III) complexes.542,543 Six-coordinate, sandwich complexes {[TmPh]2Tl}ClO4, {[Tm
Me]2 Tl}I (102),

and {[TmMe]2Tl}TlI4 have been synthesized and structurally characterized. The compound {[Tm
Me]2Tl} I

has been isolated as a by-product during the synthesis of a tris(mercaptoimidazolyl)boratozinc
complex using a thallium(I) starting material [TmMe]Tl.542,543 Attempted synthesis of
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{[TmMe]2Tl}
þ using [TmMe]Na and Tl(NO3)3 has been a failure, due to oxidation reductions

between the Tl(III) ion and the ligand borohydride function. However, [TmMe]2Tl}TlI4 can be
synthesized in good yield by treating the [TmMe]Tl with excess iodine. It is believed that, unlike the
free ligand, the Tl(I) complexed ligand is more resistant to oxidation by Tl(III). The compound
{[TmPh]2Tl}ClO4 has been synthesized directly from {[TmPh]Li and Tl(ClO4)3�xH2O. The solid-state
structures of these tris(mercaptoimidazolyl)boratothallium(III) complexes show that the thallium ion
is coordinated to six sulfur donors in a regular octahedral fashion. The Tl–S distances are 2.69 Å.
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Electrochemical oxidation of thallium in the presence of 1-hydroxopyridine-2-thione (HPT)
affords the thallium(I) adduct along with Tl(PT)3 (103).

300 The thallium atom is bonded to three
oxygens and three sulfur atoms in an octahedral fashion, forming the mer-isomer. The 205Tl
NMR spectrum of Tl(PT)3 exhibits the resonance due to thallium(III) at � 2,968. The related
thallium(I) adduct Tl(PT) displays the signal due to thallium(I) at � 2,697.

3.5.2.2.4 Group 17 ligands

Compared with the trihalides of lighter, group 13 elements, the corresponding thallium(III) deriva-
tives are less stable. TlF3 hydrolyses easily in water, producing Tl(OH)3.

7,471 Thus, hydrates of TlF3

are not available. True double salts of the type MTlF4 (M¼Li or Na) and MTlF6 (M¼Na, K, Rb,
and Cs) compounds containing the TlF6

3� anion have been reported. TlI3 is isomorphous with
CsI3, and is best described as Tl(I) triiodide. The TlI I3 formulation is also consistent with the
standard reduction potentials.7 However, when treated with excess I� TlI4

� forms, in which
the Tl(III) state becomes stable. There are many complexes containing the TlI4

� ion.551–559 The
chlorides and bromides of Tl(III) show the most diverse coordination chemistry. Thallium(III)
halides form complexes with a variety of N, O, and halide donors.560–582 The Tl(III) adducts
containing donors like P or S are rare, because of the oxidation reactions of the P- or S-donor
center by the Tl(III) ions.
The nucleophilic carbene complexes of TlCl3 and TlBr3 have been reported.325 These adducts

are unique in that the divalent carbon site not only survives the oxidizing power of Tl(III), but
also acts as a donor to Tl(III). The adducts Cl3Tl[C{N(Mes)CH}2], Cl3Tl[C{N(Mes)CBr}2], and
Br3Tl[C{N(Mes)CH}2] can be synthesized by treating TlX3 with ‘‘stable’’ carbenes
C{N(Mes)CH}2 or C{N(Mes)CBr}2. Although these complexes are moisture-sensitive, they pos-
sess high thermal stability. The bis(carbene) adduct Cl3Tl[C{N(Mes)CH}2]C{N(Me)C(Me)}2 has
also been prepared. The molecular structure of Cl3Tl[C{N(Mes)CH}2] (104) has been reported.
The thallium center adopts a distorted tetrahedral environment. The Tl–C(carbene) distance is
2.179(9) Å. Heating a mesitylene solution of Cl3Tl[C{N(Mes)CH}2] and Br3Tl[C{N(Mes)CH}2] to
163 �C leads to decomposition, resulting in the thallium(I) halide and the oxidized carbene
product [XC{N(Mes)CH}2]X.
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TlCl3(py)3 and TlBr3(py)3 feature octahedral Tl(III) centers with mer-geometry.583,584

TlBr3(OPPh3)2, [TlBr3(�-C4H8O2)] and TlBr3(py)2 have trigonal-bipyramidal thallium centers in the
solid state.585–587 A series of Tl(III) compounds of the type TiClBrI(L)2 (L¼ various pyridine
N-oxides, HMPA, OPPh3) containing three different halides on a single thallium atom have been
prepared and characterized.571 These compounds have been prepared by the action of IBr on TlCl
in acetonitrile with the ligand present. The solid-state structure of TlClBrI(OPPh3)2 (105) has been
reported. The thallium atom displays distorted trigonal-bipyramidal geometry, with the halide ions
occupying the sites of the equatorial plane. Complexes of mixed halides such as TlBrCl2, TlBrI2,
TlCl2I, and TlCl2Br have also been synthesized.

569,570

Tl
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Cl

Tl

Cl Cl Cl

Cl
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Thallium(III) chloride reacts with 1,4,7-triazacyclononane and 1,4,7-trimethyl-1,4,7-triazacyclo-
nonane to produce 1:1 complexes.497 It is also possible to prepare the InBr3 adduct of
1,4,7-triazacyclononane. As noted earlier, the hydrolysis of this compound leads to the first
well-authenticated In(III) �-hydroxo complex.
Chlorothallate(III) complexes of various solid state structures are known.588–599 Compounds

with octahedral [TlCl6]
3� and tetrahedral [TlCl4]

� anions in the solid state have been well
documented.588 Pentanediammonium and 4-chloropyridinium salts of chlorothallates(III) contain
distorted square-pyramidal [TlCl5]

2� (106) anions.589,590 The presence of anions of the type
[Tl2Cl9]

3�,600,601 and [Tl2Cl10]
4� has also been established.590,593

Bromothallate(III) complexes also show variable coordination numbers and structural diversity
for the thallium(III) ion.588,591,602–605 X-ray data, supported by Raman analysis, showed that the
[TlBr5]

2� ion of 1,1,4,4-tetramethylpiperazinium and N,N0-dimethyltriethylenediammonium salts
adopts a trigonal-bipyramidal geometry.604 Compounds derived from 4,40-dimethyl-2,20-bipyridi-
nium cation contain unusual bromothallate units, with four short Tl�Br bonds and one long
Tl�Br interaction. The N-methyl-1,3-propanediammonium salt of [TlBr5]

2� is known. The X-ray
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structure reveals a distorted square pyramid with one long, additional Tl�Br contact.606 Salts
with octahedral [TlBr6]

3� and tetrahedral [TlBr4]
� anions are well known.591 The anion [Tl2Br9]

3�

has also been reported.603

3.5.2.3.5 Hydride ligands

The chemistry of group 13 hydrides has been reviewed.5 Thallium hydrides are the least stable
among group 13 hydrides. Stability and the properties of Tl(III) hydrides have been analyzed by
computational methods. Results suggest that Tl2H6 is thermodynamically unstable in both the gas
phase and as a solid. Despite some claims in early literature, it is unlikely that TlH3 aggregates
may exist in the uncoordinated state. LiTlH4 can be synthesized, but it decomposes rapidly at
0 �C. TlBH4 is a thermally stable compound.2

3.5.2.3 Thallium (II)

Only a very few well-authenticated molecules of divalent thallium are known.2,3 The silyl deriva-
tives of Tl(II) of the type R2Tl�TlR2 where R¼ Si(SiMe3)3 (107), Si(t-Bu)3 (108), and Si(t-Bu)2Ph
(109) have been synthesized and structurally characterized.28,29,407,607 Dark red {[(Me3Si)3Si]2Tl}2
has been obtained from a reaction between TlN(SiMe3)2 and (Me3Si)3SiRb in a toluene/pentane
mixture.607 Interestingly, the use of (Me3Si)3SiM (M¼Li, Na, K, Rb, Cs) and TlX (X¼Cl, I)
does not lead to Tl-Si bonded compounds, but results only in the formation of elemental Tl, MX,
and [(Me3Si)3Si]2. The thallium(II) derivative {[(Me3Si)3Si]2Tl}2 slowly decomposes in solution.
However, solid samples are stable even in air for a short period. The crystal structure shows an
approximately C2-symmetric Tl2Si4 framework with a Tl�Tl bond length of 2.9142(5) Å and a
TlTlSi2 dihedral angle of 78.1

�. The synthesis of {Tl[Si(t-Bu)3]2}2 involves the use of TlBr and an
alkali-metal salt NaSi(t-Bu)3.

407 Thallium(II) radicals (t-Bu)3SiTl� were suggested as being present
in benzene solutions at room temperature to account for the unusually dark green color, the
band-rich EPR signal, and some of the decomposition products. The compound {Tl[Si-
(t-Bu)2Ph]2}2 has been synthesized by treating TlBr with NaSi(t-Bu)2Ph in tetrahydrofuran.29 It
is a dark-blue-colored compound. According to X-ray crystal structure analysis, the thallium
atoms in {Tl[Si(t-Bu)3]2}2 and {Tl[Si(t-Bu)2Ph]2}2 are planar, and coordinated with two Si atoms
and one Tl atom. The Tl–Tl bond distances are 2.996(2) and 2.881(2) Å, respectively. The TlTlSi2
dihedral angles are 89.6� and 82.2�, respectively. Larger substituents on the Tl lead to greater
dihedral angles. For the {M[Si(t-Bu)3]2}2 series (M¼Al, In, Tl), the �max value of the visible
absorption shifts with increasing atomic number and with increasing angle between the Si2EE
planes to a longer wavelength.29 Selenium reacts with {Tl[Si(t-Bu)3]2}2 to give hetorocubane
(t-Bu3SiTl)4Se4 (see (45) for a related structure).29
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Molecular properties of organothallium compounds such as Me2Tl have been calculated. The
Tl–Me dissociation energy shows that Me2Tl is unstable with respect to the disproportionation
into either Me3Tl and MeTl or 2Me3Tl and Tl.608 A paramagnetic Tl(II) complex
[NBu4]2[Tl{Pt(C6F5)4}2] containing a linear Pt�Tl�Pt core has been reported.609
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The diamagnetic, mixed-valent Tl(I)/Tl(II) amide [MeC(CH2NSiMe3)3Tl2]2 has been obtained
from the reaction between TlCl and MeC{CH2N(Li)SiMe3}3(dioxane)3 in tetrahydrofuran.417 The
compound [MeC(CH2NSiMe3)3Tl2]2 is a red solid. It is also possible to prepare the related indium
analogue, which is yellow in color, using a similar procedure. The key feature of [MeC(CH2NSi-
Me3)3Tl2]2 is the metal–metal-bonded Tl2

4þ fragment, which is shielded by the ligand framework.
The Tl�Tl distance of 2.734(2) Å is relatively short compared to corresponding bond distances
for silylated Tl(II) derivatives29,607 described above.
The halides of compositions TlCl2 and TlBr2 are in fact TlI[TlIII X4] species. Monovalent Tl is

the most stable oxidation state for thallium in halide systems.
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3.5.2.4 Thallium (I)

The monovalent thallium ion, with its relatively large ionic radius (1.50 Å for a 6-coordinate ion),
has only weak electrostatic interactions with its ligands. The valence-shell electronic configuration
of d10s2 with a lone pair makes the covalent interactions weak as well. Overall, the thallium ion is
weakly solvated in most solvents, and crystallizes even without any coordinated solvent mol-
ecules. Thallium(I) compounds are the most widely explored group among thallium derivatives.
The Tlþ state is also the most stable ion in aqueous solutions.

3.5.2.4.1 Group 14 ligands

The thallium(I) ion forms salts with the cyanide ion.1 However, the solution chemistry of TlCN is
not well developed. In contrast, the cyanides of Tl(III) have been investigated in some detail.
The organothallium(I) compound [(Me3Si)3CTl]4 features a distorted tetrahedron of Tl atoms

in the solid state.610 It is much less thermally stable than the analogous indium complex. An
interesting, monomeric arylthallium(I) compound TlC6H3-2,6-Trip2 (where Trip¼ 2,4,6-
(i-Pr)3C6H2) with a singly coordinated thallium atom has been described.611 Cyclopentadienyl
complexes of Tl(I) are well known.612 Recently, the synthesis of an interesting Tl(I) derivative (�5-
C60Ph5)Tl involving C60 was reported.613 The crystal structure reveals that the Tl(I) atom is
bonded to C60 in �5-fashion, and it lies deeply buried in a cavity created by the five phenyl groups.
Trithallane [(t-Bu)3Si]4Tl3Cl (111) and hexathallane [(t-Bu)3Si]6Tl6Cl2 (112) have been obtained

during an attempt to synthesize [(t-Bu)3Si]2TlCl from (t-Bu)3SiNa and TiCl3.
489 These cluster

compounds show high sensitivity to light, air, and moisture. A possible reaction pathway for the
formation of [(t-Bu)3Si]4Tl3Cl and [(t-Bu)3Si]6Tl6Cl2 is also presented. The compound
[(t-Bu)3Si]4Tl3Cl, which is red in color, has a planar, four-membered Tl3Cl core. The black hexathal-
lane contains two four-membered Tl3Cl rings which are linked by Tl�Tl and Tl�Cl interactions.
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3.5.2.4.2 Group 15 ligands

(i) Nitrogen ligands

(a) Neutral nitrogen ligands. Little is known about thallium(I) adducts of neutral monodentate
nitrogen donors like ammonia. Solution equilibria involving Tl(I) and ammonia have been
investigated.614–616 Data indicate the formation of mono- and diamminethallium(I) complexes.
Studies involving pyridine and thallium(I) ions in aqueous solutions of NH4ClO4 suggest that,
compared to NH3, pyridine forms more stable adducts with Tl(I).617 Thallium(I) methylamine
interactions have been investigated using 205Tl NMR spectroscopy.618 The cyanomanganese
carbonyls trans-[Mn(CN)(CO)(dppm)2], cis- and trans-[Mn(CN)(CO){P(OR)3}(dppm)] (R¼Ph,
Et; dppm¼Ph2PCH2CH2PPh2), upon treatment with TlPF6, form Tl�N-bonded complexes.619

The formation of products with core geometries of the type Tl(�-NC)Mn, {Tl(�-NC)Mn}2, and
Tl{(�-NC)Mn}2 is observed.
Compared to neutral monodentate nitrogen donors, multidentate systems fare better in forming

isolable Tl(I) adducts. Bidentate nitrogen donors like 2,20-bipyridine (bipy) and 1,10-phenanthroline

Indium and Thallium 435



(phen) form TlL2
þ cations.1 The thallium–iron carbonyl compounds [L2Tl{Fe(CO)4}2]

� contain
bidentate nitrogen donors L2 such as bipy, en, phen, and tmda.

620 The Tl(I) encapsulated compound
[TlRh4(�-2,6-pyridinedithiolate)2(cod)2]

þ shows an unusual see-saw coordination environment of
the thallium atom, and pyridine–thallium coordination.621

The coordination chemistry of tris(2-pyridylmethyl)amine (TPA) with thallium(I) has been
investigated. The reaction of TlNO3 with TPA in aqueous acetonitrile results in [Tl(TPA)]NO3.

622

Crystals of this compound were found to be [Tl(TPA)]2[H3O][NO3]3. The solid consists of two
different [Tl(TPA)]þ cations, one four-coordinate, while the second contains a seven-coordinate Tl
site due to bonding to the three nitrate ions. Tris(pyrazolyl)methane623 ligands also form Tl(I)
complexes readily. Treatment of HC(3,5-Me2Pz)3 with TlPF6 in tetrahydrofuran results in the
immediate precipitation of {[HC(3,5-Me2Pz)3]2Tl}[PF6] (113).623 The mono ligand adduct
{[HC(3,5-Me2Pz)3]Tl}[PF6] can be synthesized in acetone by using a mixture of 1:1 ligand/Tl(I)
molar. The {[HC(3,5-Me2Pz)3]2Tl}[PF6] complex has an octahedral structure with a stereochem-
ically inactive lone pair. The coordination geometry at thallium in {[HC(3,5-Me2Pz)3]Tl}[PF6] is
trigonal pyramidal. Tris(pyrazolyl)methane ligands are closely related to the anionic tris(pyrazo-
lyl)borates.
Thallium nitrate reacts with N,N0,N00-trimethyl-1,4,7-triazacyclononane (L) in the presence of

NaPF6 to yield the colorless solid TlL[PF6].
497 Crystals of TlL[PF6] consists of discrete TlL

þ cations
and PF6

� anions. The thallium(I) lone pair is stereochemically active in the solid.497Monomeric, four-
coordinate Tl(I) complexes of mono-pendant-arm 1,4,7-triazacyclononane ligands have also been
synthesized and characterized by X-ray crystallography.624 The aminocryptand
N{CH2CH2N(H)CH2C6H4CH2N(H)CH2CH2}N has a large enough cavity to hold two metal ions
in close proximity. The dilithium adduct of N{CH2CH2N(H)CH2C6H4CH2N(H)CH2CH2}N (114)
can be synthesized by treating the cryptate with CF3SO3Tl.

625 The thallium encapsulation, and the
fact that it holds two Tl(I) ions closer to each other, have been established by NMR spectroscopy and
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by solid-state structural studies. The Tl���Tl distance of 4.3755(4) Å is longer than that observed in
most dimeric or quasi-dimeric structures. However, the NMR data show that the two 205,203Tl nuclei
are coupled to each other through space with J(Tl,Tl)� 17Hz. This is the largest recorded through-
space coupling between Tl atoms, indicating strong Tl���Tl interaction in solution.

(b) Amido ligands, monoanionic. The bis(trimethylsilyl)amido derivative of thallium (Me3Si)2NTl
(115) has been synthesized by treating (Me3Si)2NTl with TlCl in toluene.626 It is monomeric in
benzene and in the gas phase.627 It has a cyclic dimeric structure in the solid state, with intermolecular
Tl���Tl interactions. Related (2,6-(i-Pr)2C6H3)(Me3Si)NTl can be synthesized using a similar proce-
dure.628 It is a tetramer in the solid state. This amide shows weak Tl���Tl and Tl�arene interactions.
The bis(8-quinolinyl)amido (BQA) complex of Tl(I) has been synthesized by a transmetalation

process involving the lithium derivative of the ligand and TlOTf.629 The [BQA]Tl (116) exists as a
monomeric species in solution. This compound serves as a good ligand-transfer agent for the
preparation of group 10 metal adducts of the [BQA] ligand.

(c) Diamido ligands. Difunctional thallium amides can also be synthesized. The reaction of
CH2[CH2N{Li(dioxane)}SiMe2R]2 (R¼Me or t-Bu) with TlCl leads to CH2[CH2N(Tl)SiMe2R]2
(117).630 The thallium amide with the larger t-Bu group shows no significant Tl���Tl contacts.
Mixed-valence amides like {CH2[CH2NSiMe3]2}2Tl

III TlI (118) and the related indium analogue
{CH2[CH2NSiMe3]2}2In

III TlI have been prepared.524 The trivalent metal ion occupies the center
of the tetrahedral coordination sphere of the amide nitrogens. The lithium ions of the diamide
[(2-C5H4N)C(CH3)(CH2N(Li)SiMe3)2]2 may be substituted in a stepwise manner to obtain a
mixed lithium/thallium amide [(2-C5H4N)C(CH3)(CH2N(Li)SiMe3)(CH2N(Tl)SiMe3)]2 and the
Tl(I) diamide [(2-C5H4N)C(CH3)(CH2N(Tl)SiMe3)2]2.

631 Similar substitution of the lithium by a
thallium ion has been achieved in [C10H6{NLi(THF)2SiMe3}2] to obtain [C10H6{N[Li(THF)2]Si-
Me3}{N(Tl)SiMe3}] and [C10H6{N(Tl)SiMe3}2] (119).

632

N

Tl

N

Tl

SiMe3
Me3Si

SiMe3
Me3Si

N

N N

Tl

(115) (116)

Tl

N N
SiMe3Me3Si

Tl

(117)

N
N

SiMe3

Me3Si

Tl

N N
SiMe3Me3Si

Tl

(118)

The thallium amido [C10H6{N(Tl)Si(R)Me2}2] (R¼Me, t-Bu) derivatives, upon heating in dioxane
to 90 �C, undergo metal–ligand redox chemistry leading to 4,9-diaminoperylenequinone-3,10-diimine
derivatives.418The 4,9-diaminoperylenequinone-3,10-diimine is known; however, its synthesis is not an
easy task. Related oxygen analogues are employed in photodynamic therapy and show cancerostatic
and antiviral activity. The thallium route may provide an alternative, more convenient pathway for
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such organic compounds. Interestingly, the diindium analog [C10H6{N(In)SiMe3}2] showsmetal–metal
redox chemistry leading to an In(II) complex [{C10H6(Me3SiN)2}In(THF)]2.

418

N N

TlTl

Me3Si
SiMe3

(119)

The thallium(I) complex of the bis(tert-butylamido)cyclodiphosphazane [(t-BuNP)2(t-BuN)2]
2�

ligand system is known. [(t-BuNP)2(t-BuNTl)2] (120) has a dinuclear heterocubane structure.416

The related [(t-BuNSiMe)2(t-BuNTl)2] has also been synthesized and structurally characterized.633

(d) Triamido ligands. A few triamido derivatives of thallium are known.523,634,635 They show
different chemistry. They include MeSi(Me3CNTl)3,

636 MeC[CH2N(Tl)SiMe3]3 (121),634

(C6H5)C[CH2N (Tl)SiMe3]3,
634 and MeSi[SiMe2N(Tl)t-Bu]3 (122). The compound MeSi(Me3CNTl)3

shows a dimeric structure in the solid state, with Tl���Tl interactions. In fact, most of the thallium
amides show Tl���Tl interactions in the absence of stronger interactions with other functional groups in
the molecule. The X-ray crystal structures of (C6H5)C[CH2N(Tl)SiMe3]3 and CH3C[CH2N(Tl)SiMe3]3
demonstrate the relative importance of metal–arene vs. metal–metal interactions in thallium amide
chemistry. In the tripodal Tl(I) amide with a phenyl group at the apical position of the ligand backbone,
the competition between Tl���Tl interaction and Tl���arene interaction leads to an infinite chain
structure in the solid state. The related CH3C[CH2N(Tl)SiMe3]3 is dimeric in the solid state.
During the synthesis of HC[SiMe2N(Tl)t-Bu]3, competing redox processes lead to the precipita-

tion of thallium metal and the formation of [HC{SiMe2N(H)t-Bu}{SiMe2N(Tl)t-Bu}2] (123).
637
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Interestingly, this does not happen during the synthesis of MeSi[SiMe2N(Tl)t-Bu]3. However, it is
possible to obtain the partially demetalated thallium amide [MeSi{SiMe2N(H)t-Bu}{SiMe2N(Tl)t-Bu}2]
via the controlled thermolysis of MeSi[SiMe2N(Tl)t-Bu]3.

635

The mixed-valent Tl(I)/Tl(II) species [MeC(CH2NSiMe3)3Tl2]2, featuring rare Tl(II) sites, was
described in a previous section.417 The [HC{SiMe2N(p-Tol)}3]

3� ligand system affords a mixed-
valent Tl(I)/Tl(III) system [HC{SiMe2N(p-Tol)}3(TlBu)Tl)]. It also contains a donor-stabilized
n-butylthallium(III) unit.523

(e) Pyrazolates and related ligands. Pyrazolate adducts of Tl(I) are of significant value for
pyrazole-transfer reactions. Some of these reactions proceed with the reduction of Tl(I) to
thallium metal. The reaction between pyrazoles 3,5-(Ph)2PzH or 3-Me-5-PhPzH or 3-(20-pyri-
dyl)PzH with TlOEt proceeds with the elimination of ethanol to produce the corresponding Tl(I)
pyrazolates.638–640 In addition, compounds such as Tl(bin) (binH¼ 4,5-dihydro-2H-benz[g]inda-
zole) and 4-Me-3,5-(Ph)2PzTl, Tl(azin) (azin¼ 7-azaindazole) have been reported.639,641 The
synthesis of 3,5-(t-Bu)2PzTl was not successful via the ethanol-elimination method.641

These compounds show a diverse range of thallium(I)-pyrazolate bonding modes. These include,
�-�1:�1, �3-�1:�1:�1, �3-�1:�2:�1, and �5 bonding modes.639 In addition, Tl���Tl interactions are
common. The compound 3-(20-pyridyl)PzTl (124) displays a zigzag arrangement of pyrazalato-
bridged thallium atoms.640 Thallium(I) pyrazolates like 3,5-(Ph)2PzTl served as important precur-
sors for the synthesis of lanthanoid pyrazolate complexes via a redox transmetalation process.638,641

Tetrazole derivatives of Tl(I) may be prepared starting with Tl2SO4 or TlOEt.642 Thallium
complexes of nucleobases are reported, and they are of obvious interest for their biological
relevance.643,644 Early work involving imidazolate and benzotriazolate adducts is also known.
Volatile thallium(I) pyrrole645 derivatives have been reported as well.

(f) Other anionic nitrogen ligands with unsaturated backbones. Reaction of 1,3,5-triazine with
(Me3Si)2NTl in toluene affords a novel product, 1,3,5,7-tetraazaheptatrienylthallium(I), involving
both formally an �–! Me3Si shift and a ring opening.646 The molecular structure consists of four
units, each comprising of two thallium atoms and two [{Me3SiNC(H)N}2CH]� ligands (125).
A thallium(I) �-diketiminate, [HC{(Me)C(C6H3-2,6-Me2)N}2]Tl, and its use in the preparation

of copper(I) complexes are reported.647 No structural data are available on this compound.
Thallium(I) complexes of 1,3-diphenyltriazenide648 and 1,5-di-p-tolylpentaazadienes have been
synthesized and structurally characterized.
Thalliumderivatives of the tetracyanoethylene systemare of interest as reagents for the introduction of

[TCNE]�� and [TCNE]2� (useful in the preparationofmolecular-basedmagnets) via a halide- abstraction

(124)
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process. The synthesis and the reactivity of Tl[TCNE] and Tl2[TCNE] have been investigated.649

The structure of Tl[TCNE] consists of square-antiprismatic, eight-coordinate thallium sites.
(g) Poly(pyrazolyl)borate ligands. Thallium(I) complexes of bis-, tris-, and tetrakis(pyrazolyl)

borates are clearly one of the largest, most well-characterized groups of thallium compounds
containing Tl�N bonds.439,440,650,651 The thallium(I) derivatives of poly(pyrazolyl)borates are
used extensively as ligand-transfer reagents in the synthesis of various metal complexes.650 They
are usually milder, less reducing, and more stable than the corresponding alkali-metal salts. The
thallium salts also facilitate the purification and characterization of the new poly(pyrazolyl)borate
ligand systems. This choice is particularly valuable and commonly utilized in the synthesis of
poly(pyrazolyl)borate ligands with bulky substituents.
Several thallium(I) complexes of the bis(pyrazolyl)borate ligand have been described. These include

[H2B(Pz)2]Tl (126) (bis(pyrazolyl)hydroboratothallim(I)),652 [H2B(3-(9-triptycyl)Pz)2]Tl,
653 [H2B(3-

(2-pyridyl)Pz)2]Tl,
654 [H2B(3-(2-pyrazinyl)Pz)2]Tl,

655 [H2B{3-[6-(2,2
0-bipyridyl)]Pz}2]Tl,

656 [H2B(3-
(t-Bu), 5-(Me)Pz)2]Tl (127), and [H2B(3-(t-Bu),5-(i-Pr)Pz)2]Tl, [H2B(3,5-(t-Bu)2Pz)2]Tl,

657 as well as
thallium(I) adducts of asymmetric systems [H2B(Pz)(3,5-(t-Bu)2Pz)]Tl, [H2B(3,5-(Me)2Pz)(3,5-
(t-Bu)2Pz)]Tl, and [H2B(3-(9-triptycyl)Pz)(3,5-(t-Bu)2Pz)]Tl.

658 Typical synthetic procedures involve
the metathesis reaction of a thallium(I) salt (e.g., thallium(I) formate, thallium(I) acetate, thallium(I)
nitrate) with the appropriate alkali-metal bis(pyrazolyl)borate derivative.
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Solid-state structures often show a monomeric structure with two-coordinate thallium(I) sites, with
additional weak, secondary Tl���H–B interactions. The compounds [H2B(3-(t-Bu),5-(Me)Pz)2]Tl
(127), [H2B(3-(t-Bu),5-(i-Pr)Pz)2]Tl, [H2B(3-(9-triptycyl)Pz)2]Tl, [H2B(Pz)(3,5-(t-Bu)2Pz)]Tl, and
[H2B(3,5-(t-Bu)2Pz)2]Tl adopt this type of structure. [H2B(Pz)2]Tl (126), in contrast, is dimeric in
the solid state, with additional intermolecular Tl���Tl contacts of 3.70 Å length.652 The close Tl���Tl
contact observed in [H2B{3-[6-(2,2

0-bipyridyl)]Pz}2]Tl has been attributed to 
-staking.656 The
compounds [H2B(3-(2-pyridyl)Pz)2]Tl (128) and [H2B(3-(2-pyrazinyl)Pz)2]Tl contain additional
nitrogen-donor sites on the ligand backbone.654,655 The thallium(I) atoms in these compounds
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prefer those nitrogen donors over Tl���H–B contacts. The ligand-transfer ability of some of these
adducts has also been investigated.659

The tris(pyrazolyl)boratothallium(I) compounds are the most widely studied among thallium
poly(pyrazolyl)borates. An excellent recent review article has appeared that covers the synthesis,
structures, properties, and applications of tris(pyrazolyl)boratothallium(I).650

The Tl(I) adduct of the parent tris(pyrazolyl)borate [HB(Pz)3]Tl (129)
660 is known, as well as

many ligand varieties with different pyrazolyl groups and/or boron substituents. Substituents at
the pyrazolyl ring 3-position are the closest to the thallium ion. They have the greatest influence
both sterically and electronically on thallium (or any other metal ion coordinated to this ligand
system). Compounds of the [HB(3-(R)Pz)3]Tl type that have been reported include:
R¼ cyclopropyl,661 i-Pr,661 t-BuCH2,

662 cyclohexyl,663 t-Bu,664 Ph,665 2-pyridyl,666 2(pinene[4,5]-
pyridyl,667 2-thienyl,668 4-MeC6H4,

668,669 2-MeOC6H4,
670 4-MeOC6H4,

668,669 4-ClC6H4,
668 2,4,6-

Me3C6H2,
671 9-anthryl,672 1-napthyl,673 2-napthyl,673 and 9-tryptycyl.653

In addition, thallium adducts featuring 3,4- and 3,5-disubstituted pyrazole-containing ligand
systems are known. They include [HB(1,4-dihydroindeno[1,2-c]Pz)3]Tl,

674 [HB(3-(i-Pr),
4-(Br)Pz)3]Tl,

675 [HB(3,5-(Me)2Pz)3]Tl,
676 [HB(3-(CF3),5-(Me)Pz)3]Tl,

677 [HB(3-(CF3),5-(2-thie-
nyl)Pz)3]Tl,

678 [HB(3,5-(CF3)2Pz)3]Tl (130),679 [HB(3,5-(i-Pr)2Pz)3]Tl,
680 [HB(3-(Ph),

5-(Me)Pz)3]Tl,
674 [HB(3,5-(4-(t-Bu)C6H4)2Pz)3]Tl,

681 [HB(3-(t-Bu),5-(Me)Pz)3]Tl,
664 [HB(3-(t-Bu),

5-(i-Pr)Pz)3]Tl (131),
668 and [HB(3,5-(t-Bu)2Pz)3]Tl.

682 Although the substituents at the 4- or 5-
position of the pyrazolyl ring are further away from the metal center, they also exert enough
influence, and thus serve as valuable tools to control the chemistry of tris(pyrazolyl)borate metal
adducts. The compounds [HB(Pz)2(3,5-(t-Bu)2Pz)]Tl (132),

683 and [HB(5-(Mes)Pz) (3-(Mes)Pz)2]Tl
671

contain two different pyrazolyl ligands on the boron atom. Such ligand systems are rare. A few
tetrakis(pyrazolyl)boratothallium(I) adducts are also known.668
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As with bis(pyrazolyl)borates, the synthesis of Tl(I) complexes involves the metathesis reaction
between an alkali-metal tris(pyrazolyl)borate and a thallium salt. The triptycyl-substituted com-
plex [HB(3-(9-triptycyl)Pz)3]Tl has been synthesized from the reaction between [H2B(3-(9-tripty-
cyl)Pz)2]Tl and 3-(9-triptycyl)PzH at 170 �C.653 A promising, much milder route involving TlOEt
is also available. The reaction of RBBr2 (R¼Me, cymentrenyl (Cym), methylcymentrenyl (Cym0),
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ferrocenyl (Fc)), pyrazole derivative, and NEt3 in toluene at room temperature, followed by the
addition of TlOEt, affords the thallium(I) tris(pyrazolyl)borate complex.676,684,685 The compounds
[MeB(Pz)3]Tl, [MeB(3,5-(Me)2Pz)3]Tl, [MeB(3-(Me)Pz)3]Tl, [MeB(3,5-(Me)2Pz)3]Tl, [CymB(Pz)3]Tl,
[CymB(4-C6H11CH2)Pz)3]Tl, [Cym

0B(Pz)3]Tl, and [FcB(Pz)3]Tl have been prepared using this route.
The majority of the tris(pyrazolyl)boratothallium(I) adducts show monomeric structures with

C3 symmetric coordination of the tripodal ligand to the thallium(I) center. The Tl–N distances fall
in the 3.50–2.73 Å range. The parent system [HB(Pz)3]Tl

660 shows a structure in which
[HB(Pz)3]Tl units are arranged in a chain with long Tl���Tl separations. [HB(3-(4-MeC6H4)Pz)3]Tl
is dimeric with Tl���Tl distances of 3.86 Å.686 However, the B–Tl–Tl–B sequence is collinear. The
Tl(I) complex [HB(3-(cyclopropyl)Pz)3]Tl (133) is a tetramer with a perfect tetrahedral Tl4 core.
The Tl���Tl distance is 3.6468(4) Å.661 This distance is shorter than twice the van der Waals
radius (3.92 Å), and only slightly longer than the Tl–Tl separation in elemental thallium (3.41 Å).
It is not possible to predict the type of aggregation based on the ring substituents. The closely
related [HB(3-(i-Pr)Pz)3]Tl is a monomer.661 The complex [PhB(3-(t-Bu)Pz)3]Tl (134) shows an
unusual structure in which one of the pyrazolyl groups is rotated by around 90�, and the Tl
interacts with the pyrazolyl-ring nitrogen atom attached directly to the boron, via a p-orbital
component of the aromatic 
-system of the pyrazolyl ring.687 In solution at room temperature,
[PhB(3-(t-Bu)Pz)3]Tl is stereochemically nonrigid on the NMR timescale. The repulsive methyl–
methyl interaction forces [MeB(3,5-(Me)2Pz)3]Tl (135) to adopt the 21-helicoidal chain struc-
ture.676 The [MeB (3,5-(Me)2Pz)3]

� ligand shows a unique bridging coordination, rather than
the expected trihapto, C3-symmetrical thallium coordination.
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The compounds [CymB(Pz)3]Tl (136)
685 and [FcB(Pz)3]Tl

684 show polymeric structures, with brid-
ging B(Pz)3 fragments in the solid state. This is a result of unfavorable steric interaction between the
substituent on boron and the hydrogen atoms on the pyrazolyl ring 5-position. The structure of
[Cym0B(Pz)3]Tl is somewhat related, but it adopts a macrocyclic tetrameric structure rather than a
linear polymeric structure. Ligands with secondary donors on the backbone may form additional
bonds to the thallium atom. For example, in [HB(3-(2-pyridyl)Pz)3]Tl, weak Tl���N interactions
between pyridyl nitrogens and the Tl atom have been observed.666 [HB(3-(2-MeOC6H4)Pz)3]Tl
features close intramolecular Tl���O interactions.670
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NMR spectroscopy also plays a large role in the characterization of poly(pyrazolyl)borato
thallium adducts.650,668,688 Coupling to spin-active 205Tl and 203Tl (I¼ 1/2) provides additional
information about the solution structure. However, it is important to consider that nuclear
relaxation due to chemical shift anisotropy has a significant effect on the apparent coupling
constants to thallium.677 It has been shown that higher applied magnetic field strengths and lower
temperatures notably reduce the apparent JTl–H and JTl–C values. Some tris(pyrazolyl)borato
thallium(I) adducts show photoluminescence, which originates from the metal-centered sp triplet
of the Tlþ1 ion.689 This technique provides information about the Tl���Tl interactions in the solid
state.
The ligand-transfer chemistry of tris(pyrazolyl)boratothallium(I) compounds has been investi-

gated extensively.650 These adducts undergo metathesis reactions with a variety of metal halides
or metal alkyl compounds, leading to the elimination of thallium halide (precipitates) or thallium
alkyl products (which usually decompose to thallium metal) and the desired tris(pyrazolyl)borato
metal adduct. The reaction of [HB(3-(t-Bu)Pz)3]Tl with MeMgX offers the choice of an alkyl or a
halide for the Tl(I).690 The thallium(I) prefers the iodide when treated with MeMgI, but forms the
thallium alkyl derivative when X¼Cl or Br. Ligand-transfer reactions of [HB(3-(t-Bu)Pz)3]Tl
leading to a monovalent indium product have also been described.442

(h) Other anionic poly(azolyl) ligands. The closely related tris(pyrazolyl)methanesulfonate691

and tris(indazolyl)borate (137) ligands also form Tl(I) complexes readily. The water-soluble,
hydrolytically stable tris(pyrazolyl)methanesulfonate (Tpms) ligand adduct of Tl(I) has been
prepared using [Tpms]Li and excess thallium(I) carbonate in water.691,692 The Tpms ligand is a
weakly coordinating ligand, and the donor properties are comparable to those of [HB(3,5-
(CF3)2Pz)3]

� or [HB(3-(CF3),5-(CH3)Pz)3]
�.691 The tris(indazolyl)borates follow chemistry very

similar to those of tris(pyrazolyl)borate relatives. The thallium adducts [HB(7-(t-Bu)indazolyl)3]Tl,
693

[HB(7(R)-(i-Pr)-4(R)-(Me)-4,5,6,7-tetrahydro-2-indazolyl)3]Tl,
694 [HB(7(S)-(t-Bu)-4(R)-(Me)-

4,5,6,7-tetrahydro-2-indazolyl)3]Tl,
694 [HB(2H-benz[g]indazol-2-yl)3]Tl,

674 [HB(2H-benz[g]-4,5-
dihydroindazol-2-yl)3]Tl,

674 and [HB(3-Me-2H-benz[g]-4,5-dihydroindazol-2-yl)3]Tl
674 have been

synthesized, and some chemistry has been investigated. Most of these studies involving indazole
derivatives are focused on the development of chiral ligand systems.
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A tris(imidazolyl)borate (138) complex of thallium(I) has been synthesized.695 The solid-state
structure of hydrotris(imidazolyl)boratothallium(I) consists of one-dimensional, twisted, ladder-
like strands, and three-coordinate thallium centers.695 Due to the position of the nitrogen donors,
the tris(imidazolyl)borate ligand is not capable of forming metal chelates as are observed in
tris(pyrazolyl)borates. Poly(benzotriazolyl)borate ligands have some features of both tris(pyrazo-
lyl)borate and tris(imidazolyl)borate systems. Thallium(I) complexes of bis-, tris-, and tetrakis
(benzotriazolyl)borates are reported. These adducts have been synthesized by treating the corres-
ponding potassium derivative with an equimolar quantity of thallium(I) formate.696
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The reaction of 3-(2-pyridyl)PzH with POBr3 in toluene–NEt3 yields a hydrolysis product
bis[3-(2-pyridyl)pyrazolyl]phosphinate, rather than the expected phosphines oxide OP(3-(2-pyri-
dyl)Pz)3.

697 The Tl(I) derivative of this ligand has been isolated and characterized.
(i) Porphyrin and phthalocyanine ligands. Thallium complexes of macrocyclic, nitrogen-based

ligands such as porphyrin97,698–700 and phthalocyanine701–703 have been synthesized. The por-
phyrin adducts may be synthesized by treating the free ligand with TlOEt.700 Thallium(I) com-
plexes of 2,3,7,8,12,13,17,18-octaethylporphyrin (H2OEP) and 5,10,15,20-tetraphenylporphyrin
(H2TPP) have two thallium(I) ions per porphyrin ligand. The crystal structure of
[{Tl(THF)}2(OEP)] shows that the thallium(I) atoms are four-coordinate, with bonds to three
OEP nitrogens and one tetrahydrofuran molecule, and reside on opposite sides of the por-
phyrin.698 Electrochemical studies on TPP complex of thallium(I) in DMF have been described.699

The dithallium phthalocyanine Tl2Pc (139) is a rare example of a group 13 dimetallophthalocyan-
ine.701 The most interesting feature of this material is its very high conductivity (
> 104

��1 cm�1), which is comparable even to metals. The two-dimensional skeleton formed by the
intramolecular Tl–Tl contacts and intermolecular Tl–Naza contacts is the key to this efficient
charge transportation found in Tl2Pc.

702.
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(ii) Phosphorus, arsenic, antimony, and bismuth ligands

Coordination compounds containing thallium(I) and heavier group 15 elements are rare. Synthe-
sis of a tris(phosphino)borate thallium adduct has been reported. The reaction between
[PhB(CH2PPh2)3]Li(TMEDA) and TlPF6 affords [PhB(CH2PPh2)3]Tl (140) as a yellow powder.
The 31P NMR spectrum shows two doublets with 1JTl–P of 5,214Hz and 5,168Hz, as a result of
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coupling to 205Tl and 203Tl isotopes. Typical 1JTl–P coupling constants for Tl(III) phosphine
adducts are in the region of 1,500Hz.527,528 The [PhB(CH2PPh2)3]

� ligand binds to the thallium
ion in a tridentate fashion. This thallium(I) adduct serves as a ligand-transfer agent to transition-
metal ions. It is possible to synthesize the Co(II) adduct [PhB(CH2PPh2)3]CoI using
[PhB(CH2PPh2)3]Tl and CoI2. The use of lithium [PhB(CH2PPh2)3]Li(TMEDA) with CoI2 does
not lead cleanly to the expected cobalt complex.
A heat- and air-stable diphosphastibilol complex of Tl(I) has been synthesized using [Li-

(TMEDA)2][1,4,2-P2SbC2(t-Bu)2] and TlCl.704 The solid-state structure of Tl[�5-1,4,2-P2SbC2-
(t-Bu)2] (141) reveals a double-stranded, zigzag polymeric chain structure with intermolecular
thallium–phosphorus interactions. The triphospholyl complex Tl[�5-1,4,2-P3C2(t-Bu)2] consists of
weakly interacting monomeric half-sandwich units in the solid state.705 The related Ga(I) and
In(I) derivatives have also been synthesized.448,449,705 Both Tl[�5-1,4,2-P3C2(t-Bu)2] and Tl[�5-
1,4,2-P2SbC2(t-Bu)2] exit as monomeric species in the gas phase. The thallium–phosphorus
coupling in the NMR spectra was not observed, perhaps indicating an ionic nature of bonding.
Compounds Tl[�5-1,4,2-P3C2(t-Bu)2] and Tl[�5-1,4,2-P2SbC2(t-Bu)2] are useful oxidizing, ligand-
transfer agents for lanthanide metals.706
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3.5.2.4.3 Group 16 ligands

(i) Oxygen ligands

(a) Neutral oxygen ligands. Thallium(I) forms only weak interactions with most solvent
molecules. Therefore, well-defined molecules with solvated Tl(I) ions are not common. The
structure of solvated thallium(I) ion in aqueous, DMSO, and N,N0-dimethylpropyleneurea solu-
tions has been investigated by large-angle X-ray scattering and EXAFS methods.707 The Tl(I)
coordinates to four water molecules with two short and two long distances. The solvation by
DMSO and N,N0-dimethylpropyleneurea involves two short and four long solvent–Tl bonds. The
different Tl�O bond lengths are believed to be due to the effects of stereochemically active lone
pairs. More detailed information about the coordination geometry at Tl(I) in solution could not
be obtained, because of weak Tl–solvent interactions. Thallium-ion binding by crown ethers and
calixarenes has been investigated. One of the motivations for this work is to develop thallium(I)
ion-selective analytical methods.708–715 Owing to the toxic effects of thallium, the ability to
quickly detect Tlþ in biological fluids is important. Dibenzo-16-crown-4 has shown high selectiv-
ity for thallium(I) over sodium, potassium, and rubidium ions. Thallium-205 and carbon-13
NMR spectroscopy have been used to determine the stabilities of 18-crown-6 ligands with
different structures and similar cavity sizes.716 Several structurally characterized Tl(I) adducts of
crown ethers are known, including those involving 12-crown-4 and even 30-crown-10.357,551,713,717–722

In calixarenes, the 
-coordination also contributes to the Tl(I) binding.
(b) Hydroxide ligands. Thallium complexes of anionic oxygen donors are relativelymore common.

Thallium(I) oxide is a hygroscopic solid and on contact with water forms TlOH. Solutions of TlOH are
basic. The basic strength is about 105, 10 times greater than for NH3 and calcium(II) hydroxide,
respectively.471 There is also evidence for the formation of [Tl(OH)2]

� species in solution.723

(c) Alkoxide ligands. Although thallium(I) alkoxides, TlOR, have been known since the 1800s,
the detailed structural details became available only recently.724,725 Their synthesis usually involves
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a reaction between Tl and ROH, or TlOH and ROH, or Tl2O and ROH.1 They are useful as
thallium(I) transfer agents, alkoxide donors, and for the preparation of mixed alkoxides.451,725

Based on Tl NMR spectroscopy and molecular-weight studies, cubane structures have been
proposed for TlOR (R¼Et, i-Pr, t-Bu).726,727 Early work has revealed only the partial structure
of [Tl(OMe)]4 (142).

728 The crystal structure of [Tl(OCH2CMe3)]4 has been reported as a [Tl–O]4
cubane core.724 Thallium(I) triphenylsilanolate also contains similar cubic units.729 Reaction of
poly(dimethylsiloxane) (silicone grease) with TlOEt led to the ladder polymer [{Tl2(OSiMe2)O}2]n
containing [Tl–O]4 cuboids.

729 The compounds [Tl{�-O(C6H4)(C6H4OH)}]2 and [Tl{OC6H2-2,4,6-
(CF3)3}]2 (143) are dimers,730,731 whereas [Tl{OC6H3-2,6-(CH3)2}]n (144) and [Tl{OC6H3-2,6-
(i-Pr)2}]n feature polymeric chain structures.724
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Mixed-metal alkoxide complexes of thallium are also known. For example, Sn(�-t-BuO)3Tl has

both Sn(II) and Tl(I) ions.451 The thallium site is unreactive as a donor for metal carbonyls.
However, as indicated earlier, the indium(I) site of the indium analogue shows Lewis-base
character. The Sn(IV)/Tl(I) mixed alkoxide [Sn(EtO)6Tl2] exists as a one-dimensional polymer.732

This adduct reacts quantitatively with SnCl2 to form the homoleptic, mixed-valent [Sn2(OEt)6]n.
Thallium–titanium double alkoxides have been synthesized using thallium alkoxide as one of the
starting materials.725

The study of reactions between TlOH and TlOEt with starch derived from different sources shows
that potato starch binds thallium(I) chemically, whereas corn starch forms simple adducts with TlOH
or TlOEt.733 The iodination of thallium salts of phenols has been investigated.734

(d) �-diketonate ligands. Thallium(I) �-diketonates have been known for many years. These
include the Tl(I) adducts of more common acetylacetonates, [{CH{C(O)CH3}2}]

� and
[{CH{C(O)CF3}2}]

�.735,736 Recent studies reveal how simple thallium(I) �-diketonates can self-
assemble to give discotic structures, via the formation of disk-like dimers, by means of Tl�Tl
bonds reinforced with Tl�O bonds between the neighboring molecules.737,738 This work is aimed
at understanding the relationships between crystalline phases and liquid crystals. Ferroelectric
liquid crystals containing palladium have also been prepared, using the thallium �-diketonato
derivatives.739
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Thallium �-diketonato complexes [Tl{CH{C(O)R}2}] (R¼Me, Ph) react with an excess of CS2 to
give 1,1-ethylenedithiolato complexes of thallium(I).740 A volatile chelate (2,2,6,6-tetramethyl-3,5-
heptanedionato)thallium(I) has been described.741 This thallium adduct in CF2Cl2/O2 and CF3Br/O2

gas mixtures has been used under CVD conditions to prepare TlX (X¼Cl, Br). Solvent extraction of
thallium(I) ions in aqueous solutions into chloroform was explored using several �-diketones.742

(e) Other anionic oxygen ligands. Attempts to prepare Tl(III) complexes of orthoquinone
derivatives have been unsuccessful, leading only to Tl(I) adducts containing the semiquinonate
anion.452,731 These compounds are paramagnetic and colored. The paramagnetic property is
due to the presence of the semiquinonate anion radical.
A large number of thallium(I) carboxylates have been synthesized and characterized by IR

spectra.743–745 X-ray diffraction methods have indicated that Tl(I) formate exists in solution as a
tetramer.746,747 Thallium saccharinate has been synthesized and characterized using crystallo-
graphy.748 It has a polymeric structure with eight- and five-coordinate thallium sites. Thallium(I)
salts of the antibiotic lasalocid-A have been prepared.749

Many Tl(I) derivatives of polyoxy anions are known, and they are of interest for applications
ranging from materials to chemical synthesis.750–766

Several molecular structures, including those of Tl(I) nitrate,755,756 iodate,757 borate,758 germ-
anate,758 sulfate,759,760 phosphates,761–764 arsenate,753 chromate,765 and selenate,766 have been
reported. Heterobimetallic compounds with Tl–O interactions have been reported.767,768 Their
metal–thallium bonding and their photophysical properties are of particular interest.

(ii) Sulfur, selenium, tellurium ligands

(a) Neutral sulfur ligands. Thallium(I)-ion solvation by N,N-dimethylthioformamide has been
investigated by large-angle X-ray acattering and EXAFS methods.707 Although the solutions were
prepared from the thallium(III) salt Tl(OTf)3, the

205Tl NMRmeasurements and the absence of typical
Tl(III)�S bond distances suggest that the metal ion in the solution is in the monovalent form, i.e.,
thallium(III) has been completely reduced to Tl(I) by the solvent. Data show that there are two groups
of Tl�S distances, two long and four short Tl�S bonds. This indicates that the lone pair of electrons
on thallium plays a significant stereochemical role in the solvated Tl(I) ion. The stability and ligand-
exchange properties of thiourea complexes of Tl(I) in aqueous solutions have been investigated.769,770

Just as do crown ethers, crown thioethers also form complexes with thallium(I)
ion.544,771–773 These include [Tl([9]aneS3)][PF6], [Tl([18]aneS6)][PF6], and [Tl([24]aneS8)][PF6]
([24]aneS8¼ 1,4,7,10,13,16,19,22-octathiacyclotetracosane).771–773 These adducts can be synthe-
sized by treating the crown thioether with TlPF6, or by starting with TlNO3 followed by the
addition of NH4PF6. These studies provide useful information for the design of selective metal-
complexing agents for the transport and uptake of toxic heavy metals like thallium.
Its crystal structure shows that [Tl([24]aneS8)][PF6] adopts a polymeric structure. The thallium

atoms are eight-coordinate, and bridge two thioether crowns to give a sinusoidal chain.772 The
Tl(I) complex of the smaller ring adduct [Tl([18]aneS6)][PF6] shows that the thallium atom bonds
strongly to the six sulfur donors of the macrocycle, with two additional weak interactions to the
sulfurs of the neighboring ring.773 The related thallium complex of the mixed-donor crown-
[18]aneN2S4 (1,4,10,13-tetrathia-7,16-diazacyclooctadecane) has also been prepared.773 The
structure of [Tl([18]aneN2S4)][PF6] (145) shows the Tl ion occupying the cradle formed by the
macrocycle, leaving the top face of the metal center exposed. The adduct [Tl([9]aneS3)][PF6] (146)
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featuring the smallest crown, [9]aneS3, shows that the thallium atoms are coordinated facially to
the [9]aneS3, with one additional secondary Tl�S bond formed between the Tl and a sulfur atom
of the neighboring ring.771 Further secondary interaction between the fluorine atoms of the anion
results in overall eight-coordinate thallium sites.

(b) Thiolate ligands. A number of thallium(I) thiolates have been synthesized and character-
ized.250,774–781 In addition to their fundamental interest, thallium thiolates are useful in analytical
and materials chemistry fields, and for modeling the toxic effects of heavy metals.776,782–786 The
thallium thiolates TlSPh, TlSCH2Ph, TlS(t-Bu), and 2,4,6-(CF3)3C6H2STl can be synthesized by
treating Tl2CO3 with the corresponding sodium thiolate.774,775,780 The reaction between
(t-BuO)3SiSH and TlNO3, or 2,4,6-(CF3)3C6H2SH with EtOTl, affords (t-BuO)3SiSTl,

781 or
2,4,6-(CF3)3C6H2STl,

780 respectively. Electrochemical methods have also been utilized to produce
thallium thiolates such as o-CH3C6H4STl, m-CH3C6H4STl, 2-C10H7STl, and alkanedithiolates of
thallium(I).250 Alkanedithioles of the type Tl2(S2R) (R¼ alkane bridges –CnH2n–) have been
synthesized via an electrochemical route as well.456

Thallium(I) thiolates display an interesting structural diversity. The thiophenol derivative is an
ionic product, with [Tl7(SPh)6]

þ cations and anions [Tl5(SPh)6]
�.775 The compound [(t-BuO)3SiSTl]2

(147) is a dimer.781 The t-butyl derivative [TlS(t-Bu)]8 is a covalent octamer.775 The solid-state
structure of TlS(i-Pr) contains [Tl4{S(i-Pr)}5]

� cages linked by additional thallium cations.787 The
compounds TlSCH2Ph and TlSC6H11 contain Tl2S2 ring-coupled, two-dimensional polymers.

775,787

A similar, folded-ladder structure is adopted by the polymeric [2,4,6-(CF3)3C6H2STl]n (148).
780

Under anaerobic conditions, the reaction of TlCl, TlNO3, or Tl2CO3 with solutions of NaOMe and
1,2-(HS)2C6H4 yields, after metathesis with [Et4N]Br, yellow crystals of [Et4N]2[{Tl(1,2-(�-S)2C6H4)}2]
(149).787 This compound contains rectangular-bipyramidal [TlS4Tl] cages, with an S4 rectangle sand-
wiched between two thallium atoms. Interestingly, only the Tl(III) product [Et4N][Tl(1,2-S2C6H4)2]
forms with the same 1:2 thallium salt to 1,2-(NaS)2C6H4 stoichiometry, if the reaction is carried out
under aerobic conditions. Thallium(I) derivatives of monocyclopentadienylbis(arene-1,2-dithiolato)-
titanium(IV) have been synthesized and structurally characterized.788
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The thallium thiolate arising from the mixed donor tetrahydrofurfurylthiole (HSthff) has been
prepared using NaSthff and TlPF6.

778 It forms a polymeric thallium thiolate salt
[{Tl7(Sthff)6}n][PF6]n, and features an unusual, octahedrally coordinated Tl(I) linking novel
Tl6S6 prismane units.
Acetylacetonato complexes of Tl(I) have been converted into 1,1-ethylenedithiolato complexes

by treatment with carbon disulfide.740 The compounds [Tl2{S2C¼C{C(O)R}2}]n (R¼Me, Ph)
have been obtained in quantitative yield.

(c) Other anionic sulfur ligands. Bis- and tris(mercaptoimidazolyl)borates are closely related to
bis(pyrazolyl)borate and tris(pyrazolyl)borate ligands, but they contain softer sulfur-donor sites.
Recently, a series of bis- and tris(mercaptoimidazolyl)borate ligands [BmR]� and [TmR]�, as well
as tris(mercaptothiazolyl)borate [Tz]�, tris(mercaptobenzothiazolyl)borate [Tbz]�, and bis(mer-
captoimidazolyl)(pyrazolyl)hydroborato [PzBmR]�, ligands and their thallium(I) derivatives have
been synthesized and characterized.543,789–791 The bis(mercaptoimidazolyl)(pyrazolyl)hydroborato
represents a hybrid [S2N] system.
The reaction between [BmMe]Li and CH3CO2Tl in MeOH provides the Tl(I) derivative

{[BmMe]Tl}x with an oligonuclear solid-state structure.789 It has four-membered Tl2S2 cores,
and bridging thiazolyl groups. Related {[TmPh]Tl}2 is a dimer in the solid state.543 The compound
{[BmMe]Tl}x reacts with Me2Zn or ZnI2 to produce [BmMe]ZnMe or [BmMe]ZnI. The Tl(I)
adducts [Tz]Tl, [Tbz]Tl, and [PzBmMe]Tl have also been prepared, and {[Tbz]Tl}x has shown to
be polymeric.543,790

Closely related to these systems is the tripodal sulfur-based donor, the phenyltris((tert-
butylthio)methyl)borate ligand [PhB(CH2SBu

t)3]
�.792 The thallium(I) adduct [PhB(CH2SBu

t)3]
�

(150) can be prepared by treating the product from the excess LiCH2SBu
t and PhBCl2 reaction

with aqueous TlNO3. It forms a one-dimensional, extended structure with Tl–S and Tl–phenyl
ring interactions. [PhB(CH2SBu

t)3]
� serves as an excellent ligand-transfer agent.

B

CH2

S

Tl

H2C

S S

H2C

t-Bu

t-Bu t-Bu

Ph

(150)

There are several early reports that describe the synthesis and characterization of monomeric
[Tl(1,1-S2PEt2)] and dimeric [Tl(1,1-S2CNR2)]2 [R¼Me, Et, n-Pr, i-Pr, n-Bu or i-Bu) thallium(I)
adducts.303,793–799 The synthesis of the first thallium(I) polysufides and chalcogenide cages has
been described.800–802 The two-coordinate Tl(I) compound [Pt2Tl(�3-S)2(PPh3)4]X (X¼NO3 or PF6)
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is described as having a ‘‘Mexican hat-like’’ structure.803 The heterobimetallic complex
AuTl[CH2P(S)Ph2]2, with short Au–Tl interactions and Tl�S bonds, is known.804

(d) Selenium and tellurium ligands. Eamples of thallium selenolates and tellurolates are less
numerous. The electrochemical oxidation of thallium in nonaqueous solutions of PhSe–SePh leads
to PhSeTl.805 It is also possible to obtain the same product from an oxidative addition process, using a
mixture of Tl and PhSe–SePh in refluxing toluene.252The related thiolate PhSTl could not be obtained
using this latter method.With indium, both the thiolate and the selenolate could be obtained using the
appropriate disulfide or diselenide, but the product is the In(III) derivative rather than the In(I)
product. The thallium(I) selenolate TlSeSi(SiMe3)3 and tellurolate TlTeSi(SiMe3)3 have been prepared
by chalcogenolysis of CpTl.305 Attempts to prepare Tl(III) derivatives were unsuccessful, leading to
the oxidation of the ligands to produce [MSi(SiMe3)3]2 (M¼ Se or Te).
Selenium donor adducts of thallium(I), Tl(Et2PSeS) and Tl(Et2PSe2) are known.806,807 The

2,2-dicyanoethylene diselenolate-containing compound [AsPh4]2[Tl2{Se2C¼C(CN)2}2] has been
prepared.808 This complex is a dimer with Se4Tl2 octahedral units. The synthesis of (N,N-diethyl-
N0-benzoylselenoureato)thallium(I) has been achieved by treating thallium(I) acetate with
N,N-diethyl-N0-benzoylselenourea.809 It crystallizes as dimers forming Tl2Se4 rings.

3.5.2.4.4 Group 17 ligands

Fluoride, chloride, bromide, and iodide derivatives of thallium(I) are well known. Their solubi-
lities and photosensitivity are similar to the corresponding silver(I) systems. TlF is water-soluble,
whereas the chlorides, bromides, and iodides are water-insoluble solids. This property is exploited
in ligand-transfer chemistry involving thallium precursors. Some solid-state structures of thal-
lium(I) salts of weakly coordinated anions show Tl���halide interactions.810–815 Selective abstrac-
tion of a fluoride from a C–F bond, leading to thallium fluoride, has been described.816 The
compound [{P(CH2CH2PPh2)3}RuH(�1-ClTl)]PF6 represents the first metal complex containing
an �1-Cl-bonded TlCl ligand.817 This compound act as a thallium(I)-ion carrier.

3.5.2.4.5 Hydride ligands

Polymeric [TlH]n have been reported as one of the decomposition products of TlH3. However,
there is no convincing experimental evidence to support the existence of this species in the
condensed phase.365,366 It is possible to observe TlH in the gas phase. Reports containing
theoretical studies on the bonding and stability of TlH and the related high-valent analogues
are available.467,469
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3.6.1 INTRODUCTION

This chapter deals with the coordination chemistry of the three heaviest elements of group 15,
specifically arsenic, antimony, and bismuth. We have followed a working definition of coordin-
ation complexes as those containing group 15 compounds behaving as Lewis acids to either
neutral or charged donor ligands and have not included simple halides, oxides, etc. which fall into
the wider area of the inorganic chemistry of these elements. The distinction in some cases is not
clear-cut and a pragmatic approach has been adopted, with borderline cases usually included.

In this section some general points about the area are made and previous major literature
sources, including books and review articles dealing with all three elements are listed. Reviews
dealing with only one element or particular ligand types are referred to in the appropriate sections
below.
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All three elements have long been known to chemists, despite their rarity in the Earth’s crust
(As ca. 1.8 ppm, Sb 0.02 ppm, and Bi 0.008 ppm), which places bismuth similar in abundance to Pt
or Au.1 The common oxidation states (III and V) are shared by all the group 15 elements, but
apart from similar stoichiometries there is little resemblance between the properties of nitrogen
compounds and those of the three heaviest elements.2,3 The resemblance of the latter to phos-
phorus is closer, although trends down the group are irregular, resulting in a rich and diverse
chemistry. Examples of the irregularities are the reduced stability of the V oxidation state for As
and Bi compared with P and Sb (attributed respectively to the effects of insertion of the 3d
elements and of the lanthanides), and in the electronegativities, which on the Allred-Rochow scale
fall N>As>P> Sb>Bi, although the Pauling scale is more regular N>P�As> Sb>Bi.1

There are a number of compounds containing homoatomic bonds that fall outside the formal
oxidation state III or V classification, e.g., Zintl anions and homoatomic cations of Sb or Bi, but
these have little or no coordination chemistry.

A good general survey of the properties of As, Sb, and Bi is given by Carmalt and Norman.4

Both common oxidation states exhibit Lewis acidity (and the III state also shows Lewis basicity)
in both cases resulting in complexes in which the group 15 atom’s outer electron count exceeds an
octet. Although the traditional bonding model in such complexes invoked d-orbitals, the bonds
are now more usually described in terms of delocalized 3-center-4-electron bonds, based upon s-
and p-orbitals. For the Lewis acid complexes of the III oxidation state, the concept of primary
E�X bonding in the parent Lewis acid (EX3, E¼As, Sb, or Bi; X¼ halide) and secondary bonds
to the Lewis base, utilizing E–X �* as acceptor orbitals, is a useful approach.4 The primary/
secondary bonding and the 3-center-4-electron bonds are not distinct models but may be shown
to be variants of the same basic model.5 The best description of this approach is in the review by
Carmalt and Norman.4

There is an extensive literature on the chemistry of As, Sb, and Bi: in addition to recent editions
of standard textbooks,2,3 there is a book edited by Norman,6 which includes a chapter7 devoted to
the coordination chemistry of these elements, as well as the article by McAuliffe in Comprehensive
Coordination Chemistry (CCC, 1987).8 The vast organic chemistry of these elements falls outside
the scope of the present chapter. Sources providing recent coverage of the organic chemistry
include chapters by Wardell,9,10 in Comprehensive Organometallic Chemistry I and II, a volume in
the Patai series (The Chemistry of Organic Arsenic, Antimony and Bismuth Compounds),11 and
chapters in Norman’s book.6 These texts also list many reviews on specific classes of organo-
derivatives.

Studies of the Lewis base complexes of ER3 compounds remains an active area of modern
coordination chemistry, and we have described recent developments in the synthesis of arsine,
stibine, and bismuthine ligands elsewhere in the present work (see Chapter 1.16).

The classification adopted in this chapter is generally based upon the Periodic group of the
donor atoms, describing sequentially complexes formed by the lightest through the heaviest
donor ligands, with neutral donor ligands preceding charged anions, and with the EIII oxida-
tion state complexes described before those of EV. Mixed donor ligands create some problems,
and the approach adopted has been pragmatic, including them with the nearest analogues. It is
hoped that this will not prove problematic in practice. Finally, we have used the convention
where the term ‘‘pseudo,’’ prefixing the polyhedral geometry, refers to the overall geometry at
the group 15 ion including a lone pair, i.e., pseudo-octahedral refers to a molecule with five
ligands around the central ion and one lone pair, those six units being disposed in an
octahedral array.

3.6.2 ARSENIC

In addition to the reviews listed in Section 3.6.1, there is an article detailing the structures,
properties and bonding of penta-coordinate arsenic compounds.12

3.6.2.1 Group 14 Compounds

The conventional AsIII and AsV compounds have As�C single bonds and are based upon AsR3

and AsR5 and their substituted variants with halogens, oxide, etc. In addition, there have been
significant recent developments in the chemistry of compounds containing homo-element bonds
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(RAs)n and multiple bonds to carbon such as RC�As, R1
2C¼AsR2, RAs¼AsR,

R1
3As¼CR2

2, pyridine (C5H5As), and pyrrole (C4H4AsR) analogues and their transition metal
complexes.13–15

Examples of bonds between arsenic and the heavier elements of group 14 are mostly of the type
AsR1

3� n(YR2
3)n (Y¼ Si, Ge, Sn, or Pb) which are analogues of triorganoarsines and usually

included in treatments of organoarsenic derivatives.11

3.6.2.2 Group 15 Compounds

The commonest examples of As�N bonds are found in aminoarsines, As(NR2)3, usually dis-
cussed together with organoarsines,11 and arsenic complexes with nitrogen Lewis bases are few.
The reaction of molten AsX3 (X¼Br or I) with NH3, or heating As2O3 with the appropriate
NH4X gave [AsX3(NH3)];

16 the AsCl3 complex was not obtained although it has been described
in older literature. The [AsX3(NMe3)] (X¼Cl or Br) formed by direct combination of AsX3 and
NMe3 in the absence of solvent have a pseudo-trigonal bipyramidal geometry, with axial amine
and with one equatorial position occupied by the lone pair.17 The macrocycle 1,4,7-trimethyl-
1,4,7-triazacyclononane (Me3[9]aneN3) reacts with AsCl3 in MeCN to give white [AsCl3(Me3[9]-
aneN3)] which probably has a half-sandwich structure.18 Controlled hydrolysis in MeCN solution
produces [AsCl2(Me3[9]aneN3)]

þ isolated and structurally characterized as a salt with the unusual
[As2OCl5]

� anion. The cation has a pseudo-octahedral geometry with the lone pair occupying one
vertex trans to N. In contrast, the simple adducts formed from AsCl3 and Me4[14]aneN4 have not
been characterized, although their hydrolysis products, including [H2Me4[14]aneN4][As4O2Cl10],
have been characterized structurally.19

The pincer anion [2,6-(Me2NCH2)2C6H3]
� (1) reacts with AsCl3 to give colorless [AsCl2(1)],

which probably has a square-pyramidal geometry (cf., the Sb analogue) with a N2CCl2 donor
set.20 Reduction of this complex with LiAlH4 produces [AsH2(1)] a colorless, distillable liquid. In
contrast, the 1:1 complex of (2) with AsCl3 has a structure based upon a trigonal bipyramid with
a vacant equatorial site and axial NMe2 and Cl groups.21 Using the ligands (2) and (3) (L) it is
possible to isolate complexes [AsL3] which contain trigonal pyramidal AsC3 skeletons, with As�C
bond lengths typical of single bonds, and longer secondary As�N interactions completing a
distorted octahedron (Figure 1).22

NMe2

NMe2

– NMe2

–

NMe2

–

(1) (2) (3)

The instability of AsCl5 would seem to preclude an extensive coordination chemistry, but AsF5 is
a very strong Lewis acid. Many of its reported reactions involve abstraction of fluoride from main
group fluorides or oxide-fluorides to form cationic derivatives as [AsF6]

� salts (q.v.). Simple N-base
adducts are more rare. The simplest, [AsF5(NH3)], is formed from the constituents in solution in
liquid SO2, and is quantitatively converted into [NH4][AsF6] by HF.23 [AsF5 (NHEt2)] has been
detected in solution in MeCN by 19F NMR spectroscopy.24 Klapötke and co-workers23,25–27 have
reported 1:1 adducts of AsF5 with MeCN, pyridine, H2NCN, C2N2, HCN, FCN, ClCN, BrCN,
ICN, CH2(CN)2, and CCl2(CN)2; only CH2(CN)2 appears to form a [L(AsF5)2] adduct. The
complexes were characterized by analysis, vibrational, and NMR spectroscopy. In contrast, triazine
(C3N3H3) forms adducts [(C3N3H3)(AsF5)n] (n¼ 1, 2, or 3)28 and the structure of the complex with
n¼ 1 shows the expected six-coordinate As bonded to one nitrogen of the triazine ring. Other
structurally characterized examples of N-coordinated ligand adducts are [AsF5L] (L¼MeSCN,29

NMe2SOF2,
30 benzo-2,1,3-thiadiazole, and benzo-1,2,3-thiadiazole31).

Highly explosive azides of AsIII and AsV of types [As(N3)4]
�, [As(N3)6]

�, and [As(N3)4]
þ are

obtained by reaction of the appropriate arsenic halide with NaN3 or TMSN3. Although [As(N3)3]
is known, attempts to isolate [As(N3)5] have failed.32,33

The reactions of AsX3 with PR3 or AsR3 were first examined many years ago and, depending
upon the Lewis acid–Lewis base combination and the reaction conditions, were reported to
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produce adducts [AsX3Ln] (X¼Cl, Br, or I, L¼PR3 or AsR3, n¼ 1, (rarely) 2) or salts
[R3EAsX2]X (E¼P or As, R¼ alkyl or aryl). In contrast, SbR3 usually caused reduction-forming
SbR3X2.

34 In some cases RAsX2 behaved similarly, but generally no reaction occurred with
R2AsX, consistent with reduced Lewis acidity as X was replaced by R. Reinvestigation of the
reactions of AsX3 (X¼Cl, Br, or I) with PMe3 (X 6¼Cl) or AsMe3 in dry CH2Cl2,

35 and of AsCl3
with AsEt3,

34 found 1:1 adducts were formed irrespective of the ratio of the reactants. However,
in the AsCl3-PMe3 system both 1:1 and 1:2 adducts could be isolated depending upon the
conditions.35 The X-ray structure of [{AsCl3(AsEt3)}2] shows a dimer with asymmetric chlorine
bridges and axial anti-AsEt3 groups,36 and the other 1:1 adducts are likely to be similar. The
structure of [AsCl3(PMe3)] is based upon a similar dimer unit, but the lattice shows two crystal-
lographically independent units, one with five-coordinate As, the second with
[5þ 1]�coordination due to long-range interdimer Cl���As interactions (Figure 2).35 Diphos-
phines and diarsines including o-C6H4(PMe2)2, o-C6H4(PPh2)2, and o-C6H4(AsMe2)2, and the
triarsine MeC (CH2AsMe2)3 also form 1:1 adducts with AsX3.

35 The X-ray structures of
[{AsX3(o-C6H4(AsMe2)2}2] (X¼Br or I) show dimeric units with asymmetric dihalo-bridges
(Figure 3).35

3.6.2.3 Group 16 Compounds

Arsenic(III) has a considerable affinity for charged O- or S-donor ligands, the latter including
dithioacid chelates, but complexes with neutral O, S, or Se donor ligands are much rarer. Here
complexes of neutral ligands are discussed first and then complexes with charged anions.

Tetrahydrofuran complexes [Ph4P][AsX4(THF)2] (X¼Cl or Br) were the unexpected major
products of photolysis of W(CO)6þ [Ph4P]2[As2Cl8] and Cr(CO)6þ [Ph4P][As2SBr5] in THF.37 Both
are regular octahedral anions with trans-THF ligands and hence a stereochemically inactive lone
pair—although the As�O and As�X bonds are long, probably attributable to the effect of the lone
pair. Crown ether adducts are also characterized by unusually long As�O bonds. The known
examples are [AsCl3(12-crown-4)]38 and [AsX3(15-crown-5)] (X¼Cl, Br, or I),38,39 but 18-crown-6
failed to give a pure complex. The structures retain the pyramidal AsX3 unit of the parent halide capped
by the crown ether oxygens giving, respectively, seven- and eight-coordinateAs, butwith very longAs�O
bonds (Figure 4).

Arsenic(III) halides function as very weak Lewis acids towards thio- or seleno-ethers (no
telluroether adducts are known). The products are hydrolytically unstable and extensively dis-
sociated in solution. In all these complexes the As�S(Se) bonds are very long, indicative of weak,
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Figure 1 The structure of [As(2-Me2NCH2C6H4)3] (reproduced by permission of the American Chemical
Society from Inorg. Chem. 1996, 35, 6179–6183).
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Figure 2 The structure of [AsCl3(PMe3)] and the packing showing the intermolecular interactions (repro-
duced by permission of the Royal Society of Chemistry from J. Chem. Soc., Dalton Trans. 2002, 1188–1192).
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Figure 3 The structure of [AsBr3{o-C6H4(AsMe2)2}] (reproduced by permission of the Royal Society of
Chemistry from J. Chem. Soc., Dalton Trans. 2002, 1188–1192).
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secondary interactions. Thus, AsX3 (X¼Br or I) react with MeSCH2CH2SMe in dry CH2Cl2 to
form 1:1 adducts which are dihalo-bridged dimers with distorted octahedral arsenic coordinated
to a chelating dithioether and two terminal and two asymmetrically bridging halides.40 In con-
trast, the [AsX3([9]aneS3)] (X¼Cl, Br, or I) are monomeric; the structure of the distorted
octahedral chloride is shown in Figure 5.40 The 1:1 complex with the tetrathioether macrocycle

O(2)
O(5)

O(3)

O(0)
O(1)

As(1)

C(13)

C(12)

O(3)

Cl(1)

Cl(2)

O(2)

O(1) Cl(3)

O(5)

As(1) O(4)

Figure 4 The structure of [AsCl3(15-crown-5)] (reproduced by permission of the International Union of
Crystallography from Acta Crystallogr., Sect. B 1993, 49, 507–514).
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C5 C6

S1
S3

S2

As1

Cl1
Cl2

Cl3

Figure 5 The structure of [AsCl3{[9]aneS3}] (reproduced by permission of the American Chemical Society
from Inorg. Chem. 2002, 41, 2070–2076).
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[14]aneS4, [AsCl3{[14]aneS4}], is completely different, based upon six-coordinate As coordinated
to two S atoms of different thioethers, two terminal and two bridging Cl (to different As), which
produces an infinite sheet polymer.40 Among the products of the reaction of AsI3 with thioacetic
acid were orange–red crystals shown by an X-ray structure determination to be the monomeric 1:1
AsI3 adduct of 1,3,5,7-(tetramethyl)-2,4,6,8,9,10-(hexathia) adamantane, in which the pyramidal
AsI3 group is weakly bonded to three sulfurs in the adamantane (Figure 6).41

In contrast to SbX3 or BiX3 (q.v.), under similar reaction conditions, AsX3 fail to give
complexes with acyclic selenoethers such as MeSeCH2CH2SeMe or MeC(CH2SeMe)3. However,
macrocyclic selenoethers are more effective ligands affording [AsX3([8]aneSe2)], [(AsX3)2([16]-
aneSe4)] (X¼Cl, Br, or I), [(AsCl3)4([24]aneSe6)], and [(AsBr3)2([24]aneSe6)].

40,42 The [16]aneSe4
complexes contain asymmetric dihalo-bridged As2X6 units linked into 3-D polymers by the
tetraselenoether, with each Se bonded to a different As center. The unique structure of
[(AsCl3)4([24]aneSe6)] (Figure 7) shows a weakly associated As2Cl6 unit endo to the ring where
it is coordinated to four seleniums (two per As), whilst the other two seleniums coordinate exo to
pyramidal AsCl3 groups which have a pseudo-trigonal bipyramidal geometry due to the stereo-
chemically active lone pair.42

The only thioether complex with AsV is [AsF5(Me2S)], an involatile white solid made from
Me2S and AsF5 at low temperature, although its properties were not described.43

Arsenic compounds with charged O-donor ligands include such diverse species as arsenite
and arsenate esters, spiroarsoranes,44 and arsenic carboxylates. Recent examples include the
tetrahalocatecholate derivatives (4),45 the triethanolamine derived (5),46 and 2-Cl-4,4,6,6-tetra-
methyl-1,3,2-dioxarsenane.47 The reaction of As(NMe2)3 with p-Rcalix[4]arenes (R¼But or H)
gives mono- or di-arsenic derivatives (6) which have been structurally characterized.48 In the
presence of moisture the oxo-bridged (7) is formed. N-coordinated base adducts of cyclic
arsenites are known with 8-hydroxyquinolate(1�) (8), formed from [ClAs(O-R-O)]
(R¼CH2CMe2CH2, 2,20-C6H4OC6H4, (But)2C6H2CH2C6H2(But)2) and 8-hydroxyquinoline in
the presence of base.49–51 The reaction of [ClAs(OCH2CMe2CH2O)] with Me2C(CH2OH)2 and
base gives the AsV compound (9), which also reacts with 8-hydroxyquinoline to give (10).49

Organoarsenic(V) compounds of structure type (9), with R groups replacing the apical Cl,
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Figure 6 The structure of [AsI3(1,3,5,7-Me4-2,4,6,8,9,10-(hexathia)adamantane)] (reproduced by permission
of Elsevier Science from Inorg. Chim. Acta 1982, 64, L83–L84).
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have been studied and the effects of substituents upon the distorted five-coordinate structures
examined.52 The structure of the tris(catecholato)arsenate(V) anion (as the [H7O3]

þ salt) has
been determined.53

The reaction of acetic anhydride with As2O3 produces both [As(O2CMe)3] and [As2O(O2CMe)4].
The arsenic environment in each is based upon a pyramidal AsO3 core with longer As���O contacts
completing a distorted octahedron or distorted square pyramid, respectively.54 Arsenic �-hydro-
xycarboxylates have more complicated structures. The arsenic(III)-tartaric acid complexes, related
to the important tartrato-antimonates, have structures based upon the dimer unit (11) with a
distorted pseudo-trigonal bipyramidal geometry at As with the lone pair equatorially disposed. In
[Na8As10(C4H2O6)8(C4H3O6)2(H2O)19] the dimer units (11) are linked via Naþ cations into a
complex polymeric network.55,56 In related silver salts [Ag9As10(C4H2O6)9(C4H3O6)(H4-
As2O5)(H2O)10] and [Ag5As4(C4H2O6)4(H2O)5Y] (Y¼NO3 or ClO4) the structures are based
upon the dimer units but As�Ag bonds are also present.55,56 1,2-Dihydroxycyclohexane-1,2-dicar-
boxylic acid also forms an AsIII complex based upon a similar dimer unit, and 13C NMR spectros-
copy shows the expected stereoisomers and some dissociation of the carboxylate from the arsenic in
solution.57

Methanesulfonate complexes of AsIII include [As(MeSO3)3], [As(MeSO3)4]
�, [AsO(MeSO3)2]

�,
and [AsO(MeSO3)].

58 The [As(MeSO3)3] forms adducts with pyridine or N,N-DMF. Mixed
fluoride–fluorosulfonates of both AsIII and AsV are known, including [AsFn(SO3F)5� n]
(n¼ 2–4).59

Arsenic(III) has great affinity for anionic sulfur chelates including xanthate (ROCS2
�), dithio-

carbamate (R2NCS2
�), and dithiophosphate ((RO)2PS2

�), and this area has been reviewed
recently.60 In contrast to antimony which forms compounds in oxidation state III and V,
arsenic(V) is reduced by these ligands. The most popular synthetic route is reaction of AsCl3
with the sodium, or sometimes the ammonium, salt of the dithioacid, although reactions of
As(OR)3 or As2O3 with the dithiophosphorus acid have also been used.60 Replacement of
AsCl3 by RAsCl2 or R2AsCl results in the corresponding organoarsenic derivatives. The com-
plexes synthesized are listed in Table 1 and here we discuss various points of interest.
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Figure 7 The structure of [(AsCl3)4{[24]aneSe6}] (reproduced by permission of the American Chemical
Society from J. Am. Chem. Soc. 2001, 123, 11801–11802).
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In the [As(S2COR)3] (R¼Me, Et, Pri, CH2CH2CMe3) complexes distorted six-coordinate As is
present and within each xanthate ligand there is one short and one longer As�S bond.61,62,64,65

The distortion is greater in As compared to Sb or Bi analogues, consistent with greater stereo-
chemical effect of the lone pair.
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The arsenic dithiocarbamates also show distorted structures: in [As(S2CN(Me)CH2CH2OH))3]
the structure is based on a distorted octahedron,71 whereas in [As(S2CN(CH2CH2OH)2)3] the
geometry is a distorted trigonal prism (Figure 8) with three short As�S bonds (2.34(2) Å) and
three much longer As�S interactions (2.84(2) Å).74 The effect of the group 15 acceptor is also
marked—the antimony analogue is best described as distorted pentagonal pyramidal (q.v.).74 In
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mixed ligand complexes different motifs are found: in [As(SCH2CH2S)(S2CN-morphyl-4)] the
dithiocarbamate coordination is essentially monodentate,73 whereas in [AsPh(S2CNEt2)2] or
[AsMe(S2CNEt2)2] there are three short bonds (one As�C and two As�S) with two much longer
As���S interactions (Figure 9).75

Dithiophosphate and dithiophosphinate complexes of arsenic are listed in Table 1. Spectro-
scopic data have been reported for many examples but structural data are more rare. In
[AsPh{S2P(OPri)2}2] the structure is an approximate square pyramid with an apical Ph group
and very asymmetric chelation by the dithiophosphates, in which the As�S bonds differ by
0.082 Å (Figure 10).82 The arsocane dithiophosphinates [{Y(CH2CH2S)2}As(S2PPh2)] (Y¼O or
S) show very distorted five-coordination with primary bonds to the thiolate sulfurs and to one
sulfur of the dithiophosphinate, with weaker interactions to the second sulfur in the dithiophos-
phinate and an endocyclic trans-annular interaction to the O or S of the ring (Figure 11).88,89 In
addition to the mixed species noted above, simple dithiolate complexes are also known including
[AsCl(tdt)] (tdt¼ toluenedithiolate(2�)). The structure of the latter reveals an essentially three-
coordinate pyramidal As center coordinated to a chelating dithiolate and a single chlorine, and
the stacking appears to involve weak As���Ph contacts.90 In contrast to Sb or Bi, arsenic does not
appear to form complexes with a higher ligand:metal ratio.

3.6.2.4 Group 17 Compounds

Haloarsenic anions are known in both III and V oxidation states, although the structural diversity is
less than in the antimony and bismuth analogues. For the AsIII species a variety of stoichiometries

Table 1 Dithioacid compounds of arsenic(III).

Compound Comments References

As(S2COR)3 R¼Me, Et, Pri, CH2CH2CMe3 61,62,64–66
AsPh(S2COPri)2 67
As(SCH2CH2S)(S2COR) R¼Et, Pr, Pri, Bu, Bui 68
As(S2CNR)3 R¼CHMeCH2CH2CH2CH2,

CH2CHMeCH2CH2CH2,
CH2CH2CHMeCH2CH2

69

As(S2CNR)3 R¼ 2-alkylaminocyclopentene 70
As(S2CNR1R2)3 R1¼Me, R2¼CH2CH2OH 71
AsBr(S2CNEt2)2 72
As(SCH2CH2S)(S2CNR2) R2¼ pyrrolidyl, 4-morphoyl 73
As(S2CNR2)3 R¼Et, N-Methylaminoethanol,

N,N0-iminodiethanol
74

As(S2CNR2)3 R¼CH2CH2OH 64
AsR2(S2CNEt2)2 R2¼Ph, Me 75
As(S2CNPri2)3 76
As(dithiolate)(S2CNR2) R1¼Et, R2¼CH2CH2OCH2CH2 77
As(SCH2CH2S)(S2CNR1

2) R1¼Me2, Et2, CH2CH2CH2CH2 68
AsX(S2CNMe2)2 X¼Cl, Br, I 78
As[O(C6H4)2](S2CN(CH2CH2)2) 79
As[S2P(OR)2]3 R¼Et, Prn, Pri, Bui, Ph 80
AsCl(S2P(OR)2)2 R¼Et, Prn, Pri, Bui 80
AsCl2(S2P(OR)2) R¼Et, Prn, Pri, Bui 80
As(S2P(O-R-O))3 R¼CHMeCHMe, CMe2CMe2,

CMe2CH2CHMe, CH2CMe2CH2,
CH2CEt2CH2

81

AsCl3�n(S2P(OCHMeCHMeO))n n¼ 1 or 2 81
AsPh(S2P(OR)2)2 R¼Et, Prn, Pri, Ph 82,83
AsPh(S2P(O-R-O))2 R¼CH2CMe2CH2, CMe2CMe2,

CMe2CH2CMe2,
CMe2CH2CHMe, CHMeCHMe

84

As{O(C6H4)2}(S2PR2) R¼Me, Et, Ph 85
AsR2

2(S2PPh2) R2¼Me, Ph 86
As(SCH2CH2S)(S2P(O-R-O)) R¼CH2CMe2CH2, CH2CEt2CH2 87
As{Y(CH2CH2S)2}(S2PR2) R¼Me, Et, Ph, Y¼O or S 88,89
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have been identified; it is also clear that the structural units present cannot be deduced simply
from the stoichiometries.91 In marked contrast to the AsV fluoroanions, those of AsIII have been
studied little. The structure of [AsF4]

� has been determined (as the hexamethylpiperidinium salt)
and shows the expected bisphenoidal (SF4-like) geometry, with longer axial (1.862(2), 1.878(8) Å)
than equatorial (1.724(2), 1.727(2) Å) bonds.92 The structure present in K2As2F7 consists of
[AsF4]

� anions weakly associated with AsF3 molecules.93

The syntheses of the heavier haloanions are from AsX3, X
�, and an appropriate cation, and the

major feature of interest is the structural units present. The simplest stoichiometry is [AsX4]
�

known for X¼Cl, Br, or I, none of which contain monomeric anions. The chloro- and bromo-
compounds are dimeric [As2X8]

2� with edge-shared square pyramidal units with anti-apical
halides and relatively symmetrical bridges. X-ray structures are available for [NPhMeH2]2
[As2Cl8],

94 [Ph4P]2[As2Cl8],
95 [Ph4P]2[As2Br8],

96 [Pr4N]2[As2Br8],
96 and [NPhMeH2]2[As2Br8].

97

The [Ph4P]2[As2I8] also belongs to this type.98 However, with pyridinium cations the complexes
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Figure 9 The structure of [AsMe(S2CNEt2)2] (reproduced by permission of Elsevier Science from
J. Organomet. Chem. 1997, 538, 129–134).
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Figure 8 The structure of [As{S2CN(CH2CH2OH)2}3] (reproduced by permission of Elsevier Science from
Polyhedron 1997, 16, 1211–1221).

Arsenic, Antimony, and Bismuth 475



of stoichiometry [PyH][AsX4] (X¼Br or I) contain approximately octahedrally coordinated As,
with an infinite polymer chain anion with cis dihalobridges (Figure 12).97,98

Discrete confacial bioctahedral anions are present in [PyH]3[As2Cl9],
94 [PyH]3[As2Br9]

97

(Figure 13), and [piperidineH]4[As2Br9]Br.96 The environment about As is close to octahedral
(although the bridging As–X are longer than terminal As–X as expected) and the bridges
symmetric. In the [Et3NH]3[As3Br12]

99,100 and [Me3NH]3[As3I12]
100 there are discrete trimeric

anions based upon face sharing octahedra with a common vertex (Figure 14). Two anions of
formula [As8X28]

4� are known, but with different structures. In the [S5N5]4[As8Cl28]�2S4N4, made
serendipitously from (NSCl)3 and As2O3 in CH2Cl2, a complex structure occurs which can be
viewed as a cubane [As4Cl16]

4� core (presently unknown as a discrete species) to which is attached
four AsCl3 units.101 [Et3NH]4[As8I28] has a different structure based upon AsI6 edge-linked
octahedra (Figure 15).98

The arsenic(V) fluoroanion [AsF6]
� which is a regular octahedron in the Kþ salt, is well

known,102 and often considered a ‘‘noncoordinating’’ anion. In fact, like other related species, it
is better viewed as ‘‘weakly coordinating’’ and is known to bind to metals in the absence of other
ligands.103 In many cases where it is found as a product of fluoride abstraction from nonmetal
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Figure 11 The structure of [{O(CH2CH2S)2}As(S2PPh2)] (reproduced by permission of the Royal Society of
Chemistry from J. Chem. Soc., Dalton Trans. 1996, 4135–4141).
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fluorides or oxofluorides by AsF5, the resulting [AsF6]
� ‘‘anion’’ is clearly associated with the

cations through directional As–F–cation interactions. The anion [F5AsFAsF5]
� is also well

known.104 Although the Sb and Bi analogues are known, the [AsF7]
2� anion has not been

prepared.105 The yellow [AsCl6]
� has been isolated as its PPh4

þ salt by treatment of [As2Cl8]
2�

with Cl2 or O3 in CH2Cl2 at low temperatures.106 A number of fluorochloroarsenates(V)
[AsF6� nCln]

� have been identified in MeCN solution by multinuclear NMR studies, as has
[AsF5Br]�.107

Oxo-haloarsenates which have been obtained and characterized structurally include
[As2OCl5]

�,18 [As2OCl6]
2�,94,108 and [As4O2Cl10]

2�.19,108,109 All contain both Cl and oxygen
bridges, the last having the structure shown in Figure 16. Arsenic(V) anions include
[F5AsOAsF5]

2� and [F4As(O)2AsF4]
2� and the sulfur-bridged [F5AsSAsF5]

2�.110
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Figure 12 The structure of [AsBr4]
n�
n (reproduced by permission of the publishers from Z. Naturforsch., B

1984, 39, 1257–1261).
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Figure 13 The structure of [As2Br9]
3� (reproduced by permission of the publishers from Z. Naturforsch., B

1984, 39, 1257–1261).
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3.6.2.5 Arsenic in the Environment, Biology, and Medicine

Arsenic is widely distributed in nature and man-made distribution occurs through mining, smelt-
ing, pesticides, and the use of fossil fuels. The vast majority of the forms identified in the
environment are simple inorganic (oxide, oxo-anions) or organic (especially methylated forms)
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Figure 14 The structure of [As3Br12]
3� (reproduced by permission of the publishers from Z. Naturforsch., B

1992, 47, 1079–1084).
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and coordination chemistry plays only a small role. Several recent review articles should be
consulted for details.111–114 Medical uses of arsenic coordination complexes are similarly unim-
portant, in contrast to antimony and especially bismuth complexes (q.v.). Thiols such as 2,3-
dithiopropanol (British anti-Lewisite) or 2,3-dithiosuccinic acid were developed many years ago
for use in chelation therapy for heavy metal (including As) poisoning, and rely on the high affinity
of As for sulfur ligands.111

3.6.3 ANTIMONY

The first major difference between the coordination chemistry of antimony compared to those of
arsenic or bismuth is the significantly greater stability of the SbV state, which forms coordination
complexes with a wide range of ligands. In contrast, for the other two elements the complexes of
EV are mostly haloanions or compounds with charged oxygen donor ligands. In general, the
treatment follows the pattern established above with periodic group of the donor atom, and with
SbIII complexes described before SbV.

3.6.3.1 Group 14 Compounds

In addition to reviews of organoantimony chemistry noted in Section 3.6.1, there are articles
dealing with low-coordination number species such as (RSb)n, RSb¼SbR, C5H5Sb, RP¼SbR,
and their transition metal derivatives.13,14,115–118

The silylstibines, Sb(SiR3)3, provide the only series of examples of Si�Sb bonds and are
normally treated with other organostibines.11,116 Such compounds have found use in the prepar-
ation of (III)–(V) materials via pyrolysis of their group 13 adducts.119 There are also examples of
Sb(YR3)3 (Y¼Ge, Sn, or Pb) types.116

3.6.3.2 Group 15 Compounds

3.6.3.2.1 N-donor ligands

The reaction of molten SbX3 (X¼Br or I) with NH3 produced [SbX3(NH3)], whilst SbCl3 and
NH3 in diethyl ether formed [SbCl3(NH3)2].

16 Trimethylamine forms both 1:1 and 1:2 adducts
with SbCl3 or SbBr3, and 1:1 adducts have been described with NH2Me, NHMe2, and

As2

O

As1

CIterm

CIbridg.

Figure 16 The structure of [As4O2Cl10]
2� (reproduced by permission of the publishers from Z. Naturforsch.,

B 2001, 56, 301–305).
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PhNH2.
16,17 Vibrational spectroscopy suggests the 1:1 complexes are pseudo-trigonal bipyramidal

with axial amine and with an equatorial vertex occupied by the lone pair, whilst the 1:2
compounds probably have a structure based upon an octahedron where one vertex is occupied
by the lone pair, as established by the X-ray crystal structure of [SbCl3(PhNH2)2].

120 The structure
of the yellow [SbCl3(2,2

0-bipyridyl)] is based upon a distorted five-coordinate geometry (N2Cl3
donor set) with Sb�Cl¼ 2.55 Å (av). This unit forms a long contact to a further Cl from a
neighboring molecule (3.34 Å) completing a very distorted octahedron.121 Distorted square pyr-
amidal (N2O2X donor set) molecules are present in [SbX(1,10-phen)(cat)] (X¼F, Cl, Br, or I;
1,10-phen¼ 1,10-phenanthroline, cat¼ phenylene-1,2-diolate(2�)),122,123 whereas in [Sb(1,10-
phen)2(cat)]BPh4 there is very distorted N4O2 coordination.124

The aza-macrocycle Me3[9]aneN3 produces a 1:1 complex with SbCl3 of unknown structure,18

but in the presence of SbCl5 a similar reaction yields the complex [SbCl2(Me3[9] aneN3)]SbCl6,
with a distorted square pyramidal cation.125 Hydrolysis of [SbCl3(Me3[9] aneN3)], or reaction of
SbCl3 and 1,4,8,11-tetramethyltetraazacyclotetradecane in wet MeCN, gave oxochloroantimonate
anions (q.v.) with the protonated macrocycle as cations.18,19 The phthalocyanine derivative
[Sb(pc)2]

� has been isolated by heating together SbI3, 1,2-C6H4(CN)2, and KOMe. The structure
as the Bu4N

þ or PNPþ salts show a distorted eight-coordinate antimony environment.126

The reaction of SbCl3 with three equivalents of 2-(dimethylaminomethyl)phenyl lithium
(Liþ(3)�) produces [Sb{C6H4(CH2NMe2)}3] which has a similar geometry to its arsenic analogue
(Figure 1), but with rather stronger E–N coordination suggested by comparison of the bond
lengths.22 Using appropriate ratios of SbCl3:(3) [SbCl2{C6H4(CH2NMe2)}] and
[SbCl{C6H4(CH2NMe2)}2] can be isolated. These again have structures based upon strong
Sb�C bonds with weaker interactions with the amine functions completing distorted pseudo-
trigonal bipyramidal geometry with an equatorially disposed lone pair.21 Treatment of
[SbCl{C6H4(CH2NMe2)}2] with TlPF6 in THF affords the related cation
[Sb{C6H4(CH2NMe2)}2]PF6 which is also pseudo-trigonal bipyramidal with axial N and equator-
ial C atoms.127 8-(Dimethylamino)-1-naphthyl (2) also forms [SbCl2(2)] and [SbCl(2)2] com-
plexes,21 whereas with 2,6-bis[(dimethylamino)methyl]phenyl (1) the product is [SbCl2(1)] which
has a distorted square-pyramidal geometry with an apical C atom (Figure 17).20 Trans-annular
Sb���N coordination is present in the heterocyclic rings R1Sb[(CH2)3]2NR2 (R1¼Cl, I, Ph;
R2¼Me, Bz, Bui, etc.)128,129 which have structures based upon a pseudo-trigonal bipyramid
with axial N and R and an equatorial lone pair.

Schiff base ligands form complexes with both SbIII and SbV.130–134 Examples are known where
the Schiff base coordinates as a neutral ligand bonded only via the azomethine nitrogen(s) to both
cis- and trans-SbCl4

þ units,132 or as anions bonded both through the azomethine-N and deproto-
nated o-hydroxyphenyl groups.134

Antimony pentafluoride forms 1:1 adducts with HCN and C2N2 and the structure of the latter
reveals a linear NCCN-SbF5 linkage.27 Related adducts of SbCl5 including [SbCl5(L)] (L¼ ICN,
BrCN, ClCN, 1/2C2N2, NH2CN, pyridine) have been prepared and the X-ray structures of
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Figure 17 The structure of [SbCl2{2,6-(Me2NCH2)2C6H3}] (reproduced by permission of Elsevier Science
from Inorg. Chim. Acta 1992, 198–200, 271–274).
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[SbCl5(ClCN)] and [(SbCl5)2(C2N2)] determined.135 A substantial range of organonitrile adducts
of SbCl5 have been described, including [SbCl5(RCN)] (R¼Me, Ph, various isomers of
MeC6H4�, Me2C6H3�, ClC6H4�, NH2C6H4�).136–139 The reaction of SbCl3 with TMSNPR3

(R¼Ph or Me) formed the phosphine-iminato compounds [SbCl2(NPR3)], which react further
with SbCl5 in MeCN to form [SbCl(NPPh3) (MeCN)2]2[SbCl6]2 or [Sb2Cl5(NPMe3)2-
(MeCN)][SbCl6].

140 The former contains dimeric cations with SbIIICl(MeCN)2 units bridged by
two NPPh3, whereas the latter is a mixed-valence cation with SbIIICl(MeCN) and SbVCl4 units
also bridged by two phosphine-iminato groups.

Unstable (often highly explosive) antimony azides have been synthesized recently.32,141 The
parent Sb(N3)3 is made from AgN3 and SbI3 in MeCN, whilst reaction of [SbCl4]

þ, [SbCl4]
�, and

[SbCl6]
� with TMSN3 gave [Sb(N3)4]

þ, [Sb(N3)4]
�, and [Sb(N3)6]

�, respectively. Attempts to
isolate [Sb(N3)5] were unsuccessful, although some Lewis base adducts [Sb(N3)5(L)] (L¼ py,
NH3, quinoline, etc.) are known.142

3.6.3.2.2 P-, As-, and Sb-donor ligands

Early studies32 reported that PR3 or AsR3 formed 1:1 or rarely 2:1 adducts with SbX3.
A reinvestigation143 of the reaction of PMe3 and SbI3 in THF identified the yellow product as
[Sb2I6(PMe3)2]�THF which has a structure based upon two edge-linked square pyramidal SbI4P
units with apical phosphines arranged anti to the plane. Weaker Sb���I contacts link the molecules
into a polymer. In contrast, the reaction of SbBr3 and PEt3 in THF gave crystals of
[PEt3H][Sb2Br7(PEt3)2] which has the structure shown in Figure 18.144 Bidentate diphosphines
and diarsines (Me2P(CH2)2PMe2, o-C6H4(PMe2)2, o-C6H4(AsMe2)2, o-C6H4(PPh2)2,
Ph2As(CH2)2AsPh2) form 1:1 complexes with SbX3 (X¼Cl, Br, or I), which are probably
based upon edge-sharing dimers with pseudo-octahedral antimony centers.144,145 An alternative
description is in terms of primary SbX3 units with weaker secondary bonding to the group 15
donor and bridging halides. The structure has been established for [Sb2Br6{Me2P(CH2)2PMe2}2]
(Figure 19) and [Sb2Br6{o-C6H4(PPh2)2}2]. A polymorph of the former has been identified,144

which contains a central Sb2Br6{Me2P(CH2)2PMe2}2 linked via single bromine bridges to two
SbBr3[Me2P(CH2)2PMe2] units. The 1:1 complexes of the triarsine MeC(CH2AsMe2)3},
[SbX3{MeC(CH2AsMe2)3}], may also be dimers.145 Recrystallization of [Sb2Cl6{o-
C6H4(AsMe2)2}2] from hot ethanol gave the 1:1 which has a polymeric structure composed of
[SbCl2{o-C6H4(AsMe2)2}]

+ and (SbCl4)
� units linked into sheets through Cl-bridges (Figure 20).145

A discrete distorted octahedral anion is present in [Py2H][SbI4{Me2P(CH2)2PMe2}] formed by
recrystallizing [SbI3{Me2P(CH2)2PMe2}] from pyridine.146

Adducts of Me3Sb with SbI3 and SbI2Me have been characterized by X-ray crystallography.
The former, isolated from THF solution as [Sb2I6(SbMe3)2(THF)2], is a centrosymmetric dimer
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Figure 18 The structure of the anion in [PEt3H][Sb2Br7(PEt3)2] (reproduced by permission of the Royal
Society of Chemistry from J. Chem. Soc., Dalton Trans. 1994, 1753–1757).
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based on a planar I2Sb(�
2-I)2SbI2 core with axial SbMe3 and THF ligands arranged anti

(Figure 21). The Sb�O(THF) bonds are weak, secondary interactions.147 In contrast, in [SbI2-
Me(SbMe3)], which is formed by the spontaneous rearrangement of SbMe2I in the presence or
absence of solvent, the structure is based upon a pseudo-trigonal bipyramidal antimony with the
lone pair, the Me group, and SbMe3 occupying equatorial positions (Figure 22).148,149

3.6.3.3 Group 16 Compounds

3.6.3.3.1 O-donor ligands

The crown ethers 12-crown-4, 15-crown-5, and 18-crown-6 form 1:1 adducts with SbCl3, all of
which have structures based upon a pyramidal SbCl3 unit with much weaker interactions to 4, 5,
or 6 crown ether oxygens respectively, completing a half sandwich structure (Figure 23).38,150,151

The [SbCl3(15-crown-5)] and [SbCl3(12-crown-4)] have also been studied by EXAFS and these results
are in good agreement with the single crystal X-ray data.152 The complex [SbCl2(18-crown-6)][SbCl6]
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Figure 19 The structure of [Sb2Br6(Me2PCH2CH2PMe2)2] (reproduced by permission of the Royal Society
of Chemistry from J. Chem. Soc., Dalton Trans. 1994, 1743–1751).
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Figure 20 The structure of the asymmetric unit in [Sb2Cl6{o-C6H4(AsMe2)2}] (reproduced by permission of
the Royal Society of Chemistry from J. Chem. Soc., Dalton Trans. 2001, 1007–1012).
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is formed by reaction of the crown ether with a mixture of SbCl3 and SbCl5 in MeCN.153

The structure of the cation is shown in Figure 24 and is based upon primary coordination
in a pseudo-trigonal bipyramid with axial oxygens, and notably these Sb-OtransO are 0.2 Å shorter
than the weak, secondary bonds to the other four oxygens. In marked contrast, [SbCl(15-crown-5)]
[SbCl6]2 has a pentagonal pyramidal cation (Figure 25) with the lone pair occupying the vacant site
trans to the chloride.154 The complexes of dibenzo-24-crown-8 are neutral, of type [(SbX3)2{dibenzo-
24-crown-8}] (X¼Cl or Br).155 The structure of the chloride derivative shows the two antimony atoms
bonded to opposite sides of the crown via three chlorines and five oxygens. In the bromide species the
coordination is also via three bromines, but only four oxygens.155

The antimony(III) complexes of the maleonitriledithiolate derivatized crown ethers, mn-15S2O3

and mn-18S2O4 (12) have also been prepared.156 In [SbCl3(mn-15S2O3)] the structure is of the half-
sandwich type (Figure 26) with rather longer Sb�O bonds than in the simple crown complexes
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Figure 21 The structure of [Sb2I6(SbMe3)2(THF)2] (reproduced by permission of Wiley-VCH from
Z. Anorg. Allg. Chem. 1998, 624, 81–84).
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Figure 22 The structure of [SbI2Me(SbMe3)] (reproduced by permission of the Royal Society of Chemistry
from Chem. Commun. 1994, 875–876).
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and long Sb�S (ca. 3.4 Å). In [SbCl3(mn-18S2O4)] the sulfurs are uncoordinated and the Sb
is bonded only to the four oxygens.156 In contrast, the reaction of Na[SbCl6] with mn-18S2O4

produces [Na(mn-S2O4)2][SbCl6] in which the Na ion is sandwiched between the two crowns and
coordinated to the eight oxygens.156
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Figure 23 The structure of [SbCl3(18-crown-6)] (reproduced by permission of Elsevier Science from Inorg.
Chim. Acta 1990, 167, 115–118).
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Figure 24 The structure of [SbCl2(18-crown-6)]þ (reproduced by permission of Wiley-VCH from Z. Anorg.
Allg. Chem. 1992, 618, 93–97).
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Pnictogen or chalcogen oxides, ethers or amides form O-bonded adducts with both SbCl3 and
SbCl5. Typical examples that have been characterized include [SbCl5L] (L¼PyNO,157 Me3NO,157

(RO)3PO,138,139 Me2O,138,139 THF,138,139 DMSO138,139,158) The structure of [SbCl5(DMSO)]
shows the sulfoxide is O-bonded to SbV.158 Spectroscopic studies show that the stabilities of
these complexes follow Gutmann’s donor numbers, and NMR studies are consistent with a
dissociative ligand exchange mechanism.138,139 An organoantimony example is the cation in
[Ph2Sb{(Me2N)3PO}2]PF6, made from PhSbCl2, (Me2N)3PO, and TlPF6 (the reaction is accom-
panied by a phenyl migration).127 The structure of the cation is pseudo-trigonal bipyramidal with
the lone pair and Ph groups equatorially disposed.

A variety of antimony(III) and antimony(V) alkoxides and mixed halo-alkoxides are known,
the majority of which are oligomeric via asymmetric Sb�O���Sb bridges. The SbIII examples
include [Sb(OMe)3]n (six-coordinate Sb with a 3-D network—(13)),160 [Sb(OPri)3]2 (four-coordinate
Sb with a pseudo-trigonal bipyramidal geometry in a dimer—(14)),161 and [Sb(2,6-Me2C6H3O)3]
(trigonal pyramidal monomer).162 The halo-alkoxides are also polymeric—[SbCl(OEt)2]n,
[SbCl2(OEt)]n, and [SbCl2(OEt)�NHMe2]n contain six-coordinate antimony, whereas [SbCl(O-
Pri)2]2 is five-coordinate.160,161,163,164 The SbV alkoxides which have been structurally character-
ized are based upon six-coordinate antimony. The simplest, [Sb(OMe)5]2 is a dimer (Figure 27),165

[Sb(OEt)5(NH3)] is monomeric (O5N donor set),162 and [SbBr2Me(OMe)2]2
166 is dimeric with OMe

bridges.
Antimony phenoxides are also readily prepared. Catechol (CatH2,(1,2-C6H4(OH)2)) and

Sb(OPr3
i)3 form [Sb(cat)(OPri3)] and [Sb(cat)(catH)], the latter being converted on reaction with

M2OMe (M2¼Li, Na, or K) into M2[Sb(cat)2].
167 The structure of [NH4][Sb(cat)2] reveals a

pseudo-trigonal bipyramidal geometry with an equatorial lone pair.167 The [PyH][Sb-
(o-C6Cl4O2)Cl2] is also pseudo-trigonal bipyramidal with asymmetric chlorine bridges giving an
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Figure 26 The structure of [SbCl3(mn-15S2O3)] (reproduced by permission of the publishers from
Z. Naturforsch., B 1999, 54, 799–806).

O

OS

S

NC

NC
O

(12a) (12b)

O

O O

O

S

S

NC

NC

mn–15S2O3 mn–18S2O4

Arsenic, Antimony, and Bismuth 485



extended structure.168 The antimony(V) species [SbCl4(ACAC)] (ACAC¼ acetylacetonate) is a
discrete six-coordinate complex.169 Adducts of SbCl5 with methoxyethanol, 1,2-ethanediol, and
1,2-dimethoxyethane are readily prepared, but the alcohol complexes are prone to elimination of
HCl to give stibocycles.170 Organoantimony halides also react with O-, or mixed O/N-donor
ligands, for example, R3SbBr2 (R¼Ph or Me) react with LH (LH¼ acetylacetone, 8-hydroxyqui-
noline, salicylaldehyde, 2-hydroxyacetophenone) and NaOMe in benzene/methanol to give
R3Sb(OMe)L, which appear to be six-coordinate.171

Methanesulfonic anhydride (Me2S2O5) dissolves Sb2O3 on prolonged heating to form
[Sb(O3SMe)3], which reacts further with Cs[MeSO3] in MeSO3H to give Cs[Sb(O3SMe)4].

58 In
contrast to the well-characterized [As(OTeF5)5] and [Bi(OTeF5)5], [Sb(OTeF5)5] is unstable and has
not been isolated in a pure state.172,173 However, the anion [Sb(OTeF5)6]

� has been made from
[NR4][SbCl6] and AgOTeF5 in CH2Cl2, or by formation of [SbIII(OTeF5)4]

� from [Sb(OTeF5)3] and
[NR4][TeOF5] followed by oxidation with [Xe(OTeF5)2].

173,174 The [Sb(OTeF5)6]
� is a useful add-

ition to the list of ‘‘weakly coordinating’’ anions.103 Antimony(III) fluoride-fluorosulfates,
[SbF2(SO3F)], [SbF(SO3F)2], and [Sb(SO3F)3], have been synthesized and characterized struc-
turally.175 The first is obtained from Sb and HSO3F, the others from Sb and S2O6F2 under appro-
priate conditions, and the structures of all three reveal triply bridging O-bound fluorosulfate
groups.175 Oxidation of elemental Sb with a large excess of S2O6F2 in the presence of CsSO3F
gives Cs[Sb(SO3F)6], which has a discrete octahedral anion.176,177 Oxidation of SbF3 with S2O6F2

yields SbV fluoride–fluorosulfates [SbF3(SO3F)2], [SbF4(SO3F)], and [Sb2F9(SO3F)].178

Antimony(V) forms complexes with organophosphorus acids.179–186 These include
[{SbCl4(O2PR2)}2] (R¼Me, Cl, OPh, OMe) made from SbCl5 and the acid in methanol,179,180,182

which are oxo-bridged dimers (Figure 28). Other examples are [Cl3Sb(O){R(MeO)PO2}(OMe)SbCl3],
(R¼ 4-ClC6H4CH2, Me, Et, PhCH24-O2NC6H4CH2) [Cl3Sb(O){(PhO)2PO2}2SbCl3], and
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Figure 27 The structure of [Sb(OMe)5] (reproduced by permission of Wiley-VCH from Z. Anorg. Allg.
Chem. 1981, 474, 157–170).
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[Cl3Sb(O){(PhO)2PO2}(OMe)SbCl3],
183–186 which also contain bridging organophosphorus anions.

Organoantimony(V) phosphinates include [{Ph2SbCl(O2PR2)}2O] (R¼ c-hexyl, c-octyl), made from
Ph2SbCl3, Ag(MeCO2), and R2PO2H,187,188 which have the structure shown in Figure 29. A tetramer
of the dicyclohexylphosphinate complex has also been characterized structurally.188 Triorganoanti-
mony species [R1

3Sb(O2PR
2
2)2] are made from R1

3SbX2 and the silver salt of phosphinic acid,189–191

and partial hydrolysis produces [R1
3Sb(OH)(O2PR

2
2)], which may also be obtained directly from

R1
3Sb(OH)2 and R2

2PO2H. There are also oxo-bridged complexes of type [{R1
3Sb(O2PMe2)}2O]

(R1¼Ph, o-tolyl), [{Ph3Sb(O2AsR2
2)}2O] (R2¼Meor Ph) and [(R2Sb)2(O)2(O2AsMe2)2] (Figure 30).
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Figure 28 The structure of [{SbCl4(O2PMe2)}2] (reproduced by permission of Wiley-VCH from Z. Anorg.
Allg. Chem. 1981, 472, 102–108).

C(33)

C(34)

C(23)

C(35)

C(32)
C(31)

C(30)

C(29)

C(28)

C(27)

C(26)

C(25)

C(36)

C(43)

C(46)

C(19)

C(24)

C(22) C(21)

C(20)

C(1)

C(2)

C(3)

C(4)

C(5)
C(38)

C(6)

C(39)

C(40)C(41)
C(42)

C(18)
C(17)

C(8)

C(9)
C(7)

C(13)

C(12)

C(11) C(10)

C(16)

C(1)

C(15)

C(14)

Sb(2)

C(5) P(2)

O(4)

O(2)

O(1)
O(3)

P(1)

Cl(2)

Sb(1)
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There is a substantial literature dealing with antimony carboxylates and polyaminecarboxyl-
ates. 1,2-Dihydroxycyclohexane-1,2-dicarboxylic acid (both 	 and meso forms) form Na2[Sb2

(C8H8O6)2]�xH2O which are dinuclear in solution.56 In the medically important antimony tar-
trates the usual building block is the dimeric anion (15) found in alkali and alkaline earth metal
salts.193,194 The silver(I) complex [Ag4Sb4(C4H2O6)4(H2O)4] contains this repeating tetramer unit
linked into a polymeric network.195 Antimony(III) citrates also exhibit a range of building blocks.
In Li[Sb(C6H6O7)2(H2O)]�2H2O and Na[Sb(C6H6O7)2(H2O)2]�H2O the antimony has a pseudo-
trigonal bipyramidal geometry with the lone pair equatorial, and two citrate anions each coord-
inating via one deprotonated carboxylate and one deprotonated hydroxy group.196,197 The same basic
antimony coordination is present in the isostructural M2[Sb4(C6H4O7)2(C6H5O7)2(C6H6O7)4(H2O)2]
(M¼K or Rb)56,197 which are based upon tetrameric units with three differently charged citrate
anions (Figure 31), in Ag2[Sb2(C6H6O7)4]

196 and Cu[Sb(C6H6O7)(C6H5O7)(H2O)2]�2H2O.198

Antimony(III) polyaminocarboxylates have also been studied in considerable detail.199–205 In
the EDTA4� complexes the antimony is coordinated to two N- and four O-donors generating a
pseudo-pentagonal bipyramid with the seventh vertex occupied by the lone pair. With hard, small
cations (Li or Na) the lone pair usually occupies an equatorial position, whereas with large, soft
cations (NR4, Cs, aminoguanidinium) the lone pair is axially disposed. However, there is also
evidence that H-bonding and packing interactions may affect the geometries adopted. Some of
these metal complexes are useful precursors to metal-antimony oxides via pyrolysis in air. The
propylenediaminetetra-acetate4� (PDTA4�) complexes, M[Sb(PDTA)]�H2O (M¼H, NH4, or
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Na), also contain pseudo-pentagonal bipyramidal anions with an axial lone pair (Figure 32).206,207

Pseudo-seven-coordinate antimony (six O/N-donors and a lone pair) is also present in complex
anions derived from 1,2-cyclohexanediamine-N,N,N0N0-tetra-acetic acid,208,209 diethylenetriamine-
penta-acetic acid,210–212 and triethylenetetraminehexa-acetic acid.213 Several of these complexes
show anti-tumor activity, which appears to vary with the fine detail of the geometry.
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Figure 31 The structure of the citrate complex Rb2[Sb4(C6H4O7)2(C6H5O7)2(C6H6O7)4(H2O)2] (reproduced
by permission of the Australian Chemical Society from Aust. J. Chem. 2000, 53, 917–924).
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Figure 32 The structure of the propylenediaminetetracetate complex [Sb(PDTA)]� (reproduced by permis-
sion of Elsevier Science from Inorg. Chim. Acta 1995, 232, 161–165).
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3.6.3.3.2 S-, Se-, and Te-donor ligands

Antimony(III) halides behave as weak Lewis acids towards neutral sulfur or selenium donor
ligands. The products have a wide variety of structures but these are mostly built upon a
pyramidal SbX3 unit, which forms weak secondary bonds to the neutral donor and sometimes,
weak asymmetric halide bridges. The antimony environments are often very asymmetric due to a
combination of the constraints imposed by the ligands and varying degrees of stereochemical
activity by the lone pair.214 The reaction of SbX3 (X¼Cl, Br, or I) with MeE(CH2)nEMe (n¼ 2
or 3), MeC(CH2EMe)3 (E¼ S or Se), [8]aneSe2, [12]aneS4, and [16]aneS4 forms yellow, orange, or
red complexes with a 1:1 stoichiometry.214–216 [SbCl3{MeS(CH2)2SMe}] contains distorted octa-
hedral antimony coordination based upon three terminal Cl and three S atoms from different
dithioethers; of the three-coordinated S atoms, two bridge to neighboring antimony centers using
both lone pairs available on S, and one is terminal, generating a 2-D network. The structure of
[SbBr3{MeS(CH2)3SMe}] (Figure 33) is similar.215 In contrast, the structure of [SbCl3{MeSe(CH2)3-
SeMe}] is based upon weakly associated Sb2Cl6 dimers linked by bridging diselenoethers (Figure 34).
The tripodal tridentate MeC(CH2SMe)3 forms a 1:1 complex with SbCl3 which is essentially
five-coordinate with bridging bidentate trithioether ligands forming infinite chains.216 In contrast,
the [SbI3{MeC(CH2SMe)3}] is based upon six-coordinate antimony with Sb2I6 dimers linked into
chains by bridging thioethers.216 The selenoether [SbBr3{MeC(CH2SeMe)3}] is different again, with
octahedral fac SbBr3Se3 units, with the selenoether ligands bidentate to one antimony and mono-
dentate to a second.

In [SbCl3([9]aneS3)] there is seven-coordinate antimony, based upon three terminal chlorines,
three sulfur donors from one macrocycle, and a bridging S atom from a neighboring molecule,
producing a chain structure (Figure 35).217 In contrast, [SbI3([9]aneS3)], which involves the more
sterically demanding iodo ligands, is a discrete octahedron with no significant evidence for a
stereochemically active lone pair.218 The complexes of [14]aneS4 are of 2:1 Sb:ligand stoichiome-
try, and the structure of the bromide derivative shows (Figure 36) weakly associated Sb2Br6 units
with distorted octahedral coordination completed by cis S2-coordination at each antimony from
different tetrathioethers.216 The macrocyclic tetraselenoether complex [(SbBr3)2([16]aneSe4)] has a
sheet structure215 based upon each selenium atom bonded to a different SbBr3 unit which are five-
coordinate (Br3Se2). Finally, in [(SbCl3)2([18]aneS6)] there are two SbCl3 units each coordinated to
three sulfur atoms and disposed on opposite sides of the mean plane of the macrocycle.217

Complexes with a [SbX3(L)] stoichiometry have been obtained for L¼MeTe(CH2)3TeMe or
MeC(CH2TeMe)3, but their structures are not yet known.214
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Figure 33 The polymeric structure of [SbBr3{MeS(CH2)3SMe}] (reproduced by permission of the Royal
Society of Chemistry from Chem. Commun. 2001, 95–96).
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A variety of other neutral sulfur ligands form adducts with SbX3 including thioureas, thiones,
and thiophenes,215–222 most of which appear to contain five-coordinate, pseudo-octahedral anti-
mony with a stereochemically active lone pair. Dithio-oxamides (RHNC(S)C(S)NHR); R¼Me,
Et, Pri, Bun, c-C6H11) form [SbX3(ligand)1.5] (X¼Cl, Br) in which each ligand is bound to two
antimony centers via bidentate (S2) bridging and the lone pair on antimony is not stereochem-
ically active,224,225 whereas dithiomalonamides (RHNC(S)CH2C(S)NHR) chelate, producing
pseudo-octahedral complexes in which the lone pair clearly occupies one vertex.226 In
[Sb2Br6(SPPh3)2] and [Sb2I6(SePPh3)2], prepared from the constituents in CH2Cl2,

227 there are
centrosymmetric halide-bridged dimers, and it appears that intramolecular Sb���Ph contacts
complete the six-coordination about antimony. In contrast, [{SbBr3(SPMe2Ph)}4] is a tetramer
with both Br and S bridges (Figure 37).227

Antimony has a great affinity for charged sulfur ligands which include thiolates, xanthates
(ROCS2

�), dithiocarbamates (R2NCS2
�), and dithiophosphates ((RO)2PS2

�).56 In contrast to
arsenic, where this chemistry is limited to oxidation state III, antimony forms compounds in oxidation
states III and V. The xanthate, dithiocarbamate, and dithiophosphate complexes are mostly made by
reaction of antimony(III) halides or organohalides with Na, NH4, or Ag salts of the acids. Complexes

Sb*Sb*
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Sb*
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Se1

Se2*

Se2*

Cl3

Cl2*

Cl2

Cl1

Cl1*

Figure 34 The chain structure of [SbCl3{MeSe(CH2)3SeMe}] (reproduced by permission of the Royal
Society of Chemistry from Chem. Commun. 2001, 95–96).
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Figure 35 The structure of [SbCl3{[9]aneS3}] (reproduced by permission of the Royal Society of Chemistry
from Chem. Commun. 1991, 271–272).
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reported in the last 20 years are listed in Table 2. The coordination of the dithioacid is often
asymmetric and the geometry at the antimony center is distorted both by the constraints of the ligand
structure and the effect of the lone pair. For example, in [SbBr(S2COEt)2]

230 the structure is a zig-zag
chain polymer with antimony in an S4Br2 environment. However, in [PhSb(S2COEt)2] there is one
Sb�C and two Sb�S primary bonds, two weaker Sb�S secondary bonds from the asymmetrically
chelated xanthate, and a weak intermolecular Sb���S contact.232 In [Sb(oxine)2(S2COEt)], which is a
pseudo-pentagonal bipyramid (N2O2S2 plus the lone pair), the xanthate is close to symmetrically
chelated. This contrasts with the very asymmetric coordination in [Sb(S2COEt)3] where the Sb�S
bonds within each chelate differ by ca. 0.5 Å.229

Structures have also been determined for a variety of dithiocarbamate complexes, the dithiocar-
bamate groups usually coordinating as bidentate chelates containing markedly different Sb�S bond
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Figure 36 The asymmetric unit (a) and the 3-D network (b) of [(SbBr3)2{[14]aneS4}] (reproduced by
permission of the Royal Society of Chemistry from J. Chem. Soc., Dalton Trans. 2001, 1621–1627).
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lengths.74,76,240,243–245 The tris(N,N0-iminodiethanoldithiocarbamato)antimony is best described as
a distorted pentagonal pyramid (Figure 38), which contrasts with the trigonal antiprismatic arsenic
analogue.74 The halo-dithiocarbamates [Sb(S2CNEt2)2I],

246 and [Sb(S2CNC5H8)2I]
247 have infinite

chain structures with chelating dithiocarbamates and iodide bridges (Figure 39).
Similarly, the tris(dithiophosphate) complexes are based upon distorted octahedra with the

differences in Sb�S within each ligand being up to 0.5 Å, and with the lone pair capping the open
face associated with the long Sb�S bonds.252,254 The [PhSb{S2P(OPri)2}2] is square pyramidal and
isostructural with its arsenic analogue.82 The diphenyldithiophosphinate complex,
[Ph2Sb(S2PPh2)], is a dimer with square-pyramidal antimony centers (Figure 40),255 but
[Ph2Sb(Y)] (Y¼O2PPh2 or OSPPh2) are pseudo-trigonal bipyramidal polymers (Figure 41).257,259

In contrast to other group 15 elements, antimony also forms dithioacid complexes in oxidation
state V, although even these are readily reduced. Triorgano-dithiophosphate, -dithiocarbamate,
and -xanthate complexes, [SbR3(dithioanion)2], are prepared from SbR3Cl2 and the sodium salt of
the dithioacid180,237,261,262 These have trigonal bipyramidal structures with equatorial R groups
and monodentate, axially bound dithioanions (Figure 42). Notably, in the related
[SbMe3(OSPPh2)2] the anions are O-bonded to SbV.261

Antimony(III) also has a high affinity for thiolate ligands. The [Sb(SR)3] complexes are formed
by simple SR� ligands including SPh�, S(4-MeC6H4)

�, S(3,5-Me2C6H3)
�, S(2,4,6-Me3C6H2)

�,
S(2,4,6-Pri3C6H2)

�, and there are more complex variants such as [Sb2(SCH2CH2SCH2CH2S)3].
265–268

Their syntheses are usually straightforward, from Li(Na)SR and SbCl3, although other routes
such as reaction of RSH with Sb(OR)3 or Sb(NR2)3 are also used. The structures are based upon
trigonal-pyramidal coordination at antimony (Figure 43) and with the smaller R-groups, weaker
secondary interactions either intermolecular to other thiolate sulfur atoms or to aryl rings. The
bulkier thiolate complexes are effectively three coordinate monomers.

Toluene-2,3-dithiol (tdtH2) reacts with SbCl3 to form [SbCl(tdt)] which is probably trigonal
pyramidal like the As analogue (q.v.).90 A 1:2 SbCl3:tdtH2 reaction ratio formed yellow
[Sb(tdt)(tdtH)] from which base removes the final proton, but the product is the purple SbV
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Figure 37 The tetrameric structure of [SbBr3(SPMe2Ph)] (reproduced by permission of the publishers from
Z. Naturforsch., B 1990, 45, 1355–1362).
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Table 2 Dithioacid compounds of antimony(III) and (V).

Compound Comments References

Antimony(III) compounds

Sb(S2COR)3 R¼Me, Et, Pri,
CH2CH2CMe3

63–66,228,229

SbBr(S2COEt)2 230
Sb(oxine)3�n(S2COEt)n n¼ 1, 2 229
RSb(S2COEt)2 R¼Me, Ph 231,232
{Sb(S2COR)2}2CH2 R¼Et, CHMe2 233
Sb(S2COEt)2(S2COMe) 234
SbClPh(S2COR) R¼Me, Et, Prn, Pri, 72
Sb(SCH2CH2S)(S2COR) R¼Et, Prn, Bun, Bui 68,235
Sb(SOCNR2)3 R2¼Et2, pyrolyl 236
Sb(S2CNR2)3 R¼Et, Pri, Bz, CH2CH2OH

R2¼ (CH2)n n¼ 4, 5
CH2CH2OCH2CH2

76,240

Sb(S2CNR2)3 R2¼ 2-,3-, or 4- Me-piperidine 69
Sb(S2CNR2)3 R2¼ 2-alkylaminocyclopentane 70
Sb(S2CNR2)3 R2¼Et2, N-methylaminoethanol

N,N0-iminodiethanol 74,241
Sb(S2CNR1R2)3 R1¼Pri , R2¼ 2-HOC2H4 244
Sb(S2CNR1R2)3 R1¼Me, R2 cyclohexyl 245
Sb(S2NMe2)2X X¼Cl, Br, I, SO3CF3 78,237
Sb(SCH2CH2S)(S2CNR) R¼ pyrrolidyl, 4-morphoyl 174
Sb(SCH2CH2S)(S2CNR2) R¼Me, Et, Pri 238
{Sb(S2CNR2)2}2CH2 R¼Me, Et 233
MeSb(S2NR2)2 R2¼Me2, Et2, morphoyl 239
Ph2Sb(S2CNEt2) 242
Sb(S2CNEt2)2I 246
Sb(S2CNR)2I R= pyrrolidyl 247
Sb[S2P(OR)2]3 R¼Me, Et, Prn, Pri 80,252
SbX{S2P(OR)2}2 X¼Cl, Br, I; R¼Et, Pri, Prn 80
SbCl2{S2P(OR)2} R¼Et, Prn, Pri 80
Sb(OPri)3�n{S2P(OPri)2}n n¼ 1, 2 80
Sb[S2P(OPri)2]2L L¼ S2CNR2; R¼Me, Et, 248
Sb(SCH2CH2S)(S2PO2R) R¼CH2CR2CH2 87
{Sb{S2P(OR)2}2}2CH2 R¼Me, CHMe2 233
PhnSb{S2P(OR)2}3�n R¼Et, Prn, Pri, Ph 82
Sb(S2PO2Y)3 Y¼CHMeCHMe, CMe2CMe2,

CH2CMe2CH2, CH2CEt2CH2, etc.
81

Sb(S2PO2Y)3�nCln Y as above, n¼ 1, 2 81
Sb(S2PO2Y)3�nPhn Y as above, n¼ 1, 2 84
Sb(S2PO2Y)3�n(OAc)n Y as above, n¼ 1, 2 249
Sb(S2COR)[S2P(OPri)2]2 R¼Et, Pr, Pri, Bui, Bu 250
Sb(SCH2CH2S){S2P(OR)2} R¼Et, Pri, Bui 251
SCH2CH2S{Sb(S2P(OR)2)}2 251
Sb(S2PR2)3 R¼Me, Et, Ph, Pri 252–254,260
R1

2Sb(S2PR
2
2) R1¼Ph, Me; R2¼Me,

Et, Pr, Ph
255,256

(p-tol)2Sb(S2PEt2) 257
R1

2Sb(S2AsR2
2) R1¼Me, Ph 256

Sb(OSPR2)3 R¼Ph, c-hexyl 258
R2Sb(OSPR2) R¼Ph 259

Antimony(V) Compounds

SbX3(S2CNMe2)2 X¼Cl, Br 237
SbR1

3(OSPR2
2)2 R1¼Me, Et, Ph; R2¼Et,

Ph, OEt, OPri
181,261

SbMe3(S2PR2)2 R¼Me, Et, Ph 262
{SbMe3{S2P(OR)2}2}2O R¼Me, Et 263,264
{SbMe3(S2CNR2)}2O R¼Me, Et 263,264
{SbMe3(S2COR)}2O R¼Me, Et 263,264
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anion, [Sb(tdt)3]
�, presumably formed by air oxidation.90 The [Sb(tdt)3]

� has an octahedral
geometry, although the Sb�S distances span 0.16 Å. Similar reactions using the Li salt of ben-
zene-1,2-dithiol in the absence of air gave yellow Li[Sb(o-C6H4S2)2] which was shown to be a
pseudo-trigonal bipyramid (Figure 44) and which reacted with further dithiol in dry oxygen to
form the purple [Sb{o-C6H4S2)3]

�.269 2-Pyridinethiol forms [Sb(C5H4NS)3], the structure of which
shows a trigonal pyramidal SbS3 unit (Sb�S¼ 2.472(2) Å), with weak association of the nitrogens
(Sb���N¼ 2.830(2) Å).270 2-Aminothiophenol (o-C6H4SH(NH2)) forms [Sb{o-C6H4S(NH2)}3]
which is probably similar.271 The [SbI{S-(2,4,6-Me3C6H2)}2] has been isolated from the reaction
of [SbI(OEt)2] with the thiol in ethanol.265

There is a more limited number of selenolate and tellurolate analogues including [Sb{Se(2,4,6-
R3C6H2)}3] (R¼Me, Pri, Bui),267 [Sb{SeSi(SiMe3)3}3],

272 and [Sb{TeSi(SiMe3)3}3],
272

4,5-Dithio-1,3-dithiole-2-thione (dmitH2) (16) complexes of SbIII have been prepared from
[Zn(dmit)2]

2�, SbBr3, and NaNCS in acetone, and have been isolated with a variety of cations.273,274

The structure is based upon a pseudo-trigonal bipyramidal anion with an equatorial lone pair.
The cations present control intermolecular Sb���S interactions: in the [Et4N]þ salt two additional
Sb���S interactions lead to a pseudo-pentagonal bipyramidal arrangement in a 2-D network,
whereas with [1,4-dimethylpyridinium]þ dimers are present. The reaction of [Zn(dmit)2]

2�, SbI3,
and I2 in dry THF produced black [Sb(dmit)3]

� which contains octahedral anions, linked into a
3-D structure by S���S contacts.275 In [PhSb(dmit)]�THF, prepared from Na2dmit and PhSbCl2,
there is a pseudo-pentagonal bipyramidal arrangement based upon a chelated dmit, O-coordinated
THF, the lone pair, and secondary Sb���S intermolecular contacts.276 In the antimony(V)
compounds, [R2Sb(dmit)2]

� (R¼Ph, p-tolyl) the R groups occupy cis positions on a slightly
distorted octahedron.277
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Figure 38 The structure of [Sb{S2CN(CH2CH2OH)2}3] (reproduced by permission of Elsevier Science from
Polyhedron 1997, 16, 1211–1221).
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The only example of a diselenolate complex is [Sb(mns)2]
3� (mns¼ [Se2C2(CN)2]

2�) made by
combination of K, Sb2Se3, and Se in liquid ammonia in the presence of [2,2,2]crypt, followed by
extraction with MeCN.278 The anion is tetrahedral with formally SbI, although presumably the
ligand is ‘‘noninnocent.’’ Curiously, the corresponding reaction with arsenic gives an AsV selenide,
[AsSe3(CH2CN)]2�.278

There has been much recent interest in the synthesis and structures of antimony polychalco-
genides. There are two comprehensive reviews279,280 of these compounds which also place their
structures in the context of those of related elements, and these should be consulted for details of
work pre-1998. Examples reported since then include [Sb3S5]

�, [Sb4S7]
�, [Sb4S8]

4�, [Sb2S5]
4�,

[Sb3S25]
3�, and [Sb2S15]

2�.281–284 The stoichiometries provide little guide to the molecular units
present or the connectivities. For example, in the material of stoichiometry [PPh4]3[Sb3S25], two
quite different polythioantimonate ions are present, [Sb2S17]

2� and [Sb2S16]
2� (Figure 45).281

3.6.3.4 Group 17 Ligands

The haloanions of SbIII have a surprisingly wide range of stoichiometries and structures, and
several different structural motifs have been identified for particular Sb:X stoichiometries. In the

Figure 39 The polymeric chain in [Sb(S2CNEt2)2I]�CHCl3 (reproduced by permission of the Royal Society
of Chemistry from J. Chem. Soc., Dalton Trans. 1981, 1360–1365).
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larger anions, there is often asymmetric halide bridging and the distinction between intra- and
intermolecular Sb���X is not always clear. Most of the interest resides in the solid-state structures,
and the aim here has been to summarize the major types known, giving representative references.
Some of the anions with the heavier halides exhibit a variety of phases which show ferroelectric or
ferroelastic behavior. The field has been reviewed twice.91,285
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Figure 40 The structure of [Ph2Sb(S2SPPh2)] (reproduced by permission of the Royal Society of Chemistry
from J. Chem. Soc., Dalton Trans. 1986, 1031–1034).
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Figure 41 The chain structure of [Ph2Sb(OSPPh2)] (reproduced by permission of Elsevier Science from
J. Organomet. Chem. 1986, 316, 281–289).
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Much of the systematics of the SbIII fluoroanions were established pre-1980, including identi-
fication of [SbF4]

�, [Sb2F7]
�, [Sb3F10]

�, and [Sb4F13]
� and this work has been discussed by

Sawyer and Gillespie.285 There are also mixed-valence SbIII�SbV fluoro-anions and cations,
obtained from SbF3þ SbF5, by fluorination of Sb under controlled conditions, or during the
syntheses of homoatomic cations of group 16 or 17 in superacid media containing SbF5.

285

Further examples of the mixed-valence materials include Sb7F29 (¼3SbF3�4SbF5, which is struc-
turally described as [SbIIIF][SbIIIF2]2[Sb

VF6]4),
286 Sb11F43 (¼6SbF3�5SbF5, [Sb

III
6F13][Sb

VF6]5),
287

and two forms of Sb8F30 ([SbIII
5F12][Sb

VF6]3)
288 and [SbIII

2F5][Sb
III

3F7][Sb
VF6]3).

289 (The
formulations given are those of the authors, and those adopted for the cations involve a subjective
judgment between intra- and intermolecular SbIII�F bond lengths.) Typical of the complex
products obtained with group 16 homoatomic cations are [[S8][Sb3F14][SbF6]] and
[[S4][Sb2F4][Sb2F5][SbF6]5].

290

The simplest fluoroantimonate, [SbF4]
� is found in [NMe4]

þ,291 guanidiniumþ,292 and
[H3NCH2CH2NH3]

2þ salts;293 it has the expected pseudo-trigonal bipyramidal geometry, with
an equatorial lone pair and longer axial (av¼ 2.015 Å) than equatorial (av¼ 1.906 Å) Sb�F
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Figure 42 The structure of [SbMe3(S2PPh2)2] (reproduced by permission of Taylor & Francis Ltd. from
Main Group Met. Chem. 1995, 18, 387–390).

C(14)

C(13)

C(12)

C(11)

C(10)

C(9)

C(16)

C(20)C(19)
C(18)

C(21)
C(17) C(15)

C(3)

C(4)

C(7)C(5)

C(6)

C(2)

C(8)

C(1)

S(2)

S(3)

S(1)Sb
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bonds.291 Larger fluoroantimonate(III) anions include [H4([14]aneN4)][Sb4F16], which contains
tetrameric anions (Figure 46), [H2([14]aneN4)][Sb2F10]�2HF (Figure 47), [H4([14]aneN4)]2-
[Sb4F15][HF2]F4,

294 [NH4]3[Sb4F15], and Cs3[Sb4F15] which have different structures,295 and
NaCs3[Sb4F16]�H2O.296

The simplest stoichiometry for a chloroantimonate(III) is [SbCl4]
�, but this is usually found in

dimer or polymer units. The [Sb2Cl8]
2� anion, composed of edge-sharing square pyramidal units

with the apical chlorides anti, is found in the [ButH3N]þ,297 [Pr4N]þ,298 and [1,10-Me2-4,4
0-

bipyridinium]2þ 299 salts, the last containing two crystallographically distinct anions which differ
significantly in the asymmetry of the bridges. Curiously, in [Bun

4N]2[Sb2Cl8], which is also an
edge-shared dimer, the apical chlorines are syn not anti.298

Polymeric zig-zag chains composed of distorted SbCl6 units sharing adjacent edges are present
in [Mg(MeCN)6][SbCl4]2,

300 [Fe([9]aneS3)2][SbCl4]2,
301 [Fe(Cp)2]2[SbCl4]2[SbCl3],

302 and
[N,N0,N00,N000-Me4-guinidinium][SbCl4].

303 Examples of [Sb4Cl16]
4� units include those with

[Et4N]þ (Figure 48)298 and [EtMe2PhN]þ,304 whilst the [H2thiamine]2þ salt contains a chain of
four antimony atoms [Cl3Sb(�-Cl)2SbCl2(�-Cl)2SbCl2(�-Cl)2SbCl3]

4�, the outer two being five-
coordinate.305

The mononuclear [SbCl5]
2� unit, with a square-pyramidal geometry, is present in [NEt4]

þ306

and [HMe2NCH2CH2NH3]
2þ307 salts, whilst the edge-shared bi-octahedral [Sb2Cl10]

4� was iso-
lated with [H2thiamine]2þ cations.308 Polymeric chains based upon vertex-linked SbCl6 octahedra
are present in [NMe2H2]2[SbCl5],

309 [C5H12N]2[SbCl5],
310 and [4,40-bipyridinium][SbCl5].

311 How-
ever, in [2,20-bipyridinium][SbCl5] there is a tetrameric unit (Figure 49).311 The well-known
hexachloroantimonate(III), [SbCl6]

3�, is close to a regular octahedron with a stereochemically
inactive lone pair.298

The [Sb2Cl9]
3� ion is known both as a discrete confacial bioctahedron as in

[H2([9]aneN3)]2[Sb2Cl9]Cl�MeCN,18 and as a polymer in [Y]3[Sb3Cl9] (Y¼Hpy or
C(NH2)3).

312,313 Two examples of the [Sb2Cl11]
5� anion have been structurally characterized,

both of which contain octahedral SbCl6 units sharing a vertex161,314 The largest discrete chloro-
antimonate(III) anion is in [Me4N]4[Sb8Cl28], which consists of eight face-sharing octahedra.315

Bromoantimonate(III) anions mostly resemble the chloro-analogues. Structurally characterized
examples include the [PPh4]2[Sb2Br8] (edge-shared dimer with anti disposed apical Br),227,316

[4-MeC5H4NH]2[SbBr5] (dimer),317 and [H3N(CH2)6NH3][SbBr5] (cis edge-linked polymer).318
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Figure 44 The structure of [Sb(1,2-S2C6H4)2]
– (reproduced by permission of the Royal Society of Chemistry
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For the [Sb2Br9]
3� type, those with [NMe4]

þ,312 and [EtMe2PhN]þ,319 are confacial bioctahedra
which contrast with the polymer structure present in [Hpy]3[Sb2Cl9] (above). Hall et al.312 also
prepared [Hpy]3[Sb2Cl9�xBrx] (x¼ 1–8), Cs3[Sb2Cl6Br3], and Cs3[Sb2Cl3Br6], and a single crystal
X-ray structure determination on [NMe4]3[Sb2Cl6Br3] showed a confacial bioctahedron with
bromine bridges. X-ray powder patterns suggested the other bromochloroantimonates(III) were
discrete dimers. In [H3NCH2CH2NH3]5[Sb2Br11]�4H2O, discrete dimeric anions are linked
into chains by hydrogen-bonded water molecules.320 Two larger anions are [LH]4[Sb4Br16]
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(L¼ 2-amino-1,3,4-thiadiazolium),321 and [PPh4]4[Sb8Br28].
322 Both have antimony in distorted

edge-shared octahedral environments. Other mixed halide species are [Hpy][SbBr2Cl2], an infinite
polymer,312,323 and [Hpy]8[Sb4Br12Cl8].

323

Iodoantimonates(III) have shown an extraordinary structural diversity, particularly in the
larger anions. The dinuclear examples are [Me3BzN][Sb2I7] (polymeric),324 [PPh4]2[Sb2I8] (dimer
anti-axial iodides),325 Cs3[Sb2I9],

326 and [EtMe2PhN]3[Sb2I9] (both confacial bioctahedron),327

whilst [H3N(CH2)6NH3][SbI5] is a polymer with SbI6 octahedra sharing cis vertices.318 Three
types with an [Sb3I10]

� stoichiometry are known: in [PPh4][Sb3I10] (Figure 50)328 and
[Cu(MeCN)3][Sb3I10] (Figure 51)329 the distorted octahedral antimony centers are linked in
different ways, whereas in [Me3{2-(4-NO2C6H4)CH2CCH2}N][Sb3I10] there are close packed
iodides with antimony disordered within the octahedral holes.330 An [Sb3I11]

2� anion is present in
the [Cu(MeCN)4]

þ salt.331 In [K(15-crown-5)2][Sb3I12] there are three face-sharing SbI6 units
(alternatively described as an SbI6 octahedron with two opposite faces capped by SbI3 groups).332

If four faces of SbI6 are capped by SbI3, the result is shown in Figure 52a and is found in
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Figure 46 The structure of tetrameric [Sb4F16]
4� (reproduced by permission of Wiley-VCH from Z. Anorg.
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[H{OP(NMe2)3}2]3[Sb5I18],
333 whereas an isomeric form in [NMe4]3[Sb5I18] is an SbI6 unit with

four edges sharing a common vertex and bridged by SbI3 units (Figure 52b).331

Three isomers of [Sb6I22]
4� are known; in [Fe(Cp)2]4[Sb6I22], [EtMe2PhN]4[Sb6I22],

304 and [tetra-
methylpyrazinium]4[Sb6I22]

334 the unit is based upon Sb4I16 with two opposite triangular faces
capped by SbI3,

331 whereas in [Fe(1,10-phen)3]2[Sb6I22]�2MeCN,335 and [Et3BzN]4[Sb6I22]
337 the

two capping SbI3 groups are differently placed. Three isomers of [Sb8I28]
4� have also been

identified.324,333,335,337 In the [PPh4]
þ or [H(DMPU)2]

þ (DMPU¼N,N0-dimethylpropylene
urea)333 a relatively regular unit is present (Figure 53), but the other two are based upon SbI3
units edge- or face-bridging with smaller iodoantimonate anions.

A variety of organohaloantimonates(III) have been prepared and structurally characterized.
Since the organo-groups normally occupy terminal positions, these anions are much less prone to
polymerization than the homoleptic halo-analogues. The [Ph2SbX2]

� (X¼Cl, Br, or I)338–341 are
pseudo-trigonal bipyramidal with axial X groups and an equatorial lone pair. [PhSbCl4]

2� is
monomeric,338 but [PhSbX3]

� (X3¼Cl3, ClBr2, I3) are (�-X)2 dimers.338,340,341 The [Ph2Sb2X7]
3�

(X¼Cl, Br, or I) contain square pyramidal PhSbX4 units sharing a common vertex.339,341

Haloantimonate(V) chemistry is much simpler than that just discussed and is dominated by the
[SbF6]

� and [SbCl6]
� anions. Both octahedral anions are popular choices as weakly coordinating

anions in many areas of coordination chemistry,103 but also commonly arise from abstraction of a
halide ion from other reagents during the use of SbF5 or SbCl5 as powerful Lewis acids in
organic, inorganic, and organometallic synthesis. Good examples are provided by the many
main group and transition metal fluoro- or oxofluoro-cations, with [SbF6]

� produced in this
way.342 The singly F-bridged [Sb2F11]

� and [Sb3F16]
� ions are sometimes formed in these reac-

tions. The pentagonal bipyramidal [SbF7]
2� ion has recently been prepared by heating two molar

equivalents of MF and SbF5 (M¼K or Cs) or from NMe4F and SbF5 in MeCN.105 Five of the
eight possible isomers of mixed [SbF6�nCln]

� (n¼ 1–5) have been identified in solution by 19F and
121Sb NMR spectroscopy, and some isolated (impure).343 A range of [SbBr6�nCln]

� anions has

C13′

C12′

C14′

C12′′

C11

C14

C13′′

C13

C12

C11′′

C12′′′

C14′′′

C13′′′

C14′′

C11′

C11′′′

Sb′

Sb

Sb′′

Sb′′′

312.1
250.4

239.4

241.3

278.0

326.8
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also been detected in MeCN solution by NMR methods.344,345 Organohaloantimonates(V) are
similarly six-coordinate, including [SbPhX5]

� (X¼Cl or Br), trans-[SbPh2Cl4]
�, and

[SbRCl5�nBrn]
� (R¼Ph or Me).346–349

The [Sb2OCl6]
2� and some related [Sb2OCl6�nBrn]

2� anions were prepared by cautious hydroly-
sis of [Sb2Cl9]

3� or [SbCl9�nBrn]
3�.350 The structure has been established in several salts,18,19,351

and is shown in (17). The anion in [NH4]3[Sb2OCl7] has a third bridging Cl group forming a
chain structure.352 In the thiochloroanions [Sb2SCl5]

� and [Sb2SCl6]
2�, obtained from Na2S4

and [Sb3Cl11]
2� or [Sb2Cl8]

2�, respectively, the sulfur and one or two chlorines form the
bridges.353
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3.6.3.5 Antimony in the Environment, Biology, and Medicine

The environmental distribution of antimony is wide, and it has been estimated that the atmos-
pheric distribution resulting from man’s activities (fossil fuels, mining, etc.) is greater than from
natural sources. Most of the forms are simple inorganics in the form of oxides and oxoanions.
Although some methylantimony species are found, their mode of production is not clear and
attempts to demonstrate biological methylation have been inconclusive.112

However, in contrast to arsenic, antimony compounds remain of medicinal importance, particu-
larly in the treatment of various parasitic infections including leishmaniasis, schistosomiasis,
and trypanosomasis. Coordination compounds used include the sodium or potassium antimony
tartrates and substituted catecholate complexes, which are O-donor complexes, whilst S-donors
are utilized in 2,3-dithiosuccinate derivatives.111,113 While the mode of action is unclear in many
cases, the attraction of these compounds, in addition to their clinical effectiveness, is their
simplicity of manufacture and low cost.

3.6.4 BISMUTH

In addition to the general reviews cited in Section 3.6.1, there is a detailed review by Briand and
Burford354 which describes bismuth complexes of groups 15 and 16 donor ligands. In contrast to
antimony, there is very little coordination chemistry of bismuth in the V oxidation state, com-
pounds being limited to fluoroanions and a few organobismuth species.

3.6.4.1 Group 14 Compounds

Despite the relative weakness and high reactivity of Bi�C bonds, there is an extensive chemistry
of organobismuth compounds. In addition to the reviews noted in Section 3.6.1, other articles
specifically focused on bismuth are available.116,355,356 The review by Silvestri et al.356 contains
detailed descriptions of the structures of complexes of organobismuth compounds and contains
much pertinent data on the stereochemistries adopted by bismuth. Organobismuth analogues of
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pyridine, and examples of RBi¼BiR and (RBi)n are the least stable of group 15 compounds of
these types.13,118 Like their antimony analogues, silylbismuthines have been prepared and explored
as MOCVD precursors for (III)–(V) materials.119

3.6.4.2 Group 15 Compounds

3.6.4.2.1 N-donor ligands

There are many examples with nitrogen heterocycles, but aliphatic amine complexes are of low
stability357,358 and few are known. There has been recent interest in bismuth amides as precursors
for both bismuth-containing semiconductors and superconductors. The simplest examples,
[Bi(NMe2)3] and [Bi(NPh2)3], made from LiNR2 and BiCl3, are unstable to air and light. Both
are trigonal pyramidal monomers.359,360 In other systems, more complex products result: from
lithiated 2,6-Pri2C6H3NH2 and BiCl3 the cyclic dimer (18) is formed,361 whilst 2,6-Me2C6H3NH2
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produced the tetramer (19).362 Using the bulkier ‘‘supermesityl’’ group in NH2(2,4,6-But
3C6H2)

produces monomeric tris(amide) complexes with both antimony and bismuth, although neither
arsenic nor phosphorus form analogous compounds.363 The mononuclear compound with the
chelating tripodal triamide, [{HC(SiMe2NBut)3}Bi], is both air and light stable.364

Bi
N Bi

NRN
N
H

H

R
R

R
R  = iPr2C6H3

(18)

N
N

Bi

NHR

N

BiBi
N

R

R

R R = Me2C6H3R

(19)

The reaction of heated BiBr3 or BiI3 with gaseous NH3 results in [BiX3(NH3)] complexes, and
BiBr3 reacts with amines (NH2Me, NHMe2, NMe3, or NH2Ph) in benzene to give 1:1 complexes.16

None have been structurally characterized. Bismuth complexes with aminoalcohols, aminothiols,
and aminocarboxylic acids are discussed in Section 3.6.4.3. The carbanionic ligand (1) forms
[Bi(1)Cl2] which almost certainly has the bismuth coordinated to a CN2Cl2 donor set.20 From the
reaction of BiCl3 and three equivalents of (3), (2-Me2NCH2C6H4)

�, the product is colorless
[Bi(3)3], which has the same structure as the antimony analogue with a trigonal pyramidal BiC3

core and three weaker Bi–N interactions completing a distorted octahedron.22 The same reagents
in a 1:2 ratio produce [Bi(3)2Cl] which is best described as a pseudo-trigonal bipyramid with apical
N and Cl atoms, two equatorial C and with the lone pair occupying the third equatorial position;
the second dimethylamino-group is only very weakly associated.21 Treatment of this complex with
TlPF6 removes the chlorine and forms [Bi(3)2]PF6 which is also pseudo-trigonal bipyramidal with
axial amines and an equatorial lone pair.127 From 8-(dimethylamino)-1-naphthyllithium, [Li(2)],
both [Bi(2)Cl2] and [Bi(2)2Cl] are formed depending upon the conditions,21 but attempts to make
[Bi(3)Cl2] directly failed. Comproportionation of [Bi(3)3] and BiCl3 in Et2O did give [Bi(3)Cl2], but
this proved insoluble in common solvents. However, metathesis with NaI gave [Bi(3)I2] which has
an iodide-bridged dimer structure with square-pyramidal geometry at bismuth (Figure 54).21 There
are closely related organobismuth species including [Bi(4-MeC6H4)(2-Me2NCH2C6H4)Cl],365 and
[Bi(Ph){2-(R)-1-Me2N(Me)CHC6H4}Cl].366

The triaza macrocycle Me3[9]aneN3 reacts with BiCl3 in MeCN to form yellow [Bi(Me3[9]
aneN3)Cl3] which has a discrete distorted octahedral structure.18,367 A derivatized variant,
1-carboxymethyl-4,7-bis(1-methylimidazol-2-ylmethyl)-1,4,7-triazacyclononane, (LH) forms
[BiClL]BPh4, which is dimeric with each bismuth eight-coordinate, and bonded to the three
macrocycle and two imidazole nitrogens, a chlorine, and two carboxylate oxygens, the carboxy-
lates forming the bridges.368 Bismuth compounds with tetra-azamacrocycles357,358,369,370 also have
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high coordination numbers. In [Bi([12]aneN4)(H2O)(ClO4)3], made from Bi2O3, HClO4, and
[12]aneN4, the bismuth is eight-coordinate with a square antiprismatic geometry composed of
the four macrocyclic nitrogens on one face and four oxygens (water and three �1-ClO4 groups) on
the other (Figure 55).369 The pendant arm analogue (20) forms [Bi(20)](ClO4)3�H2O in which the
bismuth is coordinated to an N4O4-donor set from (20), with a weakly coordinated perchlorate
(3.34 Å) interacting through the O4 face.370 Bismuth(III) porphyrins have been little studied.371–373

The dark green [Bi(TTP)][NO3] (TTPH2¼meso-tetra-p-tolylporphyrin) is made from TTPH2 and
bismuth nitrate in pyridine.371 The [Bi(OEP)][CF3SO3] (OEPH2¼ octaethylporphyrin) has a
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Bi(1)

I(1)
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Figure 54 The structure of [BiI2(2-Me2NCH2C6H4)] (reproduced by permission of the American Chemical
Society from Inorg. Chem. 1997, 36, 2770–2776).
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dimeric structure with two Bi(OEP)þ units linked by bridging CF3SO3
� groups, producing seven-

coordinate bismuth.372 The complex of the pendant arm porphyrin (21) is also a dimer, with a
distorted square antiprismatic bismuth coordination environment composed of the four nitrogens
of the porphyrin, two oxygens from a nitrate group, a water molecule, and an ester oxygen.373

NHO

NHO N OH

N OH

(20)

Bismuth phthalocyanines [Bi(pc)X] (X¼Cl, Br, or NO3, pcH2¼ phthalocyanine) are made by
heating pcH2 with the bismuth salt in Me2CO or MeCN, or by heating BiX3 with 1,2-dicyano-
benzene.374 However, when 1,2-dicyanobenzene and bismuth are heated in iodine vapor, the
product is [Bi(pc)]4[Bi4I16].

375 Eight-coordinate bismuth is present in [Bi(pc)2]
�126 which is anodic-

ally oxidized to green [Bi(pc)2], and by bromine to purple [Bi(pc)2]Brx (1.5
 x
 2.5).376 The
triple-decker phthalocyanine [Bi2(pc)3] consists of three pc rings with Bi atoms in a distorted
square antiprismatic arrangement and interacting more strongly with the peripheral than the
central pc ring.377,378 The orange bicyclophthalocyanine shown in Figure 56 is made from
Bi(OAc)3 and 1,2-dicyanobenzene and contains bismuth in a very distorted trigonal prismatic
arrangement.379

Crystallization of a 1:1 mixture of BiCl3 and SbCl5 from anhydrous MeCN produced [BiCl2
(MeCN)4][SbCl6].

380 The reaction of BiCl3 and pyridine afforded [pyH]2[BiCl5(py)] which has a
nearly octahedral anion.381 The same anion has been obtained serendipitously in two other
compounds,382,383 and [(4-pic)H]2[BiBrCl5(4-pic)].

381 The cis-[BiI4(py)2]
�,384 and trans-

[BiBr4(py)2]
�,385 are also known. From excess pyridine and BiI3 the product is mer-

[BiI3(py)3],
385 whilst BiCl3 affords the pentagonal bipyramidal [BiCl3(py)4] with axial Cls.385

V
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N11

N3
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2b
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Figure 56 The structure of [Bi(1,24-bicyclophthalocyaninato)] (reproduced by permission of Wiley-VCH
from Eur. J. Inorg. Chem. 2001, 1343–1352).
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Phenylbismuth halides form adducts with py, 4-MeC5H4N, and 4-ButC5H4N(L) of type
[BiPhX2(L)2] (X¼Cl, Br, or I) which are square pyramidal with apical Ph and trans-X groups,
which associate weakly into dimers (Figure 57) or chains via Bi���X bridges.385 Hydrolysis of
[BiPhCl2(ButC5H4N)2] produced [ButC5H4NH][BiCl3Ph(ButC5H4N)], which is also square pyram-
idal with an apical Ph group. In none of these compounds is there much evidence of stereo-
chemical activity by the bismuth lone pair. Diphenylbismuth halide adducts are rarer, but in
[BiIPh2(MeC5H4N)] the structure is a pseudo-trigonal bipyramid with equatorial Ph’s and the
lone pair, again with weak association into chains by long Bi���I contacts.385 Cationic [BiPh2(py)2]Y
(Y¼BF4, PF6) can be obtained from BiPh2Br, py and, TlY.384

The reactions of 2,20-bipyridyl or 1,10-phenanthroline with bismuth halides have been studied
in detail.386–391 Under some conditions the products are halobismuthate anions with protonated
heterocycle cations (q.v. Section 3.6.4.4), but from reactions in acetonitrile or DMSO a range of
structural types with coordinated diimines have been obtained. The 1:1 complexes [BiX3L]
(X¼Br or I, L¼ 2,20-bipy; X¼Br, L¼ 1,10-phen) are dihalo-bridged dimers based upon dis-
torted octahedral bismuth (Figure 58a).389 The BiCl3/2,2

0-bipy system produces a [BiCl3(2,2
0-

bipy)1.5] which has an unusual structure containing (Figure 58b) a single chloride bridge between
a seven-coordinate (N4Cl3) and a six-coordinate (N2Cl4) bismuth center.389 The 2:1 complexes
[BiX3(L)2] (X¼Br or I, L¼ 2,20-bipy, 1,10-phen; X¼Cl, L¼ 1,10-phen) are all seven-coordinate
monomers with distorted pentagonal bipyramidal geometries (the distortion appears to arise from
the geometric constraints of the diimines).390 The isolation of [BiCl3(2,2

0-bipy)2] is problematic
and a pure sample has not been obtained. Decomposition of the 2:1 bromo complex387 produced
[2,20-bipyH][BiBr4(2,2

0-bipy)]. The chloro analogue has also been obtained. These are the expected
(cis) octahedral monomers. Using DMSO as solvent produced [BiX3(1,10-phen)(DM-
SO)2]�DMSO (X¼Cl or Br), [BiI3(2,2

0-bipy)(DMSO)], and [BiI3(1,10-phen)(DMSO)1.5].
388 The

chloro- and bromo-compounds have seven-coordinate, pentagonal bipyramidal structures com-
posed of one chelating diimine, three halides, and two O-bound DMSO ligands. The structure of
[BiI3(2,2

0-bipy)(DMSO)] is a distorted octahedron with DMSO trans to (I), whilst [BiI3(1,10-
phen)(DMSO)1.5] is ionic with the constitution [BiI2(1,10-phen)(DMSO)3][BiI4(1,10-phen)].

388

Far IR and Raman spectra were reported for this extensive series of complexes.387–390 Bismuth
nitrate and 1,10-phenanthroline or 2,20-bipyridyl produce [Bi(NO3)3(diimine)2] which are
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Figure 57 The structure of dimer of [BiPhCl2(4-MeC5H4N)2] (reproduced by permission of the Royal
Society of Chemistry from J. Chem. Soc., Dalton Trans. 1999, 2837–2843).
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10-coordinate with three bidentate nitrato-groups (Figure 58c).391 From a lower Bi:1,10-phen
ratio in DMSO, the product was [Bi2(1,10-phen)2(OH)2(NO3)4] containing eight-coordinate bis-
muth (N2O6), based upon one diimine and two bidentate nitrates per bismuth, linked by two
hydroxide bridges.391 Other 2,20-bipyridyl complexes are [Bi(2,20-bipy)2(NCS)3], which is dimeric
with eight-coordinate bismuth, linked by two bridging thiocyanates,392 and [Bi(2,20-bipy)(S2C-
NEt2)I2], a seven-coordinate dimer (N2S2I3) with two bridging iodines.393 The [Bi(terpy)(S2C-
NEt2)I2] is a pentagonal bipyramidal monomer with axial iodines,393 but the structure of
[Bi(terpy)(NCS)3]

394 is unknown.
There are 1:1 complexes [BiX3(22)] (X¼Cl, Br, I, NCS) of the Schiff base (22) of unknown

structure.386,394 More unusual examples of Bi–N coordination are found in the phosphine imine
complexes [{BiF2(NPEt3)(HNPEt3)}2] and [Bi2I(NPPh3)4]I3.

395 The former, itself a very rare
example of a coordination complex derived from BiF3, has a structure based upon a Bi2N2

four-membered ring using the NPEt3
� groups, with terminal F’s and HNPEt3 ligands.

N

H N
N

N

H

(22)

The azide chemistry of bismuth is limited to [Bi(N3)3].
396

3.6.4.2.2 P- and As-donor ligands

Only a limited number of bismuth phosphines have been reported. The reaction of BiBr3 with
neat PMe3 produced yellow [Bi2Br6(PMe3)4] which has a centrosymmetric structure (23), in which
the bridges are very asymmetric.143,397 The reaction of BiBr3 and PMe2Ph in THF produced
[Bi2Br6(PMe2Ph)2(OPMe2Ph)2] (as a result of adventitious oxidation), which has the same basic
structure.397 However, from BiBr3 and PEt3, the product had a 1:1 stoichiometry and contained a
tetrameric unit (Figure 59).142 Two anionic species are known: the [PPh4][BiI4(PMe2Ph)2] is
a distorted octahedron with cis phosphines,144 whilst the anion in [PMe3H][Bi2Br7(PMe3)2] is a
chain polymer based upon a planar Br2Bi(�2-Br)2BiBr2 core with anti-axial PMe3 groups, and
with the axial bromines bridging the units.398 Diphosphines including Me2PCH2CH2PMe2,

144

o-C6H4(PMe2)2,
145 o-C6H4(PPh2)2,

145 and Ph2PCH2CH2PPh2,
386,399,400 typically give 1:1 com-

plexes all of which probably have the same structure or type as established for [Bi2Br6-
(Me2PCH2CH2PMe2)2],

144 and [Bi2Cl6(Ph2PCH2CH2PPh2)2],
400 as halide-bridged dimers similar

to those formed by antimony (Figure 19). However, in [Bi2Cl6(Ph2PCH2PPh2)2] (Figure 60) there
are diphosphine bridges,400 a motif common in transition metal complexes with this ligand
attributed to the shorter interdonor linkage. A [Bi2Cl6(Ph2PCH2CH2PPh2)3] complex has two
BiCl3(diphosphine) groups singly bridged by the third diphosphine giving six-coordinate bis-
muth.400 In several of these systems adventitious oxygen produces diphosphine dioxide com-
plexes145,399 (see Section 3.6.4.3).

There seem to be no thoroughly characterized bismuth complexes with monodentate arsines,
but diarsines include [BiX3(diarsine)] (X¼Cl, Br, or I; diarsine¼Ph2AsCH2CH2AsPh2

145,399 and
o-C6H4(AsMe2)2

145). The structure of [Bi2I6{o-C6H4(AsMe2)2}2] shows the same halide-bridged
dimer type145 (Figure 19) as found for the diphosphines and this is probably present in all. The

Bi
Br

Br

Br
Br

P
PMe3

Bi
PMe3

Br
Br

PMe3

Me3

(23)
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triarsine MeC(CH2AsMe2)3 also forms 1:1 complexes with BiX3.
145 The diarsine complexes show

a tendency to oxidize to the corresponding diarsine dioxides.399 NMR studies show that most of
the phosphine and arsine complexes are labile in solution and extensively dissociated. There
appear to be no examples of stibine complexes (contrast antimony Section 3.6.3.2.2), whilst the
reaction of BiX3 with BiR3 typically yields the scrambled products BiX3�xRx.

355

3.6.4.3 Group 16 Compounds

3.6.4.3.1 O-donor ligands

In aqueous solution and in the absence of coordinating ligands, arsenic and antimony are present
either as oxides, oxoanions, or their protonated forms such as As(OH)3.

2,3,6 However, for bismuth
a wide range of basic salts are known and various polynuclear cations have been proposed or
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Figure 59 The tetrameric structure of [Bi4Br12(PEt3)4] (reproduced by permission of the Royal Society of
Chemistry from J. Chem. Soc., Dalton Trans. 1994, 1743–1751).

CI(11I)

CI(11)

CI(13)

CI(12)
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P(3I)

Bi(1)

Figure 60 The structure of [Bi2Cl6(Ph2PCH2PPh2)2] (reproduced by permission of the Royal Society of
Chemistry from J. Chem. Soc., Dalton Trans. 1996, 1063–1067).
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identified. The aquo-ion [Bi(H2O)9]
3þ has been isolated as the CF3SO3

� salt by reaction of Bi2O3,
CF3SO3H, and (CF3SO2)2O.401 The cation has a tricapped trigonal prismatic structure. The non-
aquo ion appears to be specific to the triflate system, in HClO4 or HNO3 media the cation is the
hexanuclear [Bi6O4(OH)4]

6þ, which has a bismuth octahedron with face-bridging oxide and
hydroxide groups.402 X-ray structures of [Bi(H2O)9][CF3SO3]3 (O9), [Bi(DMSO)8][ClO4]3 (O8),
and [Bi(N,N0-dimethylpropyleneurea)6][ClO4]3 (O6) provide examples of bismuth in homoleptic
O-donor environments with different coordination numbers (Figure 61).403 Bismuth LIII edge
EXAFS and LAXS studies403 of strongly acidic aqueous solutions of Bi3þ were consistent with
[Bi(H2O)8]

3þ; data were also reported for bismuth triflate solutions in various liquid organic
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Figure 61 The structures of [Bi(H2O)9]
3þ and [Bi(DMSO)8]

3þ (reproduced by permission of the American
Chemical Society from Inorg. Chem. 2000, 39, 4012–4021).

Arsenic, Antimony, and Bismuth 513



ligands. The structures of various basic bismuth oxo-salts have been described, e.g., [Bi2(H2O)2-
(SO4)2(OH)2] and [Bi2O(OH)2]SO4. The former has a planar [Bi2(OH)2]

2þ core with the bismuth
coordination completed by a water molecule and one oxygen from each of three different sulfate
groups.404 In the second species, which is a further stage of hydrolysis, there are [{Bi(OH)2þ}n]
chains bridged by oxides.405

Tetrahydrofuran adducts include fac-[BiX3(THF)3] (X¼Cl or Br),406,407 [BiCl3(THF)2]
which is a polymer with pentagonal bipyramidal bismuth,406 and [Bi2Cl8(THF)2]

2�, an edge-
shared bioctahedron with anti-axial THF groups.147 The three [BiPhX2(THF)] (X¼Cl, Br, or
I) are isostructural with essentially square-pyramidal bismuth centers linked by single halide
bridges, the sixth position being occupied by a weak �-Ph���Bi contact.408 The polyethers
ROCH2CH2OCH2CH2OR (R¼Me or Et) behave as tridentates in [BiCl3(ether)] which are
dichloro-bridged dimers with pentagonal bipyramidal bismuth.407 Longer chains in the polyethy-
leneglycols HO(CH2CH2O)nCH2CH2OH (n¼ 3, 4, 5, or 6) also produce [BiX3(glycol)] (X¼Cl
or Br), which are bicapped trigonal prisms (O5X3), although some ionic forms of type
[BiX2(glycol)]

þ are also known.409 These polyethyleneglycols and bismuth nitrate form
[{Bi(NO3)2(glycol-H)}2], in which one end of the ligand has been deprotonated, and the resulting
alkoxides bridge the bismuth centers. Most of the ether oxygens coordinate to the Bi centers
along with two bidentate nitrates (Figure 62).410 An ionic form, [Bi(NO3)2(glycol)][Bi(NO3)2(glycol-
2H)]�2H2O (glycol¼ n¼ 4), contains a neutral glycol in the cation and a doubly deprotonated form in
the anion.410

Structures have been determined for a variety of BiX3-crown ether adducts; in general the
structures are based upon a pyramidal BiX3 group with the crown weakly capping the open
face.38,409,411,412 The bond lengths suggest that bismuth interacts more strongly with the crowns
than either As or Sb with bismuth halides the smaller crowns 12-crown-4, 15-crown-5, and
benzo-15-crown-5 generate mononuclear seven- and eight-coordinate bismuth respectively.38,409,411,412

However, [Bi(NO3)3(12-crown-4)] is 10-coordinate with three bidentate nitrate groups.410 In the
presence of SbCl5, BiCl3, and 12-crown-4 react in MeCN solution to form [Bi(12-crown-
4)2(MeCN)][SbCl6]3, which contains nine-coordinate bismuth,413 whereas 15-crown-5 gives the
eight-coordinate monocation [BiCl2(15-crown-5)(MeCN)][SbCl6].

154 The larger ring in 18-crown-6
offers a number of bonding motifs. In [Bi(NO3)3(H2O)3(18-crown-6)]410 the bismuth is coordin-
ated to three waters and three bidentate nitrates, with the crown H-bonded to the water but not
interacting directly with the bismuth. In the BiCl3/18-crown-6 system, four different structures
have been identified: [BiCl3(18-crown-6)] (nine-coordinate O6Cl3);

414 [BiCl3(18-crown-6)(H2O)]
(seven-coordinate O3Cl3þO(water));415 [BiCl3(18-crown-6)(MeOH)] (seven-coordinate O3Cl3þ
O(methanol)).409 In [BiCl2(18-crown-6)]2[Bi2Cl8] and [BiBr2(18-crown-6)][BiBr4] the cation
is a bicapped trigonal prism (O6X2) which can be regarded as the product of halide abstraction
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Figure 62 The structure of [{Bi(NO3)2(glycol-H)}2] (reproduced by permission of the American Chemical
Society from J. Am. Chem. Soc. 1992, 114, 2967–2977).
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by the weak Lewis acid BiX3.
409,412 Using the stronger Lewis acid SbCl5, results in the dication

[BiCl(18-crown-6)(MeCN)2][SbCl6]2 (O6N2Cl).154 Finally, the large ring dibenzo-24-crown-8
coordinates two molecules of BiCl3 on opposite faces of the crown (Figure 63), with each bismuth
coordinated to five oxygens and three chlorines.155 The maleonitrile-dithiacrown ether
mn-15-S2O3 (12a) forms [BiCl3(mn-15-S2O3)] which has bismuth in a Cl3S2O3 environment, whilst
the related mn-18-S2O4 (12b) binds only via the four oxygens in [BiCl3(mn-18-S2O4)].

156

Pnictogen- and chalcogen-oxides form a number of O-bonded bismuth complexes including
trans-[BiI2{OP(NMe2)3}4]

þ, [Bi2I6{OP(NMe2)3}2],
415 [BiX3(DMSO)3] (X¼Cl, Br), [Bi2I4

(�-I)2(DMSO)4],
416 [BiX3(diimine)(DMSO)2] (see Section 3.6.4.2.1 above),388 [Bi(DMSO)8]

3þ (see
Section 3.6.4.3.1 above),403 [Bi(NO3)3(DMSO)3] (nine-coordinate with three bidentate nitrates),391

[Bi2Ph2Br4(OPPh3)2],
417 [Bi(2,4,6-Me3C6H2)2BrL] (L¼OSPh2, OP(NMe2)3),

417 [BiR2(L
2)2]PF6

(L2¼OPPh3, OP(NMe2)3; R¼Ph, 4-MeC6H4, 2,4,6-Me3C6H2),
384 and [BiPh{OP(N-

Me2)3}4][PF6]2.
384 Complexes with transition metal fragments which overall are isoelectronic with

[BiX2L2]
þ are also known and have Bi-metal bonds, e.g., [Bi{OP(NMe2)3}2{Fe(CO)2(Cp)2}2]

þ.418

As described in Section 3.6.4.2.2, the adventitious oxidation of diphosphines or diarsines in the
presence of BiX3 result in complexes of the corresponding dioxide ligands.145,400 Structurally
characterized examples include [Bi2Cl6{Ph2P(O)CH2P(O)Ph2}2], structure (24), which contrasts
with that of the ‘‘parent’’ diphosphine complex (Figure 60),400 and [BiCl3(THF)-
{o-C6H4(P(O)Ph2)2}],

145 but the product isolated from the reaction involving Ph2AsCH2CH2AsPh2

is [BiCl3{Ph2As(O)CH2CH2As(O)Ph2}{Ph2MeAsO}], in which the Ph2MeAsO apparently comes
from cleavage of the diarsine.400 The complexes can be made directly from the diphosphine
dioxide and BiX3, e.g., [BiX3(THF)n{o-C6H4(P(O)Ph2)2}], X¼Cl, n¼ 1; X¼Br, n¼ 0).145 Pyri-
dine N-oxides also form complexes, e.g., ligands (25) function as tridentates in [Bi(NO3)3(25)]
containing nine-coordinate bismuth.419 In its deprotonated form imidobis(diphenylphosphine
oxide) (26) coordinates to bismuth in the distorted octahedral [Bi{(Ph2(O)P)2N}3].
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Figure 63 The structure of [(BiCl3)2(dibenzo-24-crown-8)] (reproduced by permission of Elsevier Science
from Inorg. Chem. Acta 2000, 300, 1004–1013).
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Bismuth alkoxides are usually prepared from Na(Li)OR and BiX3 in benzene or THF, or by
alcoholysis of [Bi(NR2)3]. Most examples are di- or polymeric and poorly soluble in organic
solvents, although often sublimable in vacuum. The recent interest is due to the possible use of
such complexes in CVD processes for bismuth oxide materials. Reaction of [Bi(NMe2)3] with
ROH (R¼Pri, CH2CH2OMe, CH2CH2NMe2, CHMeCH2NMe2, CMe2Et) gave high yields of
soluble and volatile [Bi(OR)3].

421,422 The structure of [Bi(OCH2CH2OMe)3] reveals a 1-D chain
with square pyramidal bismuth composed of four bridging and one terminal alkoxides. In
contrast, [Bi(OCMe2CH2OMe)3] is a six-coordinate monomer.423 Other alkylalkoxides are [Bi(O-
But)3]n,

422,423 and [Bi(�-OCH2CMe3)(OCH2CMe3)2(HOCH2CMe3)2].
425 The phenoxide

[Bi{O(2,4,6-Me3C6H2)}3] is a trigonal pyramidal monomer, and [Bi(OBut)3] also appears to be
mononuclear.426 The latter reacts with KOBut to give K[Bu(OBit)4] in which the bismuth has a
pseudo-trigonal bipyramidal environment with RO���K interactions linking the units into a 1-D
polymer.427 In contrast, NaOBut and [Bi(OBut)3] produce Na4[Bi2O(OBut)8].

427

Fluorinated alkoxides have been examined in attempts to improve volatility.428–431 The reaction
of BiCl3 with NaOCH(CF3)2 in THF produces dimeric [Bi{OCH(CF3)2}2{�-OCH(CF3)2}(THF)]2
which has a structure containing two square-pyramidal bismuth units bridged by alkoxides (27).
Similar complexes are formed by OC6F5

� and NMR studies show monomer�dimer equilibria
occur in solution.431 Under carefully controlled conditions, NaOC6F5 and [Bi(OC6F5)3] react to
form Na[Bi(OC6F5)4 (solvate)] which is polymeric, based upon square-pyramidal bismuth. Under
other conditions oxo-alkoxides form, such as [Na4Bi2O(OC6F5)8(THF)4].

429 Oligomerization and
oxide formation also occur when [Bi(OC6F5)3] is dissolved in various organic solvents, and the
products have complex structures based upon �3-O, �4-O, �3-OR, and �2-OR groups.430 Mixed
bismuth-transition metal or bismuth-alkaline earth metal alkoxides have also been synthesized,
including [{BiCl3OV(OC2H4OMe)3}2],

432 [Bi4Ba4O2(OEt)12(dpm)4] (dpm¼ tetramethylheptane-
3,5-dione),433 and [BiTi2O(OPri)9].

434
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Bismuth catecholates M[Bi(cat)2]�nH2O (M¼Na, K, NH4, etc.) have been known for many
years, and a recent structure determination on the ammonium salt, NH4[Bi(O2C6H4)2]�C6H4

(OH)2�2H2O revealed a discrete dimer based upon pseudo-trigonal bipyramidal bismuth.435 In
contrast, the neutral [Bi2(OCH2CH2O)3] derived from ethyleneglycol is polymeric with the basic
dimer core linked into a 3-D polymer by alkoxide bridges.435 Bismuth siloxides such as [Bi(O-
SiPh3)3]n and [Bi(OSiPh3)3(THF)3] are known, the latter a discrete monomer.422,423

�-Diketonates include [Bi(ACAC)3],
437 and [Bi(dpm)3].

438 Tropolone derivatives have attracted
interest as anti-Helicobacter pylori agents. Various types are known, including [Bi2(NO3)2(trop)4]
(tropH¼ tropolone) which is a dimer (Figure 64), [Bi(trop)2(H2O)]NO3, [BiPh(trop)2], and
[Bi(trop)4]

� all of which are essentially monomers.389

Methanesulfonates of bismuth include [Bi(O3SMe)3], prepared from Bi2O3 and methanesulfonic
anhydride. This is converted to [Bi(O3SMe)4]

� by reaction with M[O3SMe] (M¼Na, NH4, etc.).
58
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The bismuth(V) teflate, [Bi(OTeF5)5], is made from BiF5 and B(OTeF5)3 in a freon and is stable
at room temperature. It reacts with [NMe4][OTeF5] to form the octahedral [Bi(OTeF5)6]

�.173

Bismuth carboxylates show a wide variety of structural motifs. In K2[Bi(HCO2)5] bidentate
formate groups are present.440 Bismuth acetate [Bi(O2CMe)3] has a layered structure,441 but in the
presence of thiourea (tu), two complexes can be isolated. [Bi(O2CMe)3(tu)3] is a nine-coordinate
monomer, but [Bi2(O2CMe)6(tu)3(H2O)] is ionic with a [Bi2(O2CMe)4(tu)6]

2þ cation and a
[Bi2(O2CMe)8]

2� anion, the latter with acetate bridges (28).442 Bismuth pivalate, [Bi(O2CCMe3)3],
is a tetramer,443 whereas [Bi(O2CCF3)3]�CF3CO2H,444 and [Bi(O2CPh)3],

445 are chain polymers in
both cases with nine-coordinate bismuth centers. The subtle factors involved in bismuth carboxy-
late geometries are well illustrated by a series of complexes [diamineH2][BiPh(O2CCF3)4], where
the anion geometry depends upon the cation present.446 In K[Bi(C2O4)2]�5H2O, obtained by
hydrolysis of squaric acid derivatives, a 3-D network polymer is present.447
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Figure 64 The structure of [Bi2(NO3)2(trop)4] (reproduced by permission of Wiley-VCH from Chem. Ber.
1995, 128, 335–342).
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In contrast to antimony, few bismuth phosphonates have been described, and only two have
been structurally characterized. The [Bi(O3PCH2CH2CO2)�H2O] is polymeric with a layer struc-
ture.448 However, ButPO3H reacts with BiPh3 to form a [Bi(O3PBut)3] phase as major product and
as minor product, a 14-atom bismuth cluster [Bi14O10(O3PBut)10(HO3PBut)2�3C6H6�4H2O].449

Hydroxycarboxylic acid compounds of bismuth have been used in various medicines for many
years, but the number and speciation of the complexes present is often far from clear. Recent
work has produced structural characterizations of a range of examples, and solution studies are
beginning to elucidate the complex equilibria present. In the tartrate complexes [Bi(H3tart)-
(H2tart)�3H2O] and NH4[Bi(H2tart)2(H2O)]�H2O (H4tart¼HO2CCH(OH)CH(OH)CO2H), the
bismuth is nine-coordinate, bonded to four bridging bidentate tartrate ligands (three bond via
alkoxy/carboxy O-donors and one bonds via two carboxy oxygens) and a water molecule. The
tartrates bridge neighboring bismuth centers to produce a polymeric network.450,451 Bismuth
malate [Bi(mal)�H2O] (H3mal¼HO2CCH2CH(OH)CO2H) is also nine-coordinate with three
different coordination modes exhibited by the chelating malate anions (Figure 65).451 Rather similar
structural features are present in bismuth lactate [Bi(MeCH(OH)CO2)3].

452

Bismuth citrate systems, often in the form of ‘‘colloidal bismuth subcitrate’’ are widely used
medicinally, although the chemical speciation has been unclear. As a result of recent work,453–458

some of the key structural features of crystalline bismuth citrates have been established, and the
complex solution equilibria probed as a function of composition and pH. A common building
block is the dimer unit shown in (29) (Figure 66) in which a citrate ligand functions as a tridentate
chelate to one bismuth, and interacts more weakly through one carboxylate function to the
second bismuth. In most of the structurally characterized bismuth citrates, this building block,
in different degrees of protonation, is supplemented by H bonding to water molecules, and
interaction with K/Na/NH4 cations when present. A dodecanuclear cluster has been identified
in [NH4]12[Bi12O8(cit)8]�10H2O (H4cit¼ citric acid).457

3.6.4.3.2 N/O-donor ligands

Polydentate N,O-donor ligands form stable complexes with bismuth(III), usually with high
coordination numbers. The aminocarboxylates have been examined in detail and a considerable
amount of X-ray structural data are available (Table 3). The general synthetic route is reaction of
Bi2O3, Bi(OH)3, or basic bismuth carbonate with the ligand in water, followed by addition of the
appropriate cations (where present) and adjustment of the pH. The bismuth coordination number
varies between seven and 10 depending upon the complex, with water or other small ligands being
incorporated to achieve this if necessary. For EDTA4� derivatives the ligand is always hexadentate
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Figure 65 The structure of the bismuth malate complex (reproduced by permission of Wiley-VCH from
Chem. Ber. 1993, 126, 51–56).
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with the structures varying from discrete anions with H2O or thiourea co-ligands, through dimers
with carboxylate bridges, to 1-D chains.
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The description of the geometries at bismuth is not straightforward due to the distortions
produced by the polydentate ligands (Figure 67). The highest coordination number observed is in
the complex [Bi(H3TTHA)]�3H2O where the bismuth is 10-coordinate and approximates to a
bi-capped square antiprism.485 The nine-coordinate [Bi(HDTPA)(H2O)]� and [Bi(DTPA)]2� com-
plexes are mono-capped square antiprisms,462,483 but for the eight-coordinate complexes the
structures are more variable—[Bi(HEDTA)]�2H2O (bicapped trigonal prism), [Bi(EDTA)]�

(bicapped octahedron), and [Bi(HEDTA)] (square antiprism).459,468

Nitrilotriacetic acid, N(CH2CO2H)3 (H3NTA), iminodiacetic acid, HN(CH2CO2H)2(H2IDA),
(2-hydroxyethyl)iminodiacetic acid, HOCH2CH2N(CH2CO2H)2(H3ONDA), and (N-hydroxy)-
ethylethylenediaminetetra-acetic acid, (HO2CCH2)2NCH2CH2N(CH2CH2OH)(CH2CO2H)-
(H4OEDTA), form similar complexes (Table 3).

Various other N,O-donor ligands complex with bismuth(III), including the heptadentate
saltrenH3, (LH3¼N(CH2CHN¼CHC6H4OH)3), which forms [BiL] containing seven-coordinate
bismuth in an N4O3 environment. 493 The triaminetriol (taciH3, (30)) forms [Bi3(taci)2](NO3)3 and
[Bi3(taci)2]Cl3�6H2O the latter having the structure shown in Figure 68 in which each bismuth is
coordinated N2O4Cl2.

494 2,6-Diacetylpyridinebis(2-thenoylhydrazone) (H2DAPT, (31)) forms
[Bi(HDAPT)X2]�DMSO�H2O (X¼Cl, Br, I, NCS) and [Bi(DAPT)Y]�DMSO (Y¼Cl, OH,
N3)

495,496 which are pentagonal bipyramidal and pentagonal pyramidal respectively with the
ligand occupying the five equatorial positions. Other N,O-ligands are (32) which forms a [Bi(L-
H)3] complex,497 and (33) which coordinates is a singly deprotonated form in the dinuclear
[Bi2((33)-H)2(O2CCF3)4(THF)2].

498

C1

C1a

C2

C2a

C3

C3a

C4

C4

C5

C5a

C6

C6

O4

O4a

O3

O3b

O3a

O3c

O2

O2d

O2e

Ow1a

Ow1

O2a

O5

O5

O6

O6b

O6a

O6c

O7

O7a

O1

O1a

Bia
Bi

Figure 66 The dinuclear subunit in bismuth citrates (reproduced by permission of the American Chemical
Society from Inorg. Chem. 1993, 32, 5322–5329).

Arsenic, Antimony, and Bismuth 519



OH
HO

OH

NH2 NH2
NH2

(30)

S

N

O

N
N

N

O

N

S

H H

(31)

Table 3 Bismuth aminocarboxylates.*

Complex Comments References

[Bi(HEDTA)] 1-D polymer 459
[Bi(HEDTA)(H2O)2] Dodecahedral Bi coordination 460–462
[Bi(HETDA)(thiourea)2] Eight-coordinate Bi, N4O2S2 463
Na[Bi(EDTA)]�3H2O Eight-coordinate Bi 464
[guanidinium][Bi(EDTA)(H2O)] Chain polymer 465,468
[aminoguanidinium][Bi(EDTA)] 468
[Hthiosemicarbazide][Bi(EDTA)(H2O)] Seven-coordinate Bi 466
[H(alanine)][Bi(EDTA)(H2O)] Dimer, eight-coordinate Bi 467
[H2en][Bi(EDTA)(H2O)2] Polymeric 469
[NH4](Bi(EDTA)(H2O)] 459
Li[Bi(EDTA)]�4H2O Seven-coordinate Bi 470
Na[Bi(EDTA)(H2O)3] 471
Cs[Bi(EDTA)]�H2O 472
[Ca(H2O)7][Bi(EDTA)]2�H2O Eight-coordinate Bi 473
[M(H2O)6][Bi(EDTA)]2�3H2O (M¼Co, Ni) 474
[aminoguanidinium]2[Bi(EDTA)]Cl Eight-coordinate Bi 475
Li[Bi(EDTA)(thiourea)2]�5.5H2O 476
K[Bi(EDTA)(thiourea)2] Eight-coordinate Bi 477
Cu[Bi(EDTA)]2�9H2O 478
[Co(C2O4)(NH3)4][Bi(EDTA)]�3H2O 479,480
[Co(NH3)5(NCS)]2[Bi2(EDTA)2

(�-C2O4)]�12H2O
481

[Bi5(DTPA)3]�10H2O 482
Cu[Bi(DTPA)]�5H2O 482
K[Bi(HDTPA)(H2O)]�4H2O Eight-coordinate Bi 483
[guanidinium]2[Bi(DTPA)]�4H2O Nine-coordinate Bi 462
[Bi(H2DTPA)]�2H2O Chain polymer,

eight-coordinate Bi
484

[Bi(H3TTHA)]�H2O 10-coordinate Bi 485
[guanidinium]2[Bi(HTTHA)]�4H2O 486
[guanidinium]2[Bi(CYDTPA)] 483
[Bi(HCYDTA)�5H2O Eight-coordinate Bi 484
[Bi(NTA)(H2O)2] Eight-coordinate Bi 462,486
[NH4]3[Bi(NTA)2] Eight-coordinate Bi,

bicapped trigonal prism
487

K2[Bi(NTA)(HNTA)]�H2O 488
[Bi(HIDA)(IDA)] Eight-coordinate Bi, N2O6 489
[Bi(ONDA)]�2H2O Eight-coordinate Bi 490,491
M[Bi(HONDA)2]�nH2O M¼K, Rb, Cs,

NH4, guanidinium
490,492

[guanidinium]2[Bi(HONDA)(ONDA)]�3H2O 490,492

*Abbreviations: H4EDTA ethylenediaminetetraacetic acid; H5DTPA diethylenetriaminepentaacetic acid; H6TTHA triethylenetetra-
aminehexaacetic acid; H5CYDTA N-(2-aminoethyl)-trans-1,2-diaminocyclohexane-N,N0N0 0-pentaacetic acid; H4CYDTA trans-cyclohex-
ane-1, 2-tetraacetic acid; H3NTA nitrilotriacetic acid; H2IDA iminodiacetic acid; H3ONDA (2-hydroxyethyl)iminodiacetic acid;
H4OEDTA (N-hydroxy)-ethylethylenediaminetetraacetic acid.
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Figure 67 The structures of [Bi(CyDTPA)]2� and [Bi(H2DTPA)]2� (reproduced by permission of the
American Chemical Society from Inorg. Chem. 1996, 35, 6343–6348).
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3.6.4.3.3 S-, Se-, and Te-donor ligands

The first, and still the only structurally characterized, monodentate thioether complex of
bismuth is [SMe3]2[Bi2I8(SMe2)2], obtained in very poor yield from BiI3 dissolved in a large
excess of SMe2. The structure of the anion is an edge-shared bioctahedron with anti-axial
positioning of the SMe2 ligands.499 From BiCl3 and MeSCH2CH2CH2SMe in CH2Cl2 the
product is [BiCl3(MeSCH2CH2CH2SMe)]214,500 which is a 3-D polymer based upon Bi4Cl4
‘‘open-cradle’’ units linked by bridging dithioethers (Figure 69). From MeCN solutions
of BiX3 (X¼Cl or Br) and MeSCH2CH2CH2SMe the products were [BiX3-
(MeSCH2CH2CH2SMe)], which have polymer sheet structures based upon planar Bi2X6 units
cross-linked by dithioether bridges (Figure 70).501 The shorter chain dithioether
MeSCH2CH2SMe forms [BiX3(MeSCH2CH2SMe)2] (X¼Cl, Br, or I) and the structure of the
bromide derivative revealed a pentagonal bipyramidal monomer with axial bromines and two
chelating dithioethers.501 In contrast, the [Bi2Br6(PhSCH2CH2SPh)] has infinite chains of Bi2Br6
groups linked via bromine-bridges with almost orthogonal thioether ligands cross-linking the
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C(1)
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O(1)

N(2)
N(1)

Bi

CI(4)

CI(1)

Figure 68 The structure of [Bi3(taci)2]Cl3 (reproduced by permission of the American Chemical Society
from Inorg. Chem. 1993, 32, 2699–2704).
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chains. The structures of [BiX3{MeC(CH2SMe)3}] are unknown,501 but that of [BiCl3{Me-
Si(CH2SMe)3}]

502 is polymeric with two different bismuth environments—one is BiS3Cl3 and
the other BiS2Cl4 (34) and these units are linked by a single chloride bridge and by the
trithioethers.
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S(1)Cl(2)
Bi(1)

Figure 69 The tetramer unit in [BiCl3{MeS(CH2)3SMe}] (reproduced by permission of the Royal Society of
Chemistry from Chem. Commun. 1998, 2159–2160).
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Figure 70 The polymeric structure of [BiBr3{MeS(CH2)3SMe}] (reproduced by permission of the Royal
Society of Chemistry from J. Chem. Soc., Dalton Trans. 2000, 859–865).
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Bismuth trichloride complexes of the crown thioethers [9]aneS3, [12]aneS4, [15]aneS5, and
[18]aneS6 have the common motif of a pyramidal BiCl3 group capped by the weakly bound
macrocycle using all the sulfur donors.217,503,504 The larger [24]aneS8 maintains the same basic
motif in [(BiCl3)2([24]aneS8)] with pyramidal BiCl3 units coordinated to five sulfur donors (two of
which are common to both bismuth) on opposite sides of the ring (Figure 71).505

There are no monodentate selenoether complexes, but the majority of those of the bidentate and
polydentates differ in detail both from the antimony analogues and from the bismuth thioethers
described above.214 The 1:1 complexes [BiX3(MeSeCH2CH2SeMe)] are of unknown structure, but
the [BiX3(MeSeCH2CH2CH2SeMe)] complexes have analogous structures to the dithioether ligands
with planar Bi2X6 units bridged by diselenoethers to give octahedral coordination at bismuth.501

The structures of the MeC(CH2SeMe)3 complexes differ with the halide present. In [BiCl3-
{MeC(CH2SeMe)3}] there are Bi2Cl6 units linked by tripodal selenoethers coordinated as
bidentate chelates to one bismuth and monodentate to a second to produce seven-coordinate
bismuth centers and a 2-D sheet polymer.501 However, in [Bi2I6{MeC(CH2SeMe)3}2] there are
discrete dimers with six-coordinate bismuth, the unit composed of a twisted Bi2I6 rhomboidal core
further bound to two bidentate triselenoethers.501

The selenoether macrocycle complexes have completely different structures to those of the
sulfur macrocycles. The [BiX3L] (X¼Cl or Br; L¼ [8]aneSe2, [16]aneSe4, and [24]aneSe6) are
deep orange–yellow solids.506 The structures of [BiCl3{[8]aneSe2}] and [BiBr3{[16]aneSe4}] are
ladder polymers with planar Bi2X6 units bridged (unusually) by trans selenoether ligands giving
distorted octahedral coordination at bismuth (Figure 72).506 Unfortunately, the structures of
[BiX3([16]aneS4)] which would provide a direct comparison are unknown.506

Bismuth telluroether complexes are very rare; the structure of the first such example [BiBr3(Ph-
MeTe)] shows a planar Br2Bi(�-Br)2BiBr2 group with the PhMeTe ligands completing an
anti-square pyramidal arrangement. These dimer units are then linked into chains via further
long-range bromide bridges resulting in a distorted six-coordinate bismuth geometry.507
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Figure 71 The structure of [(BiCl3)2([24]aneS8)] (reproduced by permission of the Royal Society of Chem-
istry from J. Chem. Soc., Dalton Trans. 1998, 3961–3968).
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Bismuth complexes of a variety of thiones are known and some have been discussed already in
mixed ligand complexes.442,463,476,477 For tu there are seven- and eight-coordinate bismuth nitrate
complexes, [Bi(NO3)(tu)5][NO3]2 and [Bi(NO3)3(tu)2], respectively.508 Related ligands, which
mostly form six-coordinate complexes with bismuth halides with the ligand S-bonded, include
those of 1-allyl-3(2-pyridyl)thiourea,509 1-phenyl-3(2-pyridyl)thiourea,510 3,4,5,6-tetrahydropyri-
midine-2(1H)-thione,511 benzimadazole-2(3H)-thione,511 and imidazolidine-2-thione.512 The
charged ligand (35) forms the S-bound zwitterion [BiCl5(35)]

�,513 and the anionic (36) forms a
�-Cl2 dimer [Bi2Cl4(36)2].

514 A related ligand (37) hydridotris(thioxotriazolyl)borate(1�) forms
red crystals of [Bi(37)2]Cl�H2O in which the bismuth is coordinated to six thione S atoms.515

Bismuth thiocyanate complexes, [Bi(SCN)(NCS)2(L)3] and [Bi(NCS)S(H2O)(L)]�H2O (L¼ 1,3-
dimethyl-2(3H)-imidazolethione) have been prepared and characterized by X-ray crystallography;
both have six-coordinate bismuth centers.516 There are also semicarbazones,517 various hetero-
cyclic thiones518,519 and dithio-oxamide,224,520 which bond to bismuth as neutral S-donors. A few
examples of phosphine sulfide complexes are known, for example, Prn2P(S)P(S)Pr

n
2 forms

[BiCl3{Pr
n
2P(S)P(S)Pr

n
2}] which is a �-dibromide bridged dimer with chelating diphosphine

disulfides.521 The iminodiphosphinesulfide HN[P(S)Me2]2 forms a tris(chelate) in its monoanionic
form in [Bi{N[P(S)Me2]2}3],

522 and there is a related complex formed by the
[Ph2P(S)]HN[P(Se)PPh2] which contains a very rare example of a bismuth-phosphine selenide
linkage.523

Dithioacid complexes of bismuth are numerous (Table 4) and repeat many of the structural
motifs of their arsenic and antimony analogues, most notably the very asymmetric coordination
(‘‘anisobidentate’’), although, as a consequence of the larger bismuth atom, higher coordination
numbers are more evident. In the xanthates, seven-coordinate bismuth appears to be favored,
although this is achieved in different ways: in [Bi(S2COR)3] (R¼PhCH2, c-C6H11, Bun) there are

Se(3)

Se(2)

Se(4)

Se(1)

Br(1)

Br(2)

Bi(1)

Br(3)

Figure 72 The polymeric chain in [BiBr3([16]aneSe4)] (reproduced by permission of the Royal Society of
Chemistry from J. Chem. Soc., Dalton Trans. 2000, 2163–2166).
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centrosymmetric dimers,526,531 [Bi(S2COPri)3] is a chain polymer,528 whilst [Bi(S2COEt)3] is more
highly polymerized.526
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The compound [Bi{S2CN(CH2CH2OH)2}3] is a dimer with square antiprismatic bismuth
(Figure 73)74 whereas the As and Sb analogues are mononuclear (q.v.). The synthesis and
structures of a range of halo(dithiocarbamato)bismuth derivatives have been reported.393,534–538

Generally these are polymeric. In [Bi(S2CNEt2)2I] there is a zig-zag chain linking six-coordinate
bismuth centers with cis-I2S4 donor sets, through single iodine bridges, whereas the bromide,
[Bi(S2CNEt2)2Br], is based upon a centrosymmetric tetramer.533 The [Bi(S2CNEt2)I2] is different

Table 4 Dithioacid compounds of bismuth(III).

Compound Comments References

Bi(SOCR)3 R¼Ph, 4-MeC6H4, 2-MeC6H4 524,526
Bi(S2COR)3 R¼Me, Et, Pri, Bun,

c-C6H11, PhCH2

63,64,66,526,528,530,531

Bi(2COCH2CH2CMe2)3 65
BiPh(S2COR)2 R¼Me, Et, Prn, Pri, Bun, Bui 527,529
BiMe(S2COR)2 R¼Me, Et, Prn, Pri, Bun, Bui 527
Bi(S2COMe)(S2COEt)2 234
Bi(S2COEt)2X X¼Cl, Br 230
Bi(SOCNR2)3 R2¼Et2, pyrolyl 236
Bi(S2CNR2)3 R2¼N,N0-iminodiethanol 74,241
Bi(S2CNR)3 R¼ pyrolyl 532
Bi(S2CNR)2Cl(thiourea) 532
Bi(S2CNPriR)3 R¼HOCH2CH2 244
Bi(S2CNR)3 R¼CHMeCH2CH2CH2CH2,

CH2CHMeCH2CH2CH2,
CH2CH2CHMeCH2CH2

69

Bi(S2CNEt2)2X X¼Br, I, 533
Bi(S2CNEt2)X2 X¼Cl, Br, I 383,534,535
Bi5(S2NEt2)8X7(DMF) X¼Cl, Br, I 536
[Bi4(S2CNEt2)4Br10]

2� 536
[Bi(S2CNEt2)X3]

� X¼Cl, Br, I 537
Bi(S2CNEt2)X2(py)3 X¼Cl, Br, I 538
Bi(S2CNEt2)I2L L¼ 2,20-bipyridyl; 2,20,60,20 0-terpyridyl 393
BiR(S2CNEt2)2 R¼Ph, 2-(20-pyridyl)phenyl 539
Bi{S2P(OR)2}3 R¼Me, Et, Pri 539,541,543
Bi{S2P(OR)2}2X R¼Et, Pri; X¼Cl, Br, I 540
Bi{S2P(OR)2}Cl2 R¼Et, Pri, Prn, Bui 540
Bi{S2PO2R}3 R¼CHMeCHMe, CMe2CH2CHMe,

CH2CMe2CH2, CH2CEt2CH2

81,542

R1Bi{S2P(OR2)2}2 R1¼Me, Ph, p-tol; R2¼Me, Et, Pri 541
R1

2Bi{S2P(OR2)2} R1¼Ph, p-tol, R2¼Me, Et, Pri, Ph 541
Bi(S2PR2)3 R¼Me, Et, Ph 253,544–546
BiSMe(S2PPh2)2 547
Bi(S2AsR2)3 R¼Me, Ph 548
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again, an infinite polymer this time with I2S bridges between each pair of bismuth centers giving
facially bridged units.535 The anion in [Et4N][Bi(S2NEt2)I3] is dimeric [I2(S2CNEt2)Bi(�-I)2Bi(S2-
CNEt2)I2]

2�,537 whereas in [Bi5(S2CNEt2)8X7] (X¼Cl, Br, or I) obtained by recrystallizing
[Bi(S2CNEt2)X2] from N,N-DMF, there is a central BiX6 unit which links with four Bi(S2CNEt2)2
groups, although in detail there are three different bismuth coordination environments.439

Of the three structurally characterized dithiophosphates with simple R groups, [Bi{S2P(OEt)2}3]
is six-coordinate (distorted octahedral), but [Bi{S2P(OR)2}3] (R¼Ph or Me) are dimeric with
distorted pentagonal bipyramidal bismuth.540–543 Similarly, in the dithiophosphinate series
[Bi(S2PR2)3] R¼Et is distorted octahedral, whereas R¼Me or Ph are dimeric (Figure 74).544–547

One curious observation is that in [Bi(S2PEt2)3] (Figure 75) the Bi�S bonds within the chelate
rings are very similar (2.794(5), 2.782(5) Å) which contrasts with the anisobidentate coordination
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Figure 73 The structure of [Bi{S2CN(CH2CH2OH)2}3] (reproduced by permission of Elsevier Science from
Polyhedron 1997, 16, 1211–1221).
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Figure 74 The dimer structure in [Bi(S2PMe2)3] (reproduced by permission of Elsevier Science from
Polyhedron, 1994, 13, 547–552).
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(ca. 0.2 Å) found in many bismuth dithioacid complexes. The dimeric [Bi(S2PR2)3] have Bi�Sterminal

bonds which range 3.641(3)–3.025(3) Å. The dithiophosphate, [Bi{S2P[OCHMeCHMeO]}3], also
has very similar Bi�S bond lengths,542 whereas the few other structurally characterized examples
are rather more asymmetrically coordinated. The disparate bond lengths in the dithioacid chelates
of As, Sb, and Bi have been variously attributed to a combination of the radius of the central
atom, small chelate bite, and the degree of stereochemical activity of the lone pair on the central
atom, but the fine details of the structures are not understood.

The high affinity of bismuth for charged sulfur ligands results in the ready generation of
bismuth thiolates from a range of bismuth salts and an appropriate thiol, although reaction of
Na(Li)SR with BiCl3 or of BiPh3 with RSH have also been used.266,267,549–552 Examples are
[Bi(SR)3] (R¼CH2Ph,

550 2,4,6-But
3C6H2,

267,549 4-MeC6H4,
266 2,6-Me2C6H3,

266 3,5-Me2C6H3,
266

2,4,6-Me3C6H2,
267 2,4,6-Pri3C6H2,

266 C6H4F,552 and C6F5
266,551). The structure of [Bi{S(2,4,

6-But
3C6H2)}3] shows a pyramidal monomer,549 but [Bi(SC6F5)3] is a weakly associated dimer

(38).553 Unexpectedly, the reaction of NaSC6F5 and BiCl3 in THF gave [Na2(THF)4][Bi(SC6F5)5]
with a square pyramidal anion.553 This Lewis acidity of [Bi(SC6F5)3] is demonstrated by the
formation of a range of adducts with neutral and anionic ligands.551 These include orange
[Bi(SC6F5)3(SPPh3)] which is dimeric through asymmetric thiolate bridges (as in the parent),
resulting in square pyramidal bismuth. In contrast, [Bi(SC6F5)3(L)2] (L¼OPPh3, N,N0-dimethyl-
propyleneurea, OP(NMe2)3, OSPh2) are square-pyramidal monomers with apical SC6F5 and cis
basal SC6F5. The compound [Bi(SC6F5)3{SC(NHMe)2}3] is close to a regular octahedron.
Toluene-3,4-dithiol (tdtH2) and BiCl3 react in 1:1 ratio in CHCl3 to form [BiCl(tdt)] whilst excess
dithiol and NEt3 give [Bi(tdt)2]

�.90 The structure of the dithiolato-anion [Bi{S2C2(CN)2}2]
� (as its

AsPh4
þ salt) shows polymeric chains with six-coordinate bismuth, with adjacent Bi atoms bridged

by two dithiolate groups.554 The dithione-dithiol dmitH2 (16) forms [A][Bi(dmit)2] (A¼AsPh4,
NBu4, NEt4, etc.) by metathesis between BiBr3 and [A][Zn(dmit)2]. These have polymeric chain
structures usually described as pseudo-pentagonal bipyramidal at bismuth (S6 plus lone pair). The
anion arrangements vary with the cation present.555–557 Alkanedithiols HS(CH2)nSH (n¼ 2�4)
react with slurries of BiCl3 to form [BiCl{S(CH2)nS}] which have chelate structures (39).558 If these
complexes are reacted further with aqueous NaNO3 and more dithiol, the final chloride is
removed to give complexes of type (40).558 The X-ray structures also reveal intermolecular
secondary Bi���Cl and Bi���S interactions which link the bismuth heterocycles into chains with
seven-coordinate bismuth centers. If the dithiol contains a further donor group in the chain,
HSCH2CH2QCH2CH2SH (Q¼O, S, or NR), trans-annular interactions produce bismocanes (41),
which have structures based upon pseudo-trigonal bipyramidal geometry with axial Cl and Q.558–560

There are organobismuth analogues where Ph or Me groups replace the Cl.559,560 Dithiol-
dithioether ligands have also been complexed with BiIII.561

S(2′)

S(2′′)

S(1)

C(2) C(1)

S(2)

C(4)C(3)
P(1)

Bi(1)

Figure 75 The monomeric [Bi(S2PEt2)3] (reproduced by permission of the Royal Society of Chemistry from
J. Chem. Soc., Dalton Trans. 1987, 1257–1259).
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Selenolates and tellurolates are rarer and mostly have bulky R groups, e.g., [Bi(SeR1)3]
(R1¼ 2,4,6-R2

3C6H2, R
2¼Me, Pri or But),267 [Bi{SeSi(SiMe3)3}3],

272 and [Bi{TeSi (SiMe3)3}3]
272

which are probably pyramidal monomers, although no examples have been structurally charac-
terized. The structure of [Bi(SeR)3] (SeR¼ (42)) has been determined and contains primary Bi�Se
bonds (3.691–2.745 Å) and secondary Bi���N interactions (2.827–2.952 Å) with the lone pair
appearing to point into the N3 face of the very distorted octahedron (Figure 76).562 The small
SePh� ligand, introduced via reaction of TMSSePh with BiBr3, produced clusters [Bi4(�-SePh)5-
(SePh)8] and [Bi6(�-SePh)6(SePh)10Br].563 The SeCN� ligand forms [K3(N,N0-dimethylpropyle-
neurea)4][Bi(SeCN)6], which is Se-bonded (in [Bi(SCN)6]

3� the thiocyanate is S-bonded).564,565
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3.6.4.3.4 S/O- and S/N-donor ligands

Thioethanol HOCH2CH2SH, reacts with most bismuth salts to give [Bi(HOCH2CH2S)2Y]
(Y¼Cl, Br, NO3, ClO4, MeCO2, etc.).566,567 The structures contain a BiS2O2 core which then
link in various ways depending upon the anion. The nitrate ion weakly chelates and there are long
intermolecular Bi���S linkages, whilst in the chloride the units weakly associate via Cl and S
bridges (Figure 77).566 Deprotonation of the alcohol function is rare but occurs in [Bi(S-
CH2CH2O)(HOCH2CH2S)] which has a similar BiS2O2 core although with a much shorter
Bi–O distance involving the alkoxide (2.195(9) Å) compared with the alcohol (2.577(9) Å). The
structure is polymeric via alkoxide bridges.567 The alkoxide is protonated by acetic acid or by
excess thioethanol, the latter reaction producing [Bi(HOCH2CH2S)3].

567 If the Kþ salt of (methyl-
ester)methanethiolate reacts with BiCl3 in ethanol the product is [Bi(SCH2CO2Me)2Cl], which is
polymeric with a seven-coordinate bismuth center (S4O2Cl) (Figure 78), whilst excess of the ligand
formed [Bi(SCH2CO2Me)3] which is a dimer with unsymmetrical thiolate bridges.568 Ketothiolate
complexes [Bi(L-H)3] LH¼ benzoylthiobenzoylmethanes, PhC(S)CHC(O)R (R¼C6H4H,
C6H4OMe, C6H4Cl) are dimeric with pseudo-pentagonal bipyramidal bismuth with one thiolate
donor and the lone pair occupying apical positions, and two asymmetric thiolate bridges.569

Aminoethanethiolates are, as might be expected, also good ligands for bismuth.570–572 The
reaction of BiCl3 or Bi(NO3)3 with H2NCH2CH2SH, depending upon the reaction conditions
yields [Bi(H2NCH2CH2S)3] or [BiY(H2NCH2CH2S)2] (Y¼Cl or NO3), whilst from
Me2NCH2CH2SH it is possible to make analogues of these and also [Bi(Me2NCH2CH2S)Cl2]
and [Bi(SCH2CH2NMe2H)Cl3]. In the latter, the ammonium function is (of necessity) uncoordin-
ated and the structure is a zig-zag polymer with alternating (�-SR)2 and (�-Cl)2 bridges, with
two terminal chlorines completing a six-coordinate bismuth environment.570 In the other com-
plexes, the aminoethanethiolates function as N,S chelates with longer intermolecular Bi���S
coordination. The [Bi(Me2NCH2CH2S)Cl2] was isolated as an adduct with HCl and the structure
(43) reveals four bismuth atoms arranged around the central chloride ion.571
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Other N,S-donor ligands which have been complexed with bismuth include 2-aminobenze-
nethiol (L) as [Bi(L-H)3] and [BiCl3L3],

271 8-quinolinethiolate,573 and 2-methyl-1-quinolinethio-
late,574 which form [BiL3] (N3S3) with strongly bound pyramidal BiS3 and weak Bi�N bonds. The
hindered pyridinethiolate [Bi(2-SC5H3N-3-SiMe3)3] also shows strong Bi–S bonding, with a dis-
torted pentagonal pyramidal S3N3 geometry with one apical S and a lone pair in the other apical
site.575 Dithizone LH (44) also binds as an N,S chelate in [Bi(L)3].

576
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Figure 76 The structure of the bismuth selenolate [Bi(42)3] (reproduced by permission of the Royal Society
of Chemistry from J. Chem. Res. 1999, 416–417).
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Figure 77 The polymeric unit in [BiCl(HOCH2CH2S)2] (reproduced by permission of the American
Chemical Society from Inorg. Chem. 1997, 36, 2855–2860).
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2,6-Diacetylpyridinebis(thiosemicarbazone) (dapsH2), in its dianionic form, gives a 1:1 complex
with bismuth azide, [BiN3(daps)], in which the ligand coordinates to the equatorial plane of a
pseudo-pentagonal bipyramid (N3S2) with the azide apical.496

3.6.4.4 Group 17 Compounds

Haloanions of bismuth(V) are limited to the fluorides. Halobismuthates(III) and organohalobis-
muthates(III) exhibit a range of structures and among the heavier halogens there is considerable
similarity to their antimony(III) analogues. The halobismuthate(III) (not fluorides) structures
have been reviewed by Fisher and Norman.91

Fluorobismuthates(III) with stoichiometries M[BiF4], M2[BiF5], M3[BiF6], M[Bi3F10], and
M3[Bi2F9] (M¼K, Rb, Cs, and sometimes Na, Li) have been prepared usually by melting
together the components, although some have been isolated from aqueous HF solutions.577–584

Much of the structural data are based on powder X-ray diffraction, but structures are typically
polymeric with the bismuth in a distorted nine-coordinate environment similar to that in BiF3 or
the Tysonite structure. There has been considerable interest in these compounds as fast fluoride
ion conductors.585

The M[BiF6] (M¼ alkali metal) are made from MF and BiF5 in anhydrous HF or by heating
the constituents under fluorine pressure. There are also many examples with nonmetal cations
[ClF2]

þ, [BrF2]
þ, etc. whilst [NR4][BiF6] are made from NR4F and BiF5 in anhydrous HF.586,587

CI(1)

S(1a)

S(2a)

O(1)O(3a)

Bi

S(2)

S(1)

Figure 78 The polymeric unit in [Bi(SCH2CO2Me)2Cl] (reproduced by permission of the Royal Society of
Chemistry from Chem. Commun. 2000, 13–14).
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The 209Bi NMR spectrum of [BiF6]
� is a binomial septet confirming the regular Oh geometry.588

The hexafluorobismuthate(V) ion seems to be the only well-established six-coordinate form, and
in contrast to antimony there seems to be no evidence for [Bi2F11]

� anions.586 The M2[BiF7]
(M¼Na, K, Rb, Cs) are made by combination of BiF5 and excess MF under fluorine, whilst
[NMe4]2[BiF7] is made from NMe4F and BiF5 in MeCN.105 The [BiF7]

2� ion decomposes in
anhydrous HF to give [BiF6]

� and [HF2]
�. The vibrational spectra are consistent with discrete

pentagonal bipyramidal anions.105 There is no evidence for [BiF8]
3�.

The halobismuthates(III) are made by combination of BiX3 and the appropriate cation in either
organic solvents or aqueous acid. The major interest is in the structural units present in the anions
and this section will illustrate the types known rather than list all the examples in the literature.
There has also been some interest in the ferroelastic or ferroelectric properties of some of the
halobismuthate phases.

The simplest chlorobismuthate(III) stoichiometry is [BiCl4]
� but this is never mononuclear. In

[BiCl2(18-crown-6)][Bi2Cl8] the anion is an edge-shared dimer with anti-apical Cl’s and square-
pyramidal bismuth coordination.412 The reaction of MgCl2 and BiCl3 in MeCN produced
[Mg(MeCN)6]2[Bi4Cl16] which has a discrete centrosymmetric anion (Figure 79).380 Infinite poly-
mers based upon BiCl6 units sharing edges are present in [NEt2H2][BiCl4]

589 and [phenH][BiCl4].
590

There appear to be no examples of a monomeric [BiCl5]
2� anion, the two motifs established are

edge-linked bioctahedral [Cl4Bi(�-Cl)2BiCl4]
4� found in Kþ,591 and (1Hþ,5Hþ-S-methylisothio-

carbonohydrazidium),592 salts and infinite polymers with BiCl6 octahedra linked through two cis
vertices into chains as in [phenH2] [BiCl5],

590 and [H3N(CH2)6NH3][BiCl5].
318 A unique tetramer

has recently been identified in [bipyH2]4[Bi4Cl20], also based upon BiCl6 units linked via cis
vertices but generating a square array.590 The [BiCl6]

3� ion which is discrete and usually close
to octahedral (consistent with minimal stereochemical activity of the lone pair91) is well estab-
lished. Recent X-ray structures containing this anion include [(phenH)(phenH2)(H2O)2][BiCl6],

590

[NMe2H2]4[BiCl6]Cl,593 and [2,6-Me2C5H3NH]3[BiCl6].
590 The [Bi2Cl9]

3� anion is a confacial
bioctahedron in the [bipyH]þ,590 [NMe4]

þ,594 and [NPhMeEt2]
þ595 salts, whereas 1-D double

chains are present in the Csþ596 and [NMeH3]
þ salts.594
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Figure 79 Representation of the tetranuclear anion [Bi4Cl16]
4� (reproduced by permission of the Royal

Society of Chemistry from J. Chem. Soc., Dalton Trans. 1991, 961–965).
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Two other chlorobismuthates, known in single examples are [NMeH3]5[Bi2Cl11], which has
BiCl6 octahedra sharing a common vertex,597 and the largest reported example is [NEt4]6[Bi8Cl30]
shown in Figure 80.598

Bromobismuthates(III) repeat many of the motifs of the chlorides. Thus [BiBr4]
� and [BiBr5]

2�

appear never to be mononuclear91 the former being either chain polymers or a tetramer
[Bi4Br16]

4� with a structure of the type shown in Figure 79.599 The bioctahedral [Bi2Br10]
4� ion

is present in salts with [2,5-diamino-1,3,4-thiadiazolium]þ,600 and [Sr(H2O)8]
2þ.601 What can be

seen either as a substituted variant of this or as a solvated [Bi2Br8]
2� is found in [PPh4]2[Bi2Br8

(Me2CO)2], which has the structure shown in (45).602 Octahedral [BiBr6]
3� is present in the

[NMe2H2]
þ,603 [PhCH2CH2NH3]

þ,604 and [2,6-Me2C5H3NH]þ salts.590 The [Bi2Br9]
3� exists as

confacial bioctahedral and as chain polymeric forms.594,596,605 Larger bromobismuthates are
[Bi2Br11]

5� (isostructural with the chloride),606 [Bi6Br22]
4� (Figure 81), and [Bi8Br28]

4�.605

Bi
Br

Br

Br
Br

Br
O

Bi
Br

Br
Br

O

(45)

Neither [BiI4]
� nor [BiI5]

2� are known in monomeric forms. In [bipyH][BiI4]
590 and [2-amino-

1,3,4-thiadiazolium][BiI4]
607 there are chains of cis edged-shared BiI6 octahedra, whilst

[(PhCH2)4P]2[Bi2I8] is the first example of an iodobismuthate with square-pyramidal bismuth
coordination.608 [BipyH]2[BiI5] has a discrete [I4Bi(�-I)2BiI4]

4� anion,590 and chains of [BiI6]
octahedra are found in [H3N-R-NH3][BiI5] (R various long chain organic groups).318,609 Isolated
[BiI6]

3� octahedra are found in [PhCH2CH2NH3]2[BiI6]I,
604 and [MeCOCH2NC5H5]2[C5H4NH]-

[BiI6].
610 The [Bi2I9]

3� ion is present as discrete confacial bioctahedra in the [NMe4]
þ and

[NEt2H2]
þ salts, although polymeric in the Csþ salt.611,612 Three face sharing BiI6 octahedra

generate the [Bi3I12]
3� anion found in salts with [NBun

4]
þ,614 and [N,N0-

dimethylpropyleneurea]þ337 cations, whilst extension to a chain of five face sharing octahedra is
found in [Ph4P]3[Bi5I18].

336 If four BiI6 octahedra share edges, one structure is [Bi4I16]
4� which has

the geometry shown for the chlorine analogue in Figure79.375,614 In [Q]4[Bi6I22] (Q¼PhCH2Et3N,
Ph4P, Et4P, EtMe2PhN) the anion has the structure type shown in Figure 81;336,399,595,615

removal of a BiI3 unit generates [Bi5I19]
4�,615 whilst addition of two more BiI3 groups generates

[Bi8I28]
4�, the largest discrete iodobismuthate presently known.616 Infinite chains are present in
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Figure 80 The structure of [Bi8Cl30]
6� (reproduced by permission of Elsevier Science from J. Phys. Chem.

Solids 1989, 50, 1265–1269).
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[NBun
4][Bi2I7] which consists of Bi4I16 units sharing common bridging iodines, and [Ph4P]2[Bi3I11]

is similarly related to Bi6I24.
616 Finally in [Bi4I14(THF)2]

2� there is the [Bi4X16]
4� type (Figure 79)

with two terminal halides replaced by tetrahydrofuran.615

Organohalobismuthine anions are also known. [BiPh2X2]
� (X¼Br or I) are pseudo-trigonal

bipyramids with the lone pair occupying an equatorial position. [BiPhI2(THF)] reacts with
[NEt4]I to form [NEt4]2[Bi2Ph2I6] which is a discrete dimer with edge-linked square pyra-
mids.408,617 Mixed halobismuthines, [BiPhX2Y]� (X¼Cl or Br; Y¼Cl, Br, or I) are also
known.618

3.6.4.5 Bismuth in the Environment, Biology, and Medicine

Bismuth is a rare element, mostly recovered as a by-product of lead and copper ore processing.
Industrially, its major uses are as the element in various alloys, in simple inorganic chemicals and
in medicine. Only the last of these relates to the coordination chemistry. Unusually for elements in
this area of the periodic table, bismuth compounds are of low toxicity, in general markedly less so
than arsenic and antimony analogues.111–113 Indeed it seems that the majority of cases of bismuth
poisoning have occurred during medical therapy rather than due to industrial exposure. Bismuth
is used widely in treatment for intestinal disorders, anti-ulcer treatments, with much recent
interest in the eradication of Helicobacter pylori.619 There are three detailed reviews which
describe bismuth compounds with biological or medicinal relevances,620 bismuth anti-ulcer com-
plexes,621 and the biological and medicinal chemistry of bismuth,622 which should be consulted for
details. A further article discusses the coordination chemistry of metals in medicine-target sites for
bismuth.623 The medicinal preparations range from simple inorganic salts to bismuth complexes
of carboxylic, hydroxo- and amino-carboxylates, of which the colloidal bismuth subcitrate is a
widely used example. Many of the preparations are mixtures of complexes and the chemical
speciation is ill-defined.
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3.7.1 INTRODUCTION

As has been cogently observed1 the elements of Group 14 exhibit perhaps the most diverse
chemical behavior seen for the members of any single group. This has the benefit of making
Group 14 a fascinating area of study as well as a richly rewarding one—there is no such thing as
‘‘handle-turning’’ in the study of these elements. The variation in stability of oxidation states, the
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wide tolerance for coordination numbers, ligand types, and coordination geometries all work
together to ensure that there is never a dull moment.
There are some overarching considerations that relate to these elements and offer some useful

guidelines to their general behavior in terms of their coordination chemistry. The lightest of these
elements, germanium, occurs predominantly in the MIV oxidation state and where found as MII,
its reactions tend towards to its oxidation. The range of coordination numbers for germanium is
narrower than those seen for tin or lead, four or five being the most commonly observed. Tin,
equally content in either oxidation state, can form complexes of higher coordination number but
may form perfectly stable low coordination number complexes, especially in the lower oxidation
state. Lead, the heaviest of the triad, prefers the lower oxidation state and exhibits coordination
numbers between two and 10, although some of these higher coordination numbers may be
somewhat moot. There is no doubt, however, that lead spans the range of highest to lowest
coordination number shown amongst these elements.
There is no marked preference for hard or soft donors, as all three elements are equally able to

form complexes with both hard and soft donors in both oxidation states. Further, as post-
transition elements, they adopt geometries in their complexes that do not follow regular patterns,
such as transition metals do, but rather are governed by the number and nature of ligands present
in their complexes.
These simple considerations in hand, the coordination chemistry of these elements becomes

largely explicable. Fortunately, there are exceptions and surprises to keep the level of interest high
and to drive the exploration of this area.
It is extremely fortunate that Group 14 also offers some potent spectroscopic tools for the

investigation of its complexes. All three elements have at least one NMR active nucleus, and while
119Sn has been widely studied for many years,2,3 it is only recently that solution 207Pb and 73Ge
spectra have become widely available to the synthetic chemist (Table 1). Additionally, Mössbauer
spectroscopy is very useful in the assignment of coordination number, oxidation state, and
geometry in tin complexes, and the expansion of crystallography has been of great utility in all
areas.
While this is not a review of organometallic chemistry a great number of organo- substituted

compounds are included where the remainder of the ligand set is of interest. This seems justified
in that, for these compounds, the organic ligands are usually playing a spectator role and serve
only to support and stabilize the metal.

3.7.2 COMPLEXES WITH CARBON DONOR LIGANDS

Excluding organic ligands, there are few examples of complexes of M(14) with carbon donor
ligands. Most cyanide and cyanate complexes have been known for some time, although there are
always new examples to be found. The simplest examples of complexes with M(14)—C bonds are
the carbides, and a number of new routes to such compounds have been reported.
Thermolysis of C(GeH3)4, prepared from the four-fold insertion of GeCl2�diox into CBr4

4

followed by reduction with LiAlH4, gives the binary carbide Ge4C, which exhibits a diamond
structure.5 Complex M(14) carbide-containing compounds M2M(14)C (M¼Ti, Hf, Zr, Nb;
M(14)¼ Sn: M¼Zr, Hf; M(14)¼Pb) have been prepared from heating the respective elements
together at 1,200–1,325 �C for 4–48 h. The lead compounds, reported for the first time, are
unstable under ambient conditions, and exhibit hardness and conductivity comparable with
other such carbides.6,7 Carbides M(3)M(14)C (M¼Al, Sc, La–Nd, Sm, Gd–Lu; M(14)¼ Sn, Pb)
have been prepared and all have been shown to exhibit Perovskite structures.8 The direct combin-
ation of barium, germanium, and carbon in elemental form at 1,260 �C gives Ba3Ge4C2,

Table 1 Significant properties of germanium, tin, and lead.a

Element Electron configuration
Covalent radius

(Å)
NMR nucleus
(% abundance)

Germanium [Ar]3d104s24p2 1.22 73Ge (7.8)
Tin [Kr]4d105s25p2 1.41 119Sn (8.7) 117Sn (7.7)
Lead [Xe]4f 145d106s26p2 1.54 207Pb (22.6)

a Massey, A. G. Main Group Chemistry, 2nd. ed., Wiley: Chichester, 2000.
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a moisture-sensitive carbide with semiconductor properties. The compound comprises [Ge4]
4�

units with Ge�Ge bond lengths of 2.517 Å and [C2]
2� with C—C bond lengths of 1.20 Å. The

carbide also reacts with NH4Cl to give ethyne and a range of germanes.
9

Bis(trimesitylgermylcarbodiimido)germylene is stable in the absence of oxygen or water but
rapidly decomposes at 50 �C to give a mixture of bis(trimesitylgermyl)carbodiimide and poly
(carbidodiimido)germylene, whereas hydrolysis leads to the monogermylated derivative of cyana-
mide as both trimesitylgermyl cyanamide and trimesitylgermyl carbodiimide.10 The related (mes)3-
Ge(CN) has been characterized crystallographically and found to have a distorted tetrahedral
geometry at the metal.11

Germanium(II) cyanide is a highly moisture-sensitive compound that is stable in solution as
Ge(CN)2 in the absence of air, moisture, or Lewis bases but forms an intractable liquid on
isolation, possibly due to irreversible oligomerization. Prepared by the reaction of germanium(II)
chloride and silver cyanide in refluxing THF, the complex was identified in solution by IR (� CN
2,090 cm�1) and by trapping reactions.12

Tin and tin cluster cyano complexes SnCN�, Sn(CN)2
�, Sn2CN

�, Sn3CN
�, and Sn4CN

� have
been studied by a combination of anion photoelectron spectroscopy and DFT calculations.13

Further cyanide complexes can be prepared from the reaction of SnCl4 with TMS(CN), forming
Cl3SnCN, or from the oxidative addition of X(CN) (X¼Br, I) to SnCl2, forming SnCl2X(CN).
Both the IR and Mössbauer spectroscopic data indicate a polymeric structure for these compounds
in the solid state with bridging ambidentate cyano groups. In the preparation of SnCl2Br(CN),
a second species of composition SnCl2Br(CN)(THF)0.5 was isolated, which was identified
spectroscopically as a mixture of [SnCl2Br(CN)]n and monomeric SnCl2Br(CN)(THF)2, which
has a near octahedral geometry with trans disposition of the solvent ligands.14

A rare example of a M(14) carbonyl complex has been formed in the gas-phase ion-molecule
reaction of GeH4 with CO, where ions of the type [GeHn(CO)]

þ can be detected. Similarly, the
carbonates [GeHn(CO2)]

þ can be prepared by the analogous reaction with CO2.
15 These transient

compounds are a tantalizing indication of what may be available to traditional synthetic chemists
if the right approach can be found.

3.7.3 COMPLEXES WITH M(14)�M(14) BONDS

Catenation is a pronounced feature of Group 14 chemistry, especially for the lighter members and
the ease with which stable M(14)—M(14) bonds may be formed has resulted in research involving
the preparation and study of complexes that have such bonds. Examples of complexes that
comprise bonding between atoms of the same element are numerous and range from dinuclear
compounds to large polynuclear assemblies.

3.7.3.1 Complexes with M(14)—M(14) Homoelement Bonds

Larger molecules (R2Ge)n are on the whole less stable than the equivalent silicon or carbon
analogues, and are prone to thermal and photochemical reactions, including elimination of R2Ge
monomers and the concomitant formation of ring-contracted products. The photolysis of (R2Ge)n
(R¼Me, n¼ 616; R¼Pri, n¼ 417) gives the ring-contracted products, the R2Ge monomer and
(R2Ge)2 dimers, detected spectroscopically. The monomeric diorganogermanes are not stable but
can be trapped, such as in reaction with carbon tetrachloride, forming R2GeCl2. Complexes
(R2M)2, (M¼Ge, Sn, Pb) where R is a very large group, are comparatively stable and the area
has been reviewed.18,19

Bis(dimethylgermyl)methane reacts with (But)2Hg–mercury to give the heterocyclic product
1,3,5,7,2,6-tetragermadimercurocane, which extrudes mercury to form 1,1,2,2,4,4,5,5-octa-
methyl-1,2,4,5-perhydrotetragermine, a six-membered ring with two germanium—germanium
bonds.20 The sulfur-containing cycloheptyne (1) reacts directly with GeCl2�diox to give (2),
a digermacyclobutene with a Ge—Ge bond length of 2.380 Å (Scheme 1). There is no evidence either
in the solid or in solution of any transannular Ge–S interaction.21 The same alkyne reacts with
tin(II) chloride to give a mononuclear complex.22

Trimetallacyclopropanes, germanium or tin triangles, have emerged as a fascinating subset of
compounds with M(14)—M(14) bonds. The first fully characterized germanium example was
[(2,6-Me2C6H3)2Ge]3 prepared by the reaction of (acac)2GeCl2 (acac¼ acetylacetonate) with
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(2,6-Me2C6H3)MgBr. The complex has a regular triangular array of the metals with intermetallic
bond lengths 2.543–2.547 Å and in common with the larger arrays, the complex forms (R2Ge)2 on
photolysis.23 An improved general synthesis using R2GeCl2, magnesium and magnesium bromide
subsequently broadened the field.24

Triangular [Cl(But3Si)Ge]3 has been prepared from the reaction of GeCl2�diox with Na[SiBut3]
and its subsequent conversion to [(But3Si)2GeGe(SiBu

t
3)¼Ge(SiBut3)] has been examined by 29Si

NMR. This study implicates both Na[Ge(Cl)(SiBut3)Ge(Cl)2(SiBu
t
3)] and [(But3Si)(Cl)Ge]2 as

intermediates in the reaction. These were trapped from the reaction mixture, in the former case
by addition of further But3SiCl and in the latter by addition of isoprene to give (3).25 The presence
of large organic groups seems to be essential to the formation of the ring structure, as the reaction
of germanium(II) chloride with Li[2,4,6-But3C6H2], Li[R] gives mononuclear RGeCl

26 or R2Ge
27

complexes depending upon stoichiometry. Even though this is a fairly big group it seems that it is
not large enough to promote the formation of the trimer.

GeGe

Cl
SiBut

3Cl

But
3Si

(3)

The reaction of GeCl2�diox with Li[EBut3] (E¼ Si, Ge) gives (4) (Scheme 2), that comprises an
unsaturated Ge—Ge double bond. The geometry of (4) is an isosceles triangle, comprising one
Ge—Ge double bond (2.239 Å) and two Ge—Ge single bonds (2.519 Å). The exocyclic Ge—Si
bonds show a marked difference depending upon whether the germanium to which they are
attached to is doubly (2.448 Å) or singly bonded (2.629 Å) to germanium.28 The product (4) is
liable to oxidation by [Ph3C][BPh4] yielding the monocation (5). Structural analysis of (5) shows
that the intermetallic bonds within the triangle are all equivalent, 2.33 Å, a value intermediate
between double (ca. 2.24 Å) and single (ca. 2.52 Å), indicating that the compound is aromatized.29

Ge

(But
3M)Ge Ge(MBut

3)

GeCl2.diox  +  [(Bu3M)3]M(I)

But
3M MBut

3

M(I) = Li, Na; M = Si, Ge

Ge

(But
3M)Ge Ge(MBut

3)

But
3M MBut

3

+
[BPh4]–

[Ph3C][BPh4]

(4) (5)

Scheme 2

The unsaturated triangulo germanium complexes are stable, but can undergo a number
of reactions typical of double bonds. The complex (But3Si)(mes)Ge{Ge(SiBut3)}2 (mes¼ 2,4,6-
trimethylphenyl) undergoes (2þ 2) cycloaddition reactions with phenylalkyne to give 1,4,5-
trigerma-5-mes-2-phenylbicyclo[2.1.0]pent-2-ene and (2þ 4) cycloaddition with isoprene to give
1,4,5-trigerma-7-mes-bicyclo[4.1.0]hept-3-ene.30

Triangulo (But2Ge)3 inserts PhNC to give trigermabutanimine (6), and in a similar fashion, the
chalcogens sulfur and selenium insert to give the chalcogermetanes (7) and (8), the selenium
compound being planar (Scheme 3).31

S +  GeCl2.diox S
GeCl2
GeCl2

(1) (2)

Scheme 1
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Ge

Ge Ge

But But

ButBut
ButBut

[E]

E = PhNC, S, Se

Ge

Ge

E

Ge

ButBut

But

ButBut

But

E = CNPh,(6); S, (7); Se, (8). 

Scheme 3

Reaction of (2,6-mes2C6H3)GeCl with KC8 gives the cyclotrigermenyl radical (9), which again
has all equivalent Ge—Ge bonds (2.35 Å). The blue crystalline product shows an EPR spectrum
with low values of hyperfine coupling, indicating that the single electron is probably in a low-lying
� antibonding orbital. Further reduction of (9) with an excess of KC8 gives the ring-opened
trigermenyl allyl anion (10), isolated as its deep green potassium salt (Scheme 4). The angle
Ge–Ge–Ge is 159�, and the bond lengths Ge—Ge are 2.42 Å, slightly shorter than single bond
length. These data all point to aromatization in this rather unusual product.32

Ge

Ge Ge
.

R

R

R

R = 2,6-mes2-C6H3

(9)

KC8 Ge
Ge

R
Ge

R
–

(10)

R

Scheme 4

The same reducing agent has been used to convert (2,6-trip2C6H3)SnCl (trip¼ 2,4,6-triisopropyl-
phenyl) to the radical anionic dimer [(2,6-trip2C6H3Sn)2]�� (11). Crystallographic analysis reveals

Sn Sn

.–

(11)
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a moderately long Sn—Sn bond of 2.812 Å and this, taken with the angle Cipso–Sn–Sn of 95.2�

seem to preclude any Sn�Sn � bonding.33 The deep red product [(Ph2Sn)2]
� can be prepared by the

reaction of Ph2SnCl2 with lithium in liquid ammonia. In this case, the compound is centrosym-
metric and has a Sn—Sn bond length of 2.91 Å, significantly longer than the more sterically
congested (11). The complex (12), comprising an asymmetric anionic chelating ligand, has
a similar Sn—Sn bond (2.869 Å).34 The reaction of LiMe with [2,6-(trip)2C6H3](Cl)Sn gives a
stable heavy analogue of methyl methylene, as Me2(2,6-trip2C6H3)SnSn(2,6-trip2C6H3), with a
tin(IV)—tin(II) bond.35 Another example of a complex with a tin(IV)—tin(II) bond is available
from the reaction of tin(II) chloride with the Grignard reagent prepared from
2-(diphenylphosphino)bromobenzene, (13).36 Reduction of (2,6-trip2C6H2)PbBr with lithium alu-
minum hydride according to an unknown mechanism gives the dimer [(2,6-trip2C6H2)Pb]2 which
has a trans bent geometry and a Pb—Pb bond of 3.118 Å, which seems closer to a single than
a multiple bond.37

N
SiMe3

SiMe3
Sn

Sn(SiMe3)3

(12)

P
P

P

Sn

Sn

Cl

(13)

R = Ph

R2

R2

R2

Tin complexes (R2Sn)3 have been less studied than their germanium counterparts but are no
less readily prepared. The reaction of (2,6-Et2C6H3)2SnCl2 with lithium naphthalenide gives
(R2Sn)3 with intermetallic bond lengths of 2.854–2.870 Å.38

The first example of a molecular compound with a tetrahedral [Ge4] unit has been prepared in
the reaction of GeCl2�diox and Na[SiBut3], as [GeSiBu

t
3]4. The bond lengths Ge—Ge are 2.44 Å,

intermediate between double and single bond values.39 Germanium(II) iodide reacts with
Na2[Cr2(CO)10] in the presence of 2,20-bipyridyl(bipy) to form [Ge{Cr(CO)5}]6 (14), an octahedral
cluster of germanium substituted with organometallic ligands. The complex has as its core a Zintl
ion unknown in the free state and has intermetallic bonds that are shorter than those seen in other
Zintl ions such as [Ge9] (2.521–2.541 cf. 2.52–3.00 Å).40 The corresponding tin complex is
prepared from the reaction of K2[Cr(CO)5)] and tin(II) chloride without the diimine ligand.41

Ge
Ge

Ge

Ge

Ge

Ge

Cr(CO)5

Cr(CO)5

Cr(CO)5

Cr(CO)5

(CO)5Cr

(CO)5Cr

(14)

An alternative geometry for a [Ge]6 framework is trigonal prismatic, and an example of a
complex with this structure is (TMS2CHGe)6 prepared from the corresponding Grignard reagent
and germanium(IV) chloride. The complex has two distinct Ge—Ge bonds, on the triangular face
(2.579 Å) and on the quadratic face (2.526 Å).42

The same framework is also seen in the tin compound [But3SiSn]6 (15), prepared from
(TMS2N)2Sn and 12 equivalents of Na[SiBut3].

43 Larger again, the octagermacubane [(2,6-
Et2C6H3)Ge]6

44 and octastannacubane45 have been prepared by dehalocoupling reactions of
RMX3 with Mg/MgBr. A complex of lower nuclearity with a different structural motif is
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2,2,4,4,5,5,-hexakis(2,6-Et2C6H3)pentastanna[1,1,1]propellane, prepared by the thermolysis of
[(2,6-Et2C6H3)2Sn]3 in refluxing xylene.46 From the same thermolysis it is also possible to isolate
the first heavy M(14) prismane (2,6-Et2C6H3)10pentacyclo[6.2.0.02,7.03,6.04,10.05,9]decastanna-
decane (16).47

Sn

Sn

Sn

Sn
Sn

Sn

R

R

R

R

R

R

(15)

R = But
3Si

Sn Sn

Sn

Sn
Sn

Sn

Sn
Sn

Sn
Sn

R

R

R

R
R

RR

R
R

R

(16)

Other homoelement assemblies can be found in the extensive family of Zintl anions. Of interest
in this area is the recently reported synthesis of [Ge9]

4� from the direct combination of Cs and Ge
at 900 �C. The structure of [Ge9]

4 in Cs4Ge9 is a monocapped square antiprism. The same
synthetic approach can be used to prepare the series of compounds M12Ge17 (M¼Na, K, Rb,
Cs) that comprises one [Ge9]

4� and two [Ge4]
4� clusters.48,49 A polymeric assembly can be isolated

from the en and 18-C-6 extraction of KGe4 as a linear polymer of vertex linked ligand free [Ge9]
2�

clusters.50 The Zintl ions in the complexes MIAuM(14)4 (M
I¼K, Rb, Cs, M(14)¼ Sn, Pb) have

been studied crystallographically and shown to comprise chains of tetrahedra of M(14) bridged by
gold ions,51 similar to the cadmium-bridged [Pb4] tetrahedra in the structure of K6Pb8Cd.52

A discussion of the cluster compounds of the heavier M(14) elements has been published.53,54

3.7.3.2 Complexes with M(14)—M(14) Heteroelement Bonds

The propensity for catenation may be exploited further to prepare M1(14)–M2(14) species that
comprise direct bonds between different members of Group 14. This is a relatively young area of
research but there are already many fascinating examples of such compounds in the literature.
Although there are many examples of compounds that have frameworks based upon Sin rings,

there are very few examples of such rings incorporating heteroatoms. Substituted germatetrasila-
cyclopentanes [(R1

2Si)4GeR
2
2] (R

1¼Pri, R2¼CH2SiMe3 or Ph; R
1¼CH2Bu

t, R2¼Ph) are stable
compounds but can be photolyzed to give either R2

2Ge and the ring contracted cyclosilanes or a
range of silenes, disilenes, germens, and silagermenes, depending upon the organic substituents.55

The complexes TMSGePh3, Me3GeSiPh3, FpMe2SiGeMe3, FpMe2GeSiMe3, IFpMe2SiGeMe3,
IFpMe2GeSiMe3, IFpMe2SiGePh3, IFpMe2GeSiPh3, and FcSiMe2GeMe2Fc (Fp¼CpFe(CO)2,
IFp¼ (indenyl)Fe(CO)2, Fc¼ ferrocene) were prepared and their decomposition under mass
spectral conditions examined to probe the nature of the Si—Ge bond. For the bimetallic species,
the main feature of the mass spectra is the presence of peaks due to products formed by R group
scrambling. For the trimetallic species, the Fe–Si–Ge linkage cleaves predominantly at the Si—Ge
bond, giving Fp silylene products, whereas the complexes with the Fe–Ge–Si linkage cleaves at
the Fe—Ge bond, indicating that the Fe—Ge bond is less stabilized than the Fe—Si bond, which
is in turn more stabilized than the Ge—Si bond.56

The disilane MeBut2Si-SiBr3 reacts with (MeBut2Si)2GeCl2 in the presence of sodium metal to
give the triangular complex (17). The Si¼Si double bond is short at 2.146 Å giving a pronounced
isosceles geometry to the ring. Thermal or photochemical rearrangement gives the cyclic germa-
silene (18) (Scheme 5).57 Further germasilenes R1

2Si¼GeR2
2 are available either from the reac-

tion of Li2[R
1
2Si] and R2

2GeCl2 (R1¼Pri3Si, Bu
t
2MeSi, R2¼mes, 2,4,6-Pri3C6H2), trapped by

addition of methanol to give the silane hydride and germanium methoxide,58 or from the
photolysis of (mes2Ge)2Si(mes)2. The product from this latter reaction, mes2Ge¼Si(mes)2,
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rearranges to give the mixed valence complex (mes3Si)Ge(mes). The MII amides (19) react to form
the tetranuclear (20) (Scheme 6) presumably by a similar mechanism, whereas the tin amide gives
(21) (Scheme 7).59
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The reaction of [mes2GeCl]2 with mes2SiCl2 in the presence of a reducing agent gives the
heteroelement triangle (mes2Ge)2Si(mes)2. Upon photolysis, the complex eliminates mes2Ge in
preference to mes2Si and gives the germyl silylene mes2GeSi(mes)2.

60 The other member of the
(M1

2M
2) triangle series, R2Ge(SiR2)2, can be prepared by the reaction of germanium(II) chloride

with Li[Si(SiMe3)3], forming TMSGe[Si(SiMe3)2]2. The mechanism by which this reaction pro-
ceeds is not clear but the preparation has a moderately high yield. The bond lengths Ge—Si are
2.35 and 2.391 Å, and Si—Si is 2.366 Å. In the same paper, the structure of (12-C-4-Li)(TMS3Ge)
is reported.61

The dihydride (22) can be lithiated and subsequently reacted with (trip)2SnF2 to give the
heterobimetallic (23) (Scheme 8). The germanium can be lithiated again with the loss of the
remaining hydride to form the heterotrimetallic (24). This reacts with alkyl halides, such as MeI,
to give the corresponding germanium alkyl, or alternatively (24) can eliminate LiF to give the first
stannagermene (25). The tin—germanium double bond is extremely reactive and so the complex is
trapped, either by addition of alcohols to give the germanium hydride and tin alkoxide or by
thermal rearrangement to give the triangular (R2Sn)2GeR2.

62
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Surprisingly, the first organosilyl plumbane Pb(SiMe3)4 was only reported as recently as 1983, the
tetrahedral compound obtained from the reaction of lead(II) chloride with Mg(SiMe3)2.

63

Amides (TMS2N)2M
II (M¼ Sn, Pb) react directly with K[Si(SiMe3)3] to give (TMS3Si)2M

II.
The lead complex is monomeric with Pb—Si bond lengths of 3.70 Å, whereas the tin complex
dimerizes to form a distannane with a trans configuration and a Sn—Sn bond length of 2.82 Å.
This bond is long for a distannane and is close to the expected value for a single bond, which
indicates the extent to which the steric and electronic effects exerted by the ligands influence the
interaction of the metals.64

The tin(II) complex [1,8-{N(CH2Bu
t)}2C10H6]Sn reacts with [2,6-(NMe2)2C6H3]2M (M¼Ge,

Sn) to form the dinuclear complexes (26) (Scheme 9). The bonding in these has been interpreted in
terms of a donor–acceptor interaction between the more electron-rich metals with the aryl ligands
to the more electron-deficient nitrogen-bound tin.65
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Scheme 9

3.7.4 COMPLEXES WITH GROUP 15 LIGANDS

The M(14) nitrides, phosphides, and arsenides are materials with industrially useful properties,
and while these are fascinating areas and although there is a wealth of literature relating to these
compounds they do not fall within the scope of this article. Some materials or methods of
preparation that relate to this group of compounds that are new are covered because they are
of more general interest.

3.7.4.1 Complexes with Neutral Monodentate Nitrogen Ligands

New complexes of monodentate nitrogen ligands are rare, as such ligands have been studied for
many years. However, some seemingly simple ligands can be used to prepare complexes that have
features that transcend expectations.
Neutral monodentate N-donor ligands have been used to prepare monomeric six-coordinate

tin(IV) complexes all-trans R2SnX2(L)2 (R¼ cyclohexyl (Cy), Ph, X¼Br, L¼ pyrazole, imida-
zole,66 R¼Ph, vinyl, X¼Cl, L¼ pyrazole67). However, the product of the reaction between
Ph2SnCl2 and pyrazine has an overall stoichiometry of Ph2SnCl2(pyrazine)0.75, and consists in
the solid state of alternating layers of polymeric [Ph2SnCl2(pyrazine)]n, which has a six-coordinate
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tin center, and mononuclear Ph2SnCl2(pyrazine), which has a five-coordinate tin. If Me2SnCl2 is
used, the product is exclusively [(Me2SnCl2)2(pyrazine)]n, an indication of the subtle variety of
behavior exhibited by tin in its coordination compounds. Solid-state 119Sn NMR can differentiate
between the two discrete tin centers in the phenyl compounds. Crystallographic analysis reveals
long Sn—N bonds of 2.961 and 3.783 Å in the polymeric compound and 2.683 Å in the dimer.68

Diphenyllead dichloride coordinates two equivalents of imidazole to give the six-coordinate
complex with trans organic ligands and bond lengths Pb—N 2.45 Å.69

3.7.4.2 Complexes with Anionic Monodentate Nitrogen Ligands

The structure of �-Ge3N4, prepared from either �-Ge3N4 or �-Ge3N4 at elevated temperatures
and pressures (1,000 �C, 12GPa) has a spinel structure and Fd3m symmetry. The structure com-
prises both octahedral and tetrahedral coordination of germanium by nitrogen (Ge–N 1.996 and
1.879 Å, respectively).70 The binary tin nitride Sn3N4 has been prepared by the reaction of tin(IV)
bromide with KNH2 in liquid ammonia. The product itself is amorphous and decomposes directly
to the elements at temperatures approaching 420 �C.71 Ternary nitrides Sr3Ge2N2 and Sr2GeN2

have been prepared from Na, NaN3, Sr, and Ge at 750 �C. The former exhibits a structure with
zig-zag chains of Ge2� ions, and both have [GeN2]

4� ions, with angles N–Ge–N of 113.6� and
bond lengths Ge–N ranging between 1.85–1.88 Å.72 The complex lead nitride La5Pb3N is avail-
able from the reaction of La, La4Pb3, and LaN at 1,050–1,250 �C. The structure is an isopointal
interstitial derivative of the Cr5B3 structure type. The Pb–Pb separation of 3.550 Å seems to
preclude any significant Pb–Pb interaction.73

A number of azides of Group 14 metals have been prepared and reported following a growth in
interest in such complexes, in part due to their potential application as precursors to metal
nitrides. The germanium(IV) monoazide (mes)3Ge(N3) has been prepared and shown to have a
distorted tetrahedral geometry at the germanium and an almost perfectly linear azide.11 Treating
(acac)2GeCl2 with sodium azide in refluxing acetonitrile forms the cis diazide (acac)2Ge(N3)2

74

and the first neutral octahedral triazide of germanium, [HB(3,5-Me2-pz)3]Ge(N3)3, has also been
reported.75 The impressive homoleptic hexaazide anion [Ge(N3)6]

2� has been prepared for the first
time and a number of its reactions explored. In the solid state, the anion has idealized S2

symmetry as its [{(PPh3)2N}
þ]2 salt, with no close interactions between the ions, whereas

the [Na2(THF)3(Et2O)]
2þ salt has C1 symmetry, with short Na���N contacts of 2.410–2.636 Å.

Addition of the nitrogen donor ligands bipy or phen (L) (phen¼ 1,10-phenanthroline) gives the
first neutral octahedral tetraazide complexes LGe(N3)4. A

14N NMR study gave values of � for
N� of �288.9 and for N��208.76

Triphenyltin(IV) azide and a number of its 1:1 adducts (py, py-NO, HMPA, Ph3PO) have been
prepared and all of these complexes have been found to exhibit a five-coordinate geometry in the
solid state. For Ph3Sn(N3) this is achieved, in the absence of additional ligands, through 1,3
bridging azido groups that link two tin centers to form dimers through the formation of eight-
membered [Sn2N6] rings.

77 This difference in structure compared to mes3Ge(N3) is more likely to
be a result of the smaller radius of germanium rather than the larger co-ligands in that complex.
In reaction with 1,4-(SCN)2-C6H4 triorganotin azides RSn3(N)3 (R¼Me, Et, Bun, Ph) form the
dinuclear complexes (27), which can be converted to the lead analogue by reaction with triphenyl-
lead chloride (Scheme 10).78

R3SnN3  + NCSSCN NN
S N

NNNN
N S

SnR3SnR3

(27)

Scheme 10

Azides of the lower oxidation state are less stable but nonetheless several have been reported,
including [HB(3,5-Me2-pz)3]Ge(N3) (pz¼ pyrazolyl),75 (KL)Ge(N3) (KL¼Klaui’s ligand)79 (amino-
tropinimate)M(N)3 (M¼Ge, Sn),80 and (N,N0-mes2-1,5-diazapentadienyl)M(N3) (M¼Ge, Sn).81

These complexes all exhibit geometries consistent with stereochemically active lone pairs and
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linear or near-linear azides. There is considerable ionic character in [HB(3,5-Me2-pz)3]Ge(N3),
dissociating in polar solvents to give well separated [HB(3,5-Me2-pz)3]Ge

þ and (N3)
� ions. The

14NMR spectrum of the latter complex has � N� �291, N� �136, and N� �215 for the
germanium complex and �292, �136, and �223 for the tin complex. The recent advances in
covalent azide coordination chemistry of main group elements have been reviewed.82

Tin isothiocyanato complexes (PhMe2Si)Sn(Me)2(NCS),
83 Ph3Sn(pyridinium-2-carboylato)-

(NCS),84 and R1R2SnL(NCS)2 (R1,R2¼Ph2, (4-tolyl)2, (3-ClC6H4)2, (4-ClC6H4)2, Me Et, Et
Prn; L¼ neutral �1O-donor) have been reported.85 The first of these is claimed to be the first
example of a four-coordinate tin(IV) isothiocyanate. The second has an overall trigonal bipyr-
amidal (tbp)geometry at the tin with all three phenyl groups equatorial and the isothiocyanate
ligand axial, trans to the O-bound Zwitterionic pyridine carboxaldehyde. The series of complexes
that are the third example have been examined by Mössbauer spectroscopy to explore the
relationship between ligand type and the selectivity between cis and trans coordination of the
organic ligands. This spectroscopic technique is useful in determining the coordination number,
the geometry, and in favorable cases, the relative disposition of the ligands about the tin center.
The complex anions [SnX6�nYn]

2� (X¼Cl, Br; Y¼CN� or SCN�) have been studied by 119Sn
NMR in solution and a correlation between the value of � and the number and nature of the
ligands on the anion established.86

The reaction between the seemingly simple reagents tin(IV) chloride and (TMSN)2C gives the
remarkable tetranuclear (28).87 The compound is stable and isolated in good yield, an example of
a bridging mode for a monodentate N-donor ligand a role that nitrogen ligands play in many
complexes of the heavier M(14) congeners. A mixed oxidation state dimer (29) is formed from the
reaction of [SnI(NPPh3)]2 with sodium metal in a reaction that seems to proceed with loss
of NaSnx. The complex has a planar [SnN]2 ring with bond lengths Sn–Nterminal 1.990 (ave.)
SnIV–Nbridging 1.957, and SnII–N 2.25 Å.88
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The triorganogermanium amine mes3GeNH2 is prone to Ge–N cleavage reactions by protic
reagents, indicative of the relative polarity of the Ge—N bond, whereas reaction with ButC(O)Cl
gives an intact acylamino germane.89 Complexes with bridging and terminal Ge–NH2 function-
ality can be prepared from the reaction of H3Ge[N(SiMe3)(2-6-Pr

i
2-C6H3)] with ammonia, giving

[(NH2)2Ge{N(SiMe3)(2-6-Pr
i
2-C6H3)}]2NH (30) (Scheme 11).90 Tetrakis(trimethylhydrazido)-

germanium(IV) (31) is available from the reaction of Li[N(Me)NMe2] with germanium(IV) chloride.
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Structural studies show that N� is slightly pyramidal and that there is no N�–Ge interaction,91

a surprising result in light of the � interactions seen for closely related systems.92
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(31)

The lead amide But3PbNH2 has been prepared by the reaction of But3PbCl with LiNH2 and the
amine protons shown to be liable to further exchange reactions. With Li[SiMe3], the asymmetric
secondary amine (But3Pb)(SiMe3)NH can be prepared.93 Normal coordinate analysis of the series
of organolead amines Me3PbNH2, (Pr

i
3Pb)2NH, and (Me3Pb)3N, together with their isotopically

labeled counterparts has been carried out. In each case, a force constant for Pb–N of 1.95� 102

Nm�1 is found, a value that indicates the strongly ionic character of the Pb—N bond. This
finding is in good agreement with the reaction behavior of organolead amides.94

Germanimine (32) has been prepared in the reaction of the sterically stabilized germanium(II)
dialkyl Ge[CH(SiMe3)2]2 with Me2Si(N3)2. It rapidly rearranges to the more stable silanimine (33)
which itself dimerizes to (34), which comprises two terminal germanium azides (Scheme 12).
Hydrolysis of (33) or (34) yields the silatetrazole (35), comprising a single exocyclic germanium
azide.95 Taking R2Si(N3)2 (R¼mes, But) and two equivalents of the same germanium alkyl gives
digermanimines (36), and for the case where R is mes, the bond length Ge–N� is 1.681 Å. In the
case where R is But the corresponding rearrangement gives (37), a cyclic silanimingermane
(Scheme 13).96 Similarly, germanimine (38) can be prepared from mes2GeBr2 and Li[1-(NH)-
2,4,6-(F)3C6H2]. In this example, the germanimine is sufficiently stable to be isolated, and the
Ge¼N double bond reactivity can be explored. The system is susceptible to a number of typical
double bond reactions, such as the addition of chloroform to give the secondary amine
(mes)2(CCl3)GeN(H)C6H2F3, or of nitrone to give (39), a [GeN2OC] germacycle (Scheme 14).97

The reaction of mesN3 with Sn[2,4,6-(CF3)3C6H2]2 gives a product with a ring structure, with no
Sn–N double bond (40).98 The sterically encumbered germanium(II) amine Ge[N(SiMe3)2]2 reacts
with primary arylamine (2,6-Pri2C6H3)NH2 to give the planar germazane (41), where each
germanium(II) ion has two (RN–) bridging groups, leading to a two-dimensional assembly.99

The bond lengths Ge–N are 1.859 Å (ave.) and the angles N–Ge–N and Ge–N–Ge are 101.8 and
138.0�, respectively, showing a departure from the geometry of an ideal six-membered ring.
The simple homoleptic MII amides MII(NMe2)2 (M¼ Sn, Pb) preferentially dimerize with one

terminal and two bridging amides on each metal. Both compounds are thermally unstable and
decompose to a variety of intractable products.100

The tin amide SnII(NMe2)2 reacts with primary amines RNH2 to form cubane complexes
[SnNR]4. These cubanes are three-dimensional arrays formed in contrast to the planar germazane
(41) as a result of the ability of the larger tin(II) ion to accommodate three nitrogens in its
coordination sphere. A range of amines can be use to prepare these cubes, including some
relatively nonacidic examples.101 The amines can also comprise some secondary functionality
that can be further exploited, such as the complexes (42), where the amines carry groups that
promote further association of the cubes in a controlled fashion in the solid state.102 Addition of
sterically demanding amines RNH2 to Sn(NMe2)2 (R¼mes, 2,6-Pri2C6H3) gives complexes such
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as (43), which may represent intermediates along the reaction pathway that leads to the formation
of cubane complexes and as such may offer an insight into the reaction mechanism.103
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Such tin cubanes are prone to substitution reactions with oganolithium reagents, so the reaction
of [(ButN)Sn]4 with six equivalents of Li[naphthyl] forms the vertex-substituted (44). The same
cubane reacts with Li[(Cy)HP] to give [{(CyP)3Sn2}2(Li(THF)4]�THF2, the first structurally
characterized polyphosphinidine tin(II) anion.104
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The reaction of benzonitrile, ButLi and lead(II) chloride is the unexpected (THF)Li[{(Ph)-
(But)C¼N}3Pb], a rare lead imino complex, in which the alkyl lithium reagent has added across
the nitrile triple bond and generated a lithium imide that has reacted in situ with the lead(II)
chloride. The anionic complex has a pyramidal geometry at the lead, and in the solid state, the
lithium ion bridges the three nitrogens on the opposite face to the lead.105

3.7.4.3 Complexes with Neutral Bidentate Nitrogen Ligands

Ligands based upon bipyridyl have extensive application in coordination chemistry and have long
been a popular subject for study. These ligands can form stable complexes with metals from
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throughout the periodic table, and Group 14 is certainly no exception, with a range of complexes
available with such diimine ligands.
The enthalpies of formation of the complexes M(14)Cl4(bipy) (M(14)¼Ge, Sn) were deter-

mined by calorimetric methods.106 The germanium complex reacts with KSCN to form the series
of complexes (bipy)GeClx(NCS)4�x

107 and the values of � (73Ge) for these complexes are given in
(Table 2). Despite the great utility of 119Sn NMR, there have been relatively few reports of
research where 73Ge NMR is used as an analytical technique, and the values given for these
compounds are amongst the earliest such data reported. There is a linear change in � with the
change in electronic character of the donor set, a phenomenon well known in NMR but seen very
rarely for this nucleus. In the same report, the value of � for [Ge(NCS)6]

2� is also given, �442.5,
the first value for a 73Ge NMR chemical shift ever reported for a six-coordinate complex.108

The structure of SnCl4(phen) closely approaches a regular octahedron109 whereas the mixed
organohalo complexes ROC(O)CH(Me)CH2SnCl3(L) (L¼ bipy, phen) exhibit a strongly distorted
octahedral geometry at the tin despite having changed only one halide for a relatively sterically
undemanding organic ligand.110

A range of complexes of general formula R2SnCl2(L) (L¼ bipy derivative) have been reported,
research that is driven at least in part by the reported antitumor activity of complexes
Me2X2Sn(L) (X¼Cl, Br, I, L¼ bipy, phen).111 For the majority of these a trans disposition of
the two R groups is observed (L¼ bipy, R¼Me, Bun, Pri, bn,112 Pri 113, Bun, CH2CH2CN,114

Ph;115 L¼ 4,40-Me2-bipy, R¼C5H8
116). An exception to this seems to be (4-tolyl)2SnCl2(bipy),

where crystallographic investigation reveals a cis disposition of the two organic ligands and trans
halides.117 For the complex (4-ClC6H4)2SnCl2(4,4

0-Me2-bipy), both isomers can be prepared by
varying the reaction conditions. Addition of the ligand to an ethanolic solution of (4-ClC6H4)2-
SnCl2 results in the cis form, which can be recrystallized from hot methanol to give the trans
form exclusively.118 The first example of mer coordination in a six-coordinate triorganotin
compound is found in (3,4,7,8-Me4-phen)Ph3Sn(TfO).

119

A less conventional, but nonetheless interesting, set of complexes of tin with bipy or phen can
be prepared from the reaction of R3SnCl with the diimines. The complexes [R3SnCl(H2O)(L)]2
have two five-coordinate tin centers with equatorial disposition of the three phenyl groups and the
chloro and the O-bound water in the trans positions. Each water is hydrogen bonded to the
nitrogens of two diimine ligands, and these diimines are further hydrogen bonded to the protons
on the aqua ligand of a second R3SnCl(H2O) to give a hydrogen-bond linked dimer (R¼Ph,120

4-ClC6H4
121).

The bimetallic species bis(dichloromethylstannyl)methane coordinates one equivalent of bipy to
form the asymmetric (45) with both four- and six-coordinate tin centers (Scheme 15). Bis(chloro-
dimethylstannyl)methane has been used to explore the bridging capability of pyrazine ligands
(Scheme 16).122

Cationic complexes [R3Sn(L)]ClO4 (R¼Ph, Bun; L¼ py2, �-picoline2, bipy, phen) are available
from the reaction of R3SnCl with (L)AgClO4 or directly from R3SnClO4 with (L). The complexes
are 1,1 electrolytes in solution, and spectroscopic evidence indicates a tbp geometry with axial
disposition of the N-donors for the monodentate ligands.123

Bisimidazoles also present a chelating diimine donor set and are similarly effective ligands.
The six-coordinate complexes (46) (X¼Cl or Br; R¼Me,124 Et, or Bun 125 exhibit trans
R groups in the same way as do complexes of bipy derivatives. For the complex where X is
Br and R is Me, the average Sn—N bond length is 2.305 Å and the overall geometry is close to
octahedral. In the same study, dimeric complexes (R2SnX2)2(�-N,N

0-dimethyl-bisimidazole)
comprising bridging bisimidazoles and five-coordinate tin centers are also reported, along

Table 2 NMR data for diimine complexes of germanium(IV).

Complex �73Ge ��1/2(Hz) �14N

BipyGeCl4 �313.7 35
BipyGeCl3(NCS) �319.5 22 �266.1
BipyGeCl2(NCS)2 �327.1 35 �232.9
BipyGeCl(NCS)3 �340.2 32 �237.5
BipyGe(NCS)4 �351.8 48 �242.2
1,10-phenGeCl4 �319.4 150
[Ge(NCS)6]

2� �442.5
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with the complex ions (NEt4)2[(R2SnX3)2(�-N,N
0-dimethyl-bisimidazole)]. The latter species also

have bridging imidazoles but comprise six-coordinate tin centers in the solid state. The NMR
data indicate that these dinuclear complex ions dissociate into monomers in solution. The
ability to bridge metal centers in this way is a property of bis-imidazoles that is distinct from
bipy derivatives.
Arylazo-2-pyridines coordinate R2SnCl2 (R¼Me, Ph) to give the octahedral complexes (47).

Spectroscopic evidence indicates that again a trans disposition of R groups is preferred. The
angles C–Sn–C were calculated based on Parish’s relationship as 148–155� (R¼Me) and 148–150�

(R¼Ph).126 The similar (48) shows trans methyl groups according to a crystallographic study,
where the 2-MeO moiety has no bonding interaction with the tin center.127

Tin(II) chloride complexes bipy or phen to give mononuclear (L)SnCl2 complexes with distorted
tbp geometries.128 Lead(II) perchlorate coordinates four phen ligands in the nine-coordinate
[(phen)4Pb(�

1-ClO4)]ClO4. The geometry at the metal is best described as a monocapped square anti-
prism.129 With lead(II) thiocyanate, phen gives a dimeric complex [(phen)2Pb(SCN)2]2 where each
lead coordinates two diimines, one monodentate, and two bridging thiocyanates, giving an
overall seven-coordinate lead130 and with the mixed thiocyanate nitrate system, a monomeric seven-
coordinate complex [(phen)2Pb(SCN)(NO3)] with a chelating nitrate.

131
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3.7.4.4 Complexes with Anionic Bidentate Nitrogen Ligands

The ligand (49) reacts with two equivalents of GeCl2�diox to give the linear (50), with two-
coordinate germanium centers (Ge–N 1.856 Å, N–Ge–N 80.93�) (Scheme 17). Tin, in the corres-
ponding reaction, forms the complex (51), which has a geometry more closely related to a cubane
structure (Sn–N 2.247 Å, N–Sn–N 110.8�).132
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The dianionic ligand 1,3-But2-2,2-Me2-4,4-Cl2-1,2,3,4-	-4-diazasilide has been used to prepare
stannetidine (52). Reaction with AgTfO yields the unexpected (53), where the product rearranges
following halide-TfO metathesis to allow the formation of a thermodynamically favorable Si—O
bond. In the solid state (53) is a coordination polymer and comprises tbp tin centers. The Sn—N
bonds are short (2.005 Å) probably due to the geometric constraints of the [SiN2Sn] ring.

133

Compound (52) also reacts with HX (X¼Cl, Br) to give the three-coordinate addition product
(54), formulated as a Zwitterion with no oxidation of the metal.134 (RC(Ncy)2)2Sn (55)135 is
converted to the thione (56) by sulfide transfer from styrene sulfide (Sn–S 2.28 Å) (Scheme 18).
The stannathione rapidly dimerizes with formation of a (SnS)2 ring (Sn–S 2.42–2.47 Å).136

Oxidative addition of diphenyl chalcogenide PhEEPh (E¼ S, Se) to [(CyN)2CR]2M
II (M¼Ge,

Sn; R¼Me, But) proceeds with cleavage of the E—E bond and addition of both phenyl
chalcogenide fragments to the metal, giving six-coordinate products [(CyN)2CR]2M

IV(EPh)2.
For the mixed amidinate amide complexes [(CyN)2CR][N(SiMe3)2]M

II the reaction proceeds
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in a similar fashion, giving [(CyN)2CR][N(SiMe3)2]M
IV(EPh)2. For the germanium complex,

spectroscopic and crystallographic data show that the complex is four-coordinate, in which the
amidinate ligand is coordinated through one nitrogen only, whereas the tin complex is five-
coordinate with the chelating amidinate intact.137
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Aminoiminophosphoranes But2P(NH)(NH2) and (H2NPPh2)(Ph2PNH)N react with diamino-
stannanes R2Sn(NEt2)2 (R¼Me, Bun) to give tricyclic stannaphosphazenes (57) and (58) compri-
sing fused [SnN2], [SnN2P], and [SnN3P2] rings.
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The dilithium salt of aminoborane (59) reacts with lead(II) chloride to give the dimeric (60) in
which the lead is chelated by one ligand and has a bridging interaction with a nitrogen from a
second ligand. The lead is three-coordinate and is stable in this configuration.139 The geometry is
similar to that found in [Pb(NR2)]4 complexes.

140

3.7.4.5 Complexes with Polypyrazolyl Ligands

Polypyrazolylmethyl ligands and their anionic analogues polypyrazolylborohydrides exhibit a
range of coordination behavior with M(14) ions. The complexes that they form with M(14)
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ions are usually mononuclear, where they coordinate through either two or three nitrogens in a
chelate or facial tridentate fashion.
Bis(pyrazolyl)methanes are neutral chelating ligands that form six membered rings upon

coordination. The complexes (�2-H2Cpz2)R4�xSnXx(R¼Me, Ph; X¼Cl, Br; x¼ 4,3,2) show
fluxional behavior in solution at ambient temperatures by NMR spectroscopy. Additionally, in
acetone solution there is evidence from conductivity measurements that the pyrazolyl ligand fully
dissociates.141 Furthermore, in the range of complexes (�2-L)RxSnX4�m�yH2O (L¼H2C (4-Me-
pz)2, H2C(3,4,5-Me3-pz)2, (H2Cpz)2, H2C(3,5-Me2-pz)2; R¼Me, Et, Bun, Ph; X¼Cl, Br, I; n¼ 0,
1, 2; y¼ 1, 1.5, 2) conductivity measurements taken on chloroform or acetone solutions suggest
that when x is two, there is extensive dissociation of the chelating ligand, while in the cases where
x is one or four, the six-coordinate structure is retained in solution. Structural analysis of the
octahedral complex [�2-H2C(4-Me-pz)2]Me2SnCl2 shows again a trans disposition of the two
methyl groups and Sn—N bond lengths of 2.436 Å (ave.).142,143 The molecular structure
of [�2-H2C(3,5-Me2-pz)2]Ph2SnCl2 exhibits a distorted octahedral geometry with the phenyl
groups disposed trans and the chelating ligand has typical Sn—N bond lengths (2.448 and 2.520 Å).
The complex also shows moderate activity against L1210 mouse leukemia cells with LD50 of
0.39 mM.144

Complexes (L)R2SnCl2 (L¼H2Cpz2, HCpz3, HC(3,5-Me2-pz)3, 1,2-py-3,5-Me2-pz, H2C(2-py)2;
R¼Me, Et, Prn) are six-coordinate nonelectrolytes in acetonitrile solution with trans organic
groups. In chloroform solution, all the bidentate ligands dissociate, whereas the tris(pyrazolyl)-
methanes remain coordinated, but are chelated through two of the nitrogen donors.145 Complexes
(L)RnSnX4�n (L¼H2Cpz2, H2C(3,5-Me2pz2), Me2Cpz2, R¼Me, Ph; X¼Cl, Br; n¼ 0, 1, 2) have
been examined by 119Sn Mössbauer spectroscopy and the coordination number and geometry of
the complexes assigned with success based on this technique. All of the complexes have six-
coordinate geometry incorporating chelation of the pyrazolyl ligands with the exception of the
complexes (Me2Cpz2)R2SnX2 where the decreased Lewis acidity of the metal and the increased
size of the ligand combine to prevent the formation of this complex.146

The tris(pyrazolyl)methanes HCpz3, HC(4-Me-pz)3, HC(3,5-Me2-pz)3, HC(3,4,5-Me3-pz)3, and
HC(3-Me-pz)2(5-Me-pz) react with RSnCl3 (R¼Me, Bun, Ph) to form complexes
[(L)SnRCl2]

þ[RSnCl4]
� and {[(L)SnRCl2]

þ}2[RSnCl5]
2� and with SnX4 (X¼Cl, Br, I) to form

[(L)SnX3]
þ[RSnCl4]

� and {[(L)SnCl3]
þ}2[RSnCl5]

2�, respectively. The structures of {[HC(4-Me-
pz)3SnBuCl2]

þ}2[BuSnCl5]
2�, [HC(3,5-Me2-pz)3SnMeCl2]

þ[MeSnCl4]
�, and [HC(3,4,5-Me3-

pz)3SnBr3]
þ[SnBr5]

� show distorted octahedral environments for the tin centers in the cations,
with bond lengths Sn—N of 2.22–2.32 Å, and tbp or distorted octahedral environments for the
five- and six-coordinate anions, respectively.147 The sterically demanding ligand HC(3,5-Me2-pz)3
forms complexes of general formula [�3-HC(3,5-Me2-pz)3M

II]Y2 (M¼ Sn, Y¼CF3SO3
�, X;

M¼Pb, Y¼BF4
�, X). In both cases, the metal is three coordinate with distances Pb—N of

2.379–2.434 Å from a crystallographic study. Treatment of PbX with excess HC(3,5-Me2-pz)3 in
acetone solution gives [{�3-HC(3,5-Me2-pz)3}2Pb][BF4

�]2, which exhibits a trigonally distorted
octahedral geometry and Pb—N distances of 2.634 Å. This particular geometry indicates that the
remaining lone pair is not stereochemically active in this complex, in contrast to the correspond-
ing complex prepared using the unsubstituted ligand, which exhibits a distorted six-coordinate
geometry with distance Pb—N of 2.609–3.789 Å. The closely related [HB(3-But-5-Me-pz)3]SnCl
shows a tbp structure with an axial Sn—Cl of 2.601 Å and an equatorial stereochemically active
lone pair.148

Reaction of PbX with K[HB(pz)3] or K[HB(3,5-Me2-pz)3] leads to the mixed ligand complexes
[{�2-HC(3,5-Me2-pz)3}(�

3-L)Pb]BF4
�. Where L¼ [HB(3,5-Me2-pz)3] the complex has a five-

coordinate geometry where the pyrazolylmethane is bidentate, and shows longer Pb—N bonds
(3.745–2.827 Å) than the pyrazolylborohydride Pb—N (2.375–2.475 Å).149

Reaction of Pb(ACAC)2 with two equivalents of HB(Arf)4 in CH2Cl2 followed by HC(pz)3 or
HC(3,5-Me2-pz)3 gives the complexes [L2Pb]

2þ[B(Arf)4]2
� (Arf¼ 3,5-(CF3)2-C6H3). For the

HC(pz)3 complex, the lead has a distorted octahedral geometry with a stereochemically active
lone pair, while the complex with the more sterically encumbered HC(3,5-Me2-pz)3 has a trigon-
ally distorted octahedral structure with a stereochemically inactive lone pair.150

The anionic polypyrazolylborohydride complexes might be expected to show some similarities
to the neutral polypyrazolylmethanes. However, some differences are seen, e.g., the diethyl
bis(pyrazolyl)borate K[Et2B(pz)2] reacts with Et2GeCl2 with cleavage of the B—N bonds to
yield Et2B(pz)BEt2 and Et2Ge(�

1-pz)2.
151

Di- and triorgano tin complexes of dihydro and diphenyl bis(pyrazolyl)borates are
chelated through the two nitrogen donors to give five-coordinate complexes.152 Bis- and
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tris(pyrazolyl)borohydride form the complexes [HmB(pz)l]MenSnCl3�n (l¼ 2, 3; m¼ 1, 2; n¼ 0–3)
that are five-(m¼ 2) or six-(m¼ 1) coordinate. The solid-state structure of [H2B(pz)2]Me2SnCl
shows tbp geometry at the tin with axial Cl and nitrogen ligands.153 [HB(3-Me-pz)3]SnCl2Ph is
stereochemically rigid at ambient temperatures.154

The first tris(pyrazolyl)borohydride complex of germanium(II) was prepared directly from
K[HB(3,5-Me2-pz)3] and GeCl2�diox and isolated as its iodide [�3-HB(3,5-Me2-pz)3Ge]I

155

and cyanide salts.156 The solid-state structure of the iodide reveals well separated germanium
containing cations and iodide anions, and that the geometry at the germanium is distorted
tetrahedral, with the lone pair occupying the fourth vertex.
The three-coordinate complex [�2-H2B(pz)2]SnCl has in the solid state a trigonal pyramidal

geometry at the tin with the angles about the tin averaging 86�, indicating that the lone pair is
again stereochemically active and occupies the fourth equatorial vertex. There are indications of a
weak interaction between the tin and the chloro ligand of a neighboring molecule in the crystal.
The structure of [�2-H2B(pz)2]2Sn is approximately tbp, with the fifth vertex occupied by the lone
pair. In solution, 1H NMR experiments show that the molecule is stereochemically nonrigid, with
axial and equatorial sites exchanging with a barrier of 10.2Kcalmol�1 and boat-boat rearrange-
ments taking place with similar energy barriers. Comparable fluxional processes to these are also
seen for HB(3,5-Me2-pz)3]SnCl.

157 In the same study, [B(pz)4]2Sn was found to have two chelated
ligands and a tbp structure in the solid state, with similar fluxional behavior. The low temperature
limit NMR spectrum shows a 3:1 pattern indicative of a structure with three equilibrating
pyrazolyl groups that interact with the tin and a fourth that does not.
A number of tin(II) complexes of general formula [HB(pz)3](L)SnCl and (L)2Sn have been

reported (L¼H2B(pz)2, H2B(3-Me-pz)2, Ph2B(pz)2, HB(pz)3, HB(3,5-Me2-pz)3, B(pz)4, B(3-Me-
pz)4), and their solution158 and solid-state 119Sn NMR spectra measured.159 The values of � are
constant for [H2B(pz)2]2Sn, and [HB(3,5-Me2-pz)3]2Sn in both states indicating that there is a
strong similarity between the structures of these complexes. The value of � for [HB(pz)3]2Sn in the
solid state is centered between these two complexes. Analysis of the spinning side band patterns
for the MASNMR spectra of these complexes indicates a close similarity between [H2B(pz)2]2Sn
and [HB(pz)3]2Sn, whereas [HB(3,5-Me2-pz)3]2Sn has a substantially different pattern. These
results suggest that the two former complexes have the same geometry at the metal, the complex
comprising a four-coordinate tin. The spectra for [H2B(pz)2]SnCl are distinctly different in the
two states, presumably due to the presence of moderately strong bridging intermolecular Sn���Cl
interactions in the solid state that are disrupted in solution, giving distinct coordination environ-
ments in the two different states. The bond lengths Sn—N in [HB{3,5-(CF3)2-pz}]SnCl are longer
than the those in the protio complex, a reflection of the difference in the electronic character
between the two ligands.160

The crystal structure of [HB(pz)3]2Sn has been determined and the tin found to exhibit an
octahedral coordination geometry, with one tri- and one bidentate [HB(pz)3], with the sixth
coordination site occupied by the lone pair. The bond lengths Sn—N are in the range of
2.263–3.732 Å, and the nitrogens that lie cis to the lone pair deviate from the expected square plane,
with three angles between 72.3–79.4� and one at 124.4�. This solid-state distortion correlates well
with the solution 119Sn NMR data which has � between the values seen for four- and five-coordinate
tin(II).161

The reaction of lead(II) chloride with K[H2B(pz)2], K[HB(pz)3], K[HB(3,5-Me2-pz)3], and
K[B(pz)4] gives products (L)2Pb in all cases. For [B(pz)4]2Pb, the structure is a distorted tbp,
with two chelating ligands and an equatorial vertex occupied by the inert pair. As is seen with the
tin analogue, the room temperature NMR indicates that the molecule is stereochemically nonrigid
with four equilibrating pyrazolyl groups, but at 184K, a 3:1 pattern is seen. For [HB(pz)3]2Pb the
structure in the solid state is a monocapped octahedron, with the inert pair occupying the capping
position.
A comparison of the structures of the neutral bispolypyrazolyl methane and -polypyrazolylboro-

hydride complexes of lead(II) have similar structures, indicating that to some extent the
structurally similar ligands do form similar complexes.162

The issue of the stereochemical activity of the inert pair is explored further in the complexes of
tin(II) and lead(II) with [HB(pz)3], [HB(3,5-Me2-pz)3], and [B(pz)4]. For both metals, the com-
plexes [B(pz)]2MII are four coordinate with two chelating ligands whereas the geometry of
[HB(3,5-Me2-pz)3]2Sn is close to octahedral with one tri- and one bidentate ligand, with the
inert pair occupying the sixth position.163 In comparison, [HB(3,5-Me2-pz)3]2Pb is six coordinate
with a trigonally distorted octahedral geometry, indicating the absence of a stereochemically
active lone pair.164,165 There is a complex interplay of factors which govern whether the inert
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pair is stereochemically active or not for complexes of M(14)II (M¼ Sn, Pb) and it seems clear
from the experimental observations that lead(II) is more likely to be influenced by the steric
effects of the ligand set than is tin(II).
An example of an eight-coordinate lead(II) complex is given by [HB(1,2,4-triazolyl)3]2-

Pb(H2O)2. From the same reaction mixture, a polymeric material [{HB(1,2,4-triazolyl)3}-
(�1-NO3-O)(H2O)Pb]1 was identified crystallographically and the geometry at the lead suggested
that the metal had a stereochemically active lone pair.166

3.7.4.6 Complexes with Tridentate Nitrogen Ligands

Lead(II) thiocyanate forms a linear polymeric compound with 2,20:60,200-terpyridine(terpy),
[(terpy)Pb(SCN)2]1, comprising seven-coordinate lead centers coordinating three pyridyl
nitrogens and two N-bound and two S-bound bridging thiocyanates.167

The tridenate 2,6-diacetylpyridine dihydrazone reacts directly with a solution of lead(II) nitrate
to give (L)Pb(NO3)2 where all three nitrogens coordinate the lead (Pb–Npy 2.49 Pb–N 2.50,
2.59 Å) and each lead is further chelated by two nitrates in an asymmetric fashion (Pb–O 2.52,
2.86; 2.58, 2.93 Å) and has two monodentate interactions with the third nitrato oxygen of a
neighboring molecule (Pb–O 3.08–3.19 Å). The overall coordination number of the lead in the
solid is nine, of which five are short contacts, and four are comparatively long.168 Triazacyclo-
nonane forms 1:1 complexes with lead(II) of good stability, with irregular six-coordinate geom-
etry at the lead in the case of the nitrate and perchlorate salts.169

3.7.4.7 Complexes with Tetradentate Nitrogen Ligands

Tetraaza macrocycles are tremendously powerful ligands and have wide application in coordin-
ation chemistry. The M(14) complexes of these ligands have a number of interesting applications,
although the importance of these have only recently come to light. For this reason, the M(14)
complexes of these ligands are not as widely studied as the corresponding complexes of metals
from some other groups.
Porphyrins have a demonstrated propensity to accumulate in cancerous tissues, metal alkyls are

powerful alkylating agents, and elemental germanium has been shown to have anticancer proper-
ties, so it is not to be wondered at that dimethyl-5,10,15,20-tetrakis(30,50-But2C6H3)porphyrinato-
germanium(IV) (61) has been prepared. The germanium is six coordinate, with trans methyl
groups (Ge–C 1.99 Å, Ge–N 2.02 Å) and the complex has been shown to be active against
neoplastic tissues both in vitro and in vivo.170,171

N

N

N

N
Ge

But

But

ButBut

ButBut

But

But

Me

Me

(61)

Germanium complexes (por)GeX2 (por¼ dianion of TPP, octaethylporphyrin (OEP); X¼OH,
ClO4) have been shown to undergo single electron oxidation by electrochemical methods with a
potential that varies according to the nature of the porphyrin. For the hydroxy complexes, the
first electron is removed from the ligand, giving (por)Ge(OH)(Y), where Y is the anion of the
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supporting electrolyte, whereas for the perchlorate complexes, the first electron is removed from
the � system of the porphyrin.172,173

Diorgano germanium porphyrins are photoactive, such that visible light irradiation of
(TPP)GeR2 (R¼Me, Bun) in degassed chloroform solution gives (TPP)GeRCl.173 EPR investiga-
tion of the mechanism of the photolysis of (OEP)GeR2 (R¼Ph, 4-HOC6H4, 4-ClC6H4) shows the
existence of a Zwitterionic intermediate [(OEP)�GeR]þ R. The complex can be made photostable
if R is a good quenching group, such as ferrocene, as in the photochemically robust complex
(OEP)Ge(Fc)2.174

In the absence of light, diorgano germanium porphyrin complexes are stable but have long been
known to react with oxygen. The products of this oxidation process have been formulated
speculatively as germanium-bound peroxyalkyl complexes175 an assignment confirmed by the
report of the crystal structure of (TPP)Ge(O2R)2 (R¼Et, But).176

Polymeric [(tbp)GeO]n prepared from the thermolysis of (tbp)Ge(OH)2, in turn obtained from
the hydrolysis of (tbp)GeCl2, is converted to a range of conducting polymers by the introduction
of sub-stoichiometric quantities of iodine as [(tbp)Ge(O)x(I)y].

177

Six-coordinate complexes (por)SnX2 have been studied because of the ability of some of these
to inhibit the enzyme, heme oxygenase, believed to be responsible for the disease hyperbilirubi-
nemia in infants178 and because of their potential application in photodynamic therapy.179 Many
complexes (por)SnX2 are known where X is not an R group (X¼F, NO3,

180 OH, C6H5CO2,
2-(OH)C6HCO2,

181 or N3
182 but if X is a 
-bonded R group, the complexes are not generally

stable. An example of a stable (por)Sn(R)(X) complex was found from the reaction of (por)SnII

(por¼OEP, TPP, TMP, TTP) (TTP¼ dianion of tetratolyporphyrin, TMP¼ dianion of tetramesityl-
porphyrin) with MeI forming (por)Sn(Me)(I).183

Typically complexes (por)SnR2 exhibit a trans disposition of the two R groups, but cis-
(TPP)SnPh2 is available from the reaction of Ph2SnCl2 with the dilithium salt of the porphyrin.
The complex is configurationally stable in the absence of light, but rapidly rearranges to the trans
geometry on exposure to visible light.184

Bis-amido tin porphyrins trans (TTP)Sn(N(R)Ph)2 (R¼H, Ph) and cis (TTP)Sn(1,2-
(NH)2C6H4) have been prepared and shown to be more stable than the analogous Sn�C bonded
alkyl or aryl complexes. The increased stability of these nitrogen bound ligands is probably
a function of their increased basicity.185

The 119Sn NMR spectra of a number of complexes (TPP)SnX2 (X¼CF3SO3, ClO4, CF3CO2,
NO3, Cl2CHCO2, 2-(OH)C6H4CO2, HCO2, BnO, AcO, 4-NO2C6H4O, 4-BrC6H4O, 4-MeC6H4O,
OH, MeO, F, Cl, Br, I) have been examined, and a correlation between the change in � with the
change in axial ligand established. This is particularly interesting as it may ultimately help in
establishing the nature of the axial ligands on tin porphyrin complexes in vivo.186 Another
spectroscopic property of tin porphyrins is exploited in the use of (por)SnII(H2O)2 as a shift
reagent for carboxylates. Coordination of carboxylates to the tin leads to a large shift in � and so
is a sensitive and useful probe.187

The electrochemical activity of (por)SnII for a variety of porphyrins has been investigated and it
has been shown that the first one electron reductions are all centered upon the ring system. Two-
electron oxidation in the presence of supporting electrolyte comprising perchlorate leads to
(por)Sn(sol)ClO4 (sol¼FHF, CH3CN).188

Treating (TPP)SnE (E¼ S, Se) with (TTP)Sn in toluene results in the reversible transfer of the
chalcogenide, forming (TPP)SnII and (TTP)SnE. The reactions proceed with second-order kinetics
and seems to involve a bridging chalogenido intermediate.186 The same result has also been found
for amidinate complexes.189

The synthesis of lead(II) porphyrin complexes has been efficiently performed in a solid-state
reaction. Grinding together equimolar amounts of (por)H2 (porH2¼meso-(4-HO-C6H4)4-porphyrin,
meso-(4-MeOC6H4)4-porphyrin, or meso-(4-NO2-C6H4)4-porphyrin) with lead(II) acetate in a
pestle and mortar with a trace of acetone leads to the (por)PbII complexes in excellent yield
after chromatographic purification.190

Main group metal complexes of phthalocyanines (pc) are of some interest as one-dimensional
conducting materials where the structures exhibit stacking. It is of interest that a recent reinves-
tigation of (pc)GeII, which shows quite different spectral characteristics from those expected,
reveals that the literature preparative route does not yield this compound, as the structure of the
ligand does not remain intact throughout the synthesis of the complex. The synthesis, which uses
germanium(IV) chloride as a template to form (pc)GeCl2 followed by borohydride reduction,
yields not the anticipated (pc)GeII but the ring contracted �,�,�-(triazatetrabenzcorrole)GeIV (62)
a new tetrapyrrole macrocycle.191
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Cofacially joined polymeric metallophthalocyanines with bridging oxo ligands [(pc)MO]n
(M¼Ge, Sn) have been prepared by a new route and are themselves precursors to electronically
conductive polymers. The vibrational spectra of the polymers were investigated using isotopic
substitution (18O), and identification of the stretching modes has afforded a method for estimat-
ing the molecular weights of the polymers. For typical samples, the value of n for germanium is 70
and for tin is 100.192

Tetraaza macrocyclic ligands tetramethyl- and octamethyltetraazaanulene (TMTAA, OMTAA)
(63) and (64) are analogous to porphyrins, in that they are dibasic, approximately planar N4

donor ligands. Complexes (L)MII (M¼Ge, Sn; L¼TMTAA)193 are four coordinate and in the
case of (OMTAA)Sn, crystallography shows the metal to be 1.12 Å out of the N4 plane. These
complexes are liable to oxidative addition reactions, such as with elemental chalcogens sulfur,
selenium (Ge, Sn), and tellurium (Ge) that form the corresponding five-coordinate monochalo-
genides.194,195 In reaction with N2O the tin(II) complex forms the oxo-bridged product
[(OMTAA)Sn]2O with no indication of a mononuclear product with a terminal oxo ligand.196

Oxidative addition of I2 to (OMTAA)SnII leads to the diiodide, which has a trans disposition of
iodides, as shown by crystallography. This geometry is consistent with other known complexes
(TMTAA)SnX2, (X¼Cl, ONO2).

197 The bond lengths Sn-I are long (2.885 and 2.909 Å) and so it
is perhaps unsurprising that one iodide is labile and, in the presence of excess I2, in THF solution
ionizes to form [(OMTAA)SnI(THF)]I3. The tin(IV) is nearly coplanar with the four nitrogen
donors, less than 0.2 Å out of plane198 The only confirmed examples of cis coordination in such
complexes is in the products of the reactions of (OMTAA)M(E) (M¼Ge, Sn; E¼ S, Se) with
C2H4S, (65).199
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3.7.4.8 Complexes with Polydentate Nitrogen Ligands

Macrocyclic ligands with all-nitrogen donor sets are much studied and both tin and, in particular,
lead are popular subjects in coordination studies of these ligands. Examples of such ligands used
to complex tin include (66) and (67), prepared by Schiff-base condensations.200 The complex (68)
was isolated from an attempted template synthesis of a macrocycle201 in which the condensation
of the component parts of the ligand was incomplete.202

Germanium, Tin, and Lead 567



N N

PhPh

NN

PhPh

(66)

N N

NN

(67)

N

N

N

Ph

N

N
NH2

NH2

Sn

2+

Me

Me

(68)

Lead(II) is a useful metal for such studies as it is relatively redox inert and has the ability to
form complexes with a wide range of coordination numbers and with almost any donor atom
type. Substituted triazacyclonanes (69)–(71) form 1:1 complexes with lead(II) and (72) forms a 1:2
complex in which two lead ions are coordinated, one in each of the distinct sites. In each case, the
complexes were isolated as their (tetraphenyl)borate salts and in the cases where the complexes
were characterized crystallographically, a close �6 type interaction was seen with one of the phenyl
groups of the counterion (Scheme 19).203
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Scheme 19

Macrocyclic ligands will, under favorable conditions, form complexes of greater stability than
an open-chain ligand with similar donor groups and geometry. A comparative study of the linear
and cyclic polyamines (73)–(80) shows a maximum value for log K for the smallest cyclic
polyamine under constant conditions.204 A similar result is seen for tetraazacycles, where again
the highest value for log K is seen a complex formed by a small ring ligand (81).205 The related
(82) coordinated lead through all six nitrogen donors in the solid, with an overall nine coordin-
ation completed by a chelating perchlorate and a molecule of water.206
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Larger polyazacycles with N5–N7 donor sets are found in the series of ligands (83) based upon
phen. The ligand which forms the most stable complex is again the smallest example.207 Similar
design strategy produced the ligands (84) and (85), which coordinate lead within the ligand cavity
through the pyridine nitrogens. The construction of the ligand is such that the aliphatic amines
are not able to coordinate a metal ion bound to the bipy group because of steric constraints and
so the ligand may be protonated at these nitrogens without disrupting the complex. Where the
bipy moiety is oriented outward, the lead is bound within the ligand again this time by the
aliphatic amines alone.208 Very large polyazacycles, such as (86), can coordinate two lead ions.209
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3.7.4.9 Complexes with Phosphorus or Arsenic Ligands

In contrast to nitrogen donor ligands, which have a rich and varied coordination chemistry with
Group 14 metals, complexes of phosphorus and arsenic donors are encountered less commonly,
especially for neutral donors. Descending Group 14 there is a pronounced decrease in Lewis
acidity, most evident for tin(II) and lead(II), which may go some way to explaining this reduced
affinity. There are, however, definite suggestions in the literature of further chemistry waiting to
be uncovered in this area.

3.7.4.9.1 Complexes of MIV with phosphines or arsines

The interaction of germanium(IV) chloride with a number of monodentate triorganophosphine
ligands PR3 (R¼Me, Et, Prn, Bun, cy, 2,6-(MeO)2C6H3, 2,4,6-(MeO)3C6H2, Bn, Me2N, Et2N,
Pri2N) leads exclusively to the ionic germanium(II) complexes [PR3Cl][GeCl3]. This is in distinct
contrast to the expected 1:1 or 1:2 adducts of germanium(IV), some of which have been pre-
viously claimed in the literature from this preparative route. The structure of [Bun3PCl][GeCl3]
shows no close interaction of the ion pair, and a trigonal pyramidal geometry at the germanium.210

With triphenylphosphine, no reaction is seen, an observation of interest since the mixture of
germanium(IV) chloride and triphenylphosphine has been used as a reagent for the reduction of
�-bromo carboxylic acids.211

The first fully characterized germanium(IV) arsine complex, (Me3As)2GeCl4, can be prepared
from the direct reaction of the arsine with halide, and has trans structure with Ge–As of
2.472 Å.210

Tin(IV) chloride or bromide reacts with Bun3P to give 1:2 complexes with octahedral geometry.
These are particularly interesting subjects for 119Sn NMR studies, as the 119Sn–31P spin inter-
actions give information relating to the solution structure of the complexes that is not otherwise
available. For (Bun3P)2SnX4, �

119Sn is �575 and 1J119Sn–31P is 2,395 (X¼Cl) or �953 and 1,960
Hz (X¼Br). Mixing equimolar amounts of these two in solution leads quickly to the mixed
species (Bun3P)2SnClxBr4�x which show values of � and J intermediate between the two single
halide species. There is a clear additive change in the values of � which is in turn related to the
electronegativity of the halide ligands, and rapidity of the halide exchange is a common feature of
complexes of tin(IV) with more than two halides.212 These species can be characterized by NMR
methods in solution to a degree that they cannot be in the solid state.
An attractive alternative preparation of halophosphine complexes of tin(IV) is the reaction of

tin metal powder and triorganophosphorus(V) dihalides R3PX2 (R3¼Ph3, Ph2Me, PhMe2;
X¼Br, I). The products are both cis and trans (R3P)2SnX4 suggesting that the formation takes
place stepwise, initially forming (R3PX)(SnX3) which would then react with a further phosphine
to give either isomer with no preference.213,214

Analysis of coupling constants 119Sn–31P for complexes (R3P)2SnX4 (R3¼Ph2Me, Bun3) and
(Ph2P)2(CH2)nSnX4�mMem (n¼ 1, 2, 3; X¼Cl, Br; m¼ 0, 1) indicate that Sn—P bonds are
strengthened when the bond is trans to an electron donating ligand.215

Triorganophosphines react readily with tin(IV) complexes providing the tin center is sufficiently
Lewis acidic. For complexes RnSnX4�n, coordination of one phosphine usually proceeds readily
for n	 3, but for the tetraorganotin complex, no coordination of phosphine is observed.
The complexes Ph3SnCl, R2SnCl2, and (R¼Et, Pr, Bun, Ph) coordinate Bun3P to form 1:1

adducts, a complexation readily monitored by 119Sn and 31P NMR. Coordination is accompanied
by a significant shift in the 119Sn � to lower field, and the change in multiplicity arising from
119Sn–31P coupling is an aid to determining stoichiometry and geometry in the complex. For
RSnCl3 (R¼Bun, Ph) complexation is accompanied by a scrambling of the ligands between tin
centers to give a number of complexes.216 A similar scrambling of ligands is seen for the complex
ions [(Bun3P)(Me)SnCl4]

�, which exhibits a single doublet in its 119Sn NMR spectrum at inter-
mediate temperatures, indicating either preferential formation of a single isomer in solution or a
fluxional process that is rapid on the NMR timescale. Mixing equimolar amounts of
[(Bun3P)(Me)SnCl4]

� and [(Bun3P)(Me)SnBr4]
� gives a solution that shows a 119Sn NMR that

indicates that all isomers [(Bun3P)(Me)SnClnBr4�n]
� are formed. Since this must involve interionic

transfer of halide, the solution behavior of these ions is clearly somewhat involved.217

The complexation of RnSnX4�n (R¼Me, Et, Bun; X¼Cl, Br, I) by Bun3P (n¼ 1–3) shows
increasing enthalpy of formation in the sequence Cl<Br< I for any given formulation, the
reverse sequence of the acid strengthening effects arising from the increasing electronegativity
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of the halide. The equilibrium constants for formation increase in the order I<Br<Cl, indicating
that the entropy term may be dominant for this complexation.218

Chelating bisphosphines bis(diphenylphosphino)methane (dppm) and 2-bis(diphenylphosphino)
ethane (dppe) react with Ph2SnX2 (X¼Cl, Br) to give five coordinate complexes with mono-
dentate attachment of the phosphines. The more rigid (þ)-(R,R)-1,2-bis(methylphenylphosphino)
benzene chelates successfully to the same organotin halides, giving octahedral complexes. Phenyl-
trichloro tin(IV) reacts with each of the chelating phosphines to form six-coordinate complexes,
again with scrambling of the ligands to form a number of products.219

Siladiarsine (2,4,6-Pri3-C6H2)(Bu
t)Si(AsH2)2 can be lithiated and treated with (mes)(But)GeF2

to give (87), a diarsenagermane which can be further converted to (88). The structure of (88)
shows a degree of asymmetry in the As—M bonds, with distances As—Si of 2.39 Å and As—Ge
of 2.45 Å.220
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The reaction of But2SnCl2 with Na[AsH2] in liquid ammonia yields [ButSnAsH]2 with a central
(SnAs)2 ring. In the same solvent But2Sn(NHBut)2 reacts with Na[AsH2] to give [ButSnAsH]3,
with a (SnAs)3 ring.

221

Further spectroscopic information can be gathered in the far IR, and the spectra of LSnX4

(L¼ (R2P)2(CH2)n; R¼Me, Et, Ph; n¼ 2, X¼Cl, Br, I) have been measured between 400 cm�1

and 40 cm�1. In this region, the M–P stretching modes can be found between 116–110, and the
M-X stretching vibrations at 310–295 (chloro), 210–208 (bromo), and 185–156 cm�1 (iodo) have
been assigned.222

3.7.4.9.2 Complexes of MII with phosphines or arsines

Triphenyl phosphine coordinates germanium(II) chloride223 or iodide224 to form 1:1 complexes
with tbp geometry at the metal and bond lengths Ge—P 2.511 Å and 2.507 Å, respectively. These
complexes are in some ways analogous to ylides (R1

3P¼CR2
2) and have some properties in

common with these lighter homologues.
The availability of solution 119Sn and 207Pb NMR for the study of complexes is a great boon to

the coordination chemist. An elegant study of the interaction of a number of multidentate
phosphine ligands with M[SbF6]2 (M¼ Sn, Pb) has been published and offers insight into the
solution structure of complexes which is difficult to obtain in other ways. Solutions of M[SbF6]2
in nitromethane were treated with polydentate phosphines dppe, PhP[(CH2)2PPh2],
MeC(CH2PPh2)3, P[(CH2)2PPh2]3, and [Ph2P(CH2)2]2P(CH2)2PPh2. The values of � for 119Sn
cover the range �586 to �792 and for 207Pb 60 to �269. The greatest change in shift for both
nuclei is seen on coordination of any phosphorus donors (cf. � for ‘‘free’’ MII; Sn¼�1,540,
Pb¼�3,342) where the subsequent changes in shift as the number of phosphorus ligands
coordinated to the metal increases is small compared to the change associated with going from
the effectively solvated M[SbF6]2 to the phosphine complex. The multiplicity of the peaks is of
tremendous utility in assigning the number of phosphorus donors coordinated as the couplings
between the phosphorus and the metal are well resolved.225

Alkynyl phosphine ButCP coordinates (TMS2CH)2Ge with a side-on �2 [P,C] interaction to
give a pseudo-tetrahedral product (89), the first example of a phosphagermirane. The geometry is
somewhat distorted because of the difference in steric demand of the phosphine in comparison to
the organic ligands.226 The corresponding tin compound reacts with the same alkynyl phosphine
to form the phosphadistannacyclobutene (90).227

Reaction of the anion of dppm with MCl2 (M¼Ge, Sn, Pb) forms complexes [CH(PPh2)2]2M
that exhibit three-coordinate geometry in the solid state, one ligand chelating through both
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phosphorus and one coordinating in a monodentate fashion through the central carbon. In
solution, the complexes are fluxional, where the ligands undergo a (�2-�1-�2) process. For the
bulkier [C(SiMe3)(PPh2)2]2M, the bischelate structure is preferred.228–231

The potentially tridentate monobasic ligand [C(PMe2)3]
� forms the four coordinate (91) in

reaction as its lithium salt with GeCl2�diox. The geometry about the germanium(II) is tbp, with
the lone pair occupying an axial position, and the complex has three short Ge—P bond lengths
(2.359, 2.368, and 2.546 Å) and one longer interaction (2.926 Å). The corresponding tin complex
has four similar bond lengths (2.602, 2.598, 3.790, and 2.839 Å), which suggests that the smaller
germanium is less able to accommodate all four donor groups than the larger tin. In solution, the
tin complex is stereochemically nonrigid and undergoes a pseudo-rotation that equilibrates the
axial and equatorial sites according to NMR data. At elevated temperature all six phosphorus
atoms equilibrate indicating that all phosphorus donors coordinate the tin during the fluxional
process.232, 233

The reaction of GeCl2�diox with [C(PMe2)2X]
� (X¼PMe2, SiMe3) in the presence of magne-

sium gives the bisphosphide-supported Ge�Ge bonded dimer (92) which, on further reaction
with additional GeCl2�diox gives the remarkable pentagermane (93) (Scheme 20). With
germanium(IV) chloride, the octahedral [C(PMe2)2X]2GeCl2 is formed, with a trans disposition
of the halides.234
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3.7.4.9.3 Complexes of MIV with phosphides or arsinides

The highly reactive phosphides Ge(PH2)4 and HGe(PH2)3 can be prepared in low yield from the
reaction of germanium(IV) chloride with Li[Al(PH2)4]. The complexes were characterized by
NMR spectroscopy as they are thermally unstable, decomposing to germanium(IV) phosphide
and phosphine.235 Germanium(IV) phosphides R2PGeCl3 are available from the oxidative add-
ition of R2PCl to GeCl2. The reaction is reversible, the starting materials recoverable from the
thermolysis of the product. The reaction proceeds through initial coordination of the GeCl2 by
the chlorodiorgano phosphine to form an intermediate complex (R2ClP)GeCl2. The correspond-
ing reaction of GeCl2 with RPCl2 (R¼Pri, But, Ad) gives the bis(trichlorogermyl)phosphines
RP(GeCl3)2 and a number of cyclic products (94)–(96).236

The 1,2,3,4-diphosphadigermatane (97) is prepared by the reaction of (mes)(But)GeF2 with
[(dme)Li][PH2]. The structure of the ring is trans with respect to the germanium. The bonds Ge—P
are almost identical at 2.346 and 2.348 Å, and the internal angles Ge–P–Ge and P–Ge–P are 84.8�

and 95.3�, respectively, a close approximation to a regular square.237
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The near-tetrahedral diphosphagermiranes (98) have been prepared from the reaction of
R2GeCl2 (R¼Et, Ph) and K2[(Bu

tP)2]. The dianionic bisphosphide also reacts with
germanium(IV) chloride to give the unexpected 1,2,4,5,6,7-hexa-But-1,2,4,5,6,7-hexaphospha-3-
germaspiro[2,4]heptane (99).238
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Diphosphinylmethanide [C(PMe2)2SiMe3]
� reacts with Me2MX2 (M¼Ge, Sn; X¼Cl Br) to

form the six-coordinate complexes cis-Me2M[C(PMe2)2SiMe3]2. Both complexes show inequiva-
lent metal–phosphorus interactions, with two short and two long bonds. In the tin complex,
which has a greater tendency to hypervalency, this difference is less than in the germanium
complex, in which the structure has a greater degree of [4þ 2] character.239

The first examples of germanium–phosphorus double bonds have been reported for (mes)2-
Ge¼P(2,4,6-R3C6H2) (R¼Pri,240 But 241) prepared by the reaction of (mes)2GeF2 with
Li[PH(2,4,6-But3C6H2)] yielding the intermediate (mes)2Ge(F)P(H)(2,4,6-Pr

i
3C6H2). Subsequent

lithiation of this product and elimination of LiF gives the germaphosphirane in good yield. The
double bond is liable to addition reactions of RH (R¼OH, MeO, Cl, Me3P¼CH)241 or the
chalcogens sulfur or selenium, giving the germathia- or germaselenaphosphines (100). Heating
with excess chalcogen gives [(mes)2GeS]2 and ArP(S)2.

242 The corresponding stannaphosphirane
can be prepared by a similar route.243
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(100)

Bis(diorganochlorostanna)phosphine (101) can be converted to the Sn2N2SiP cyclohexane (102)
by the sequence shown in (Scheme 21), forming a wholly inorganic six-membered ring.244

3.7.4.9.4 Complexes of MII with phosphides or arsinides

Reaction of the primary silylalkyl phosphine R1
3SiPH2 with R2

2Sn (R2¼N(SiMe3)2, 2,4,6-
(CF3)3C6H2) gives the hexanuclear complex (103) by a mechanism involving elimination of
R2H. The structure of (103) is a distorted hexagonal prism, with bond length Sn–P of 2.626 Å
(ave.) and angles P–Sn–P ranging between 86.9� and 100.7�, values which are not greatly different
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for those seen for monomeric complexes (R2P)2Sn. The same reaction carried out in the presence
of tin(II) chloride leads to the isolation of the SnCl2 bridged dimer (104).245 The tin–phosphorus
bond lengths in the hexamer are longer than those found in (R2P)2Sn compounds, such as those
found in the series of complexes [(Pri3Si)(R)E]2M (R¼ trip2SiF, E¼P, M¼Ge, Sn; R¼ trip2SiF,
E¼As, M¼ Sn; R¼ (trip)ButSiF, E¼P, M¼Pb).246 These complexes are monomeric, as is
[(Ph3Si)2P]2Sn,

247 where the complexes with a smaller ligand (TMS2P)2M (M¼ Sn, Pb) are dimeric
with bridging phosphorus groups.248 Simple lead(II) phosphides (But2P)2Pb can be prepared directly
from the lithium phosphide and lead(II) chloride249 where adjusting the stoichiometry gives
Li[(But2P)3Pb] with a three-coordinate lead and a central [PbP2Li] ring.250
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Pnictide complexes can also be formed by the elimination of TMSCl, as in the reaction of
tin(II) chloride with (But)2TMSE (E¼P, As), which forms [But2ESnCl]2 (E¼P251 or As252). The
structure of the arsenide has been determined and exhibits bond length Sn—As 3.773 Å, a compara-
tively rare bond, and angles As–Sn–As of 77.8�.253

The first example of a lithio arsinoorganogermane has been reported as the product of the
reaction of ButGeF3 and six equivalents of Li[(Pri3Si)HAs] (105). The structure is a distorted
rhombododecahedron and has As—Ge bonds of 2.442–2.447 Å.254
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3.7.5 COMPLEXES WITH GROUP 16 LIGANDS

In much the same way that complexes of Group 14 metal ions with nitrogen ligands outnumber
those with other Group 15 donor atoms, complexes of oxygen donors are the most numerous
amongst Group 16 donor ligands. This is true for hard donors, such as hydroxy groups, as well as
soft donors, such as crown ethers, for all three metals, though there are still enough complexes of
the heavier chalcogens to make them a diverse and an interesting subject area.

3.7.5.1 Complexes with Neutral Oxygen Ligands

Sulfoxides are widely studied ambidentate ligands with donor properties that in some ways
respond to the character of the metal to which they coordinate. In the majority of their complexes
they coordinate through the oxygen, and the complex (DMSO)2GeCl4 is no exception. An IR
study shows bands due to the Ge–O stretches at 506 and 495 cm�1.255 Structural studies of
diphenylsulfoxide complexes (Ph2SO)2SnI4 and (Ph2SO)2Sn(Me)I3 show cis coordination of the
sulfoxide ligands.256 Dibenzylsulfoxide coordinates Me2SnCl2 to give a tbp complex with the
sulfoxide oxygen and one chloride in the apical positions.257 The nitrate ligands in Me2Sn(NO3)2
readily dissociate, despite being potentially chelating, so that complexes [Me2Sn(L)4](NO3)2 are
readily prepared (L¼DMSO258 or H2O

259).
Complexes of lead(II) with DMSO ligands [(DMSO)n(ClO4)2Pb] can be isolated from solutions

of lead(II) perchlorate in DMSO where n¼ 3 or 5. For [(DMSO)3(ClO4)2Pb]2 two different
isomers are formed with either perchlorate or DMSO oxygens acting as the bridging ligands
(106). Interestingly, there is no indication of any sulfur bound sulfoxide on this apparently soft
lead(II) center.260 Diphenyllead dichloride coordinates two equivalents of DMSO or HMPA
through the oxygen termini to give six-coordinate complexes with trans organic ligands and
bonds Pb—O of 2.482 and 2.536 Å, respectively.261
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Phosphine oxides are popular ligands for tin(IV), and many examples of monodentate R3PO
complexes are known.262 Interaction of a range of organotin halides with dppe(O)2 or cis[Ph2-
P(O)CH]2 leads to monomeric six-coordinate complexes with chelation of the bisphosphine
dioxide. The complexation of the related monodentate phosphine oxides Ph2MePO and Ph3PO
follows a different pattern, with trans coordination of the two monodentate ligands preferred. The
triaryl phosphine oxide is the least effective base, and there is NMR evidence that in solution the
dppe(O)2 is coordinated in a monodentate fashion. The structures show a typical trans arrange-
ment of the two alkyl groups.263,264 Cationic tin centers can be stabilized by dppe(O)2 such as
[SnMe2{dppe(O)2}2]

2þ[(MeSO2)2N]
�
2 prepared from the reaction of Me2Sn{(MeSO2)2N}2 with

dppe(O)2.265

The doubly oxidized form of dppm chelates Ph2Sn(NO3)2 to give the seven-coordinate complex
(dppmO2)Ph2Sn(�

2-NO3)(�
1-NO3). Chelation of the bisphosphine dioxide gives rise to a six-

membered ring with Sn—O bonds of 2.237 and 2.223 Å. The remainder of the ligand set is
made up of a bidentate and a monodentate nitrate (Sn—O 2.472 and 2.350; 2.289 Å, respectively).
The doubly oxidized arsenic analogue of dppe (dpaeO2) coordinates in a rather different fashion,
bridging two tin centers to give [Ph3Sn(�

1-NO3)]2(�-�
1,�1-dpaeO2).

266 The potentially chelating
ligand Me2NC(H)[P(O)(OEt)2]2 reacts with Me2SnCl2 to form the robust dinuclear complex (107)
comprising a 12-membered ring.267
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The complexation of lead(II) perchlorate by the Schiff-base ligands 3-MeO-salenH2, 3-MeO-
saltrenH3, and saltrenH3 (salen¼N,N0-bis(salicylaldehydo)ethylenediamine, saltren¼N,N0,N0000-
tris(salicylaldehydo)tris-(2-aminoethyl)amine) gives complexes in which they coordinate as
innocent ligands through neutral phenolic oxygens. Structural analysis reveals exo coordination
of the metal, with the ligand pocket occupied by the ionizable protons. In the case of
3-MeOsalenH2, the lead is three-coordinate by the two oxygens of the Schiff-base and a molecule
of methanol, and in the other cases is three coordinate through the ligand oxygens alone. Solution
NMR studies show that the molecules are fluxional at ambient temperatures.268 Nitriloacetamide
is a neutral [O3] donor ligand that coordinates tin to form a 10-coordinate complex cation
[(NTA)2(�

2-NO3)Pb]
þ in which the remaining lone pair is not stereochemically active.269

Macrocyclic O-donor ligands 1,3-xylyl 18-C-5 reacts with tin complexes Me3�nSnClnþ1 (n¼ 0,
1, 2) to form complexes that do not show inclusion of the tin inside the macrocycle, but rather
coordination of the metal in an exo fashion. The structure of MeSnCl3(H2O)2(1,3-xyly-18-C-6)
shows a six-coordinate tin center with cis coordination of two O-bound water molecules. These
water molecules are in turn hydrogen-bonded to four adjacent oxygens of the crown ether, in a
manner similar to the coordination of diimine ligands seen previously.270 The slightly larger 18-C-6
chelates tin(IV) chloride to give a six-coordinate tin complex (Sn—O 2.237 and 2.212 Å).271

Lead(II) can be more successfully included in the cavity of a crown ether, as shown by the
complexes [(15-C-5)(SCN)2Pb], which has an eight coordinate lead bound by all five of the ether
oxygens,272 and both [(18-C-6)(SCN)2Pb] and [(cis-anti-cis-cy2-18-C-6) (SCN)Pb], which show a
hexagonal bipyramidal geometry at the lead, with the median plane described by the macrocyclic
ligand.273 With lead(II) acetate, a different configuration results, whereby in the crystal the lead is
10-coordinate with two bidentate acetate ligands bound cis on one side of the lead and the
hexadentate crown ether bound on the other face of the lead.274

3.7.5.2 Complexes with Anionic Monodentate Oxygen Ligands

Sterically stabilized germanium(II) alkyls (2,4,6-But3C6H2)2Ge and (2,4,6-Pri3C6H2)[2,4,6-(CH-
(SiMe3)2]3C6H2)Ge undergo oxygen transfer reactions with variousN-oxides to form the correspond-
ing germanones that in turn react with isocyanates RNCO to give complexes (108) (Scheme 22). If the
germanones are allowed to stand in solution (ca. 10h) then they undergo intramolecular activations
forming the diastereomeric (109).275,276

Ge

R

O +  mesCNO

R = 2, 4, 6-Pri3-C6H2, 

2, 4, 6-(CH{SiMe3}3-C6H2

Ge

R O N

O mes

(108)

Scheme 22

576 Germanium, Tin, and Lead



Ge
Pri

SiMe3

SiMe3

Me3Si
Me3Si

SiMe3

OSiMe3

(109)

Carbohydrates react with Bun2SnO with elimination of water to give complexes that have
geometries that depend upon the particular sugar. Of 19 different sugars investigated, Mössbauer
spectroscopy identified products with octahedral, tbp, and tetrahedral geometries at the tin with a
preponderance of tbp.277

Hydrolysis of monoorganogermanium chlorides RGeCl3 (R¼Pri, cy, mes) gives the germanium
sesquioxanes (RGe)6O9, (110). The core structure is a (GeO)3 ring, linked through three
bridging oxo ligands to a second such ring. The structural diversity of silsesquioxanes has
attracted a great deal of attention and it is to be hoped that the germanium analogues will be
as studied.278 The new germanate (C2H8N2)(C2H10N2)[Ge9O18(OH)4] is synthesized by hydro-
thermal methods from germanium and TMEDA. The structure comprises Ge9O22(OH)4 units
with four-, five-, and six-coordinate germanium ions.279 Solid argon matrix isolated germanium(II)
oxides (GeO)n (n¼ 1–4) were studied by IR. The structure of (GeO)2 is planar cyclic, (GeO)3 has
the highly symmetrical D3h ring structure and contrary to previous ideas, (GeO)4 is found to be
a cubane.280

Alkoxides of the acidic trioorganosilanol Ph3SiOH reacts with [M(OBut)2]n (M¼Ge, Sn, Pb)
to form discrete dimeric complexes [(Ph3SiO)MO]2 with a central (MO)2 ring.281 Hydrolysis
of RSnX3 gives cage complexes with structures related to the silsesquioxanes, such as
[(PriSn)12O14(OH)6]

2þ. The complex comprises a football-shaped framework of (SnO) units,
where the tin atoms exhibit square pyramidal geometries and comprise half-chair (SnO)3 rings.
The related complex [Sn(CH2)6Sn](ClCH2CO2)4(OH)2O10, prepared by the controlled hydrolysis
of [(ClCH2CO2)3SnCH2]2CH2, has an almost planar array of all 12 tin atoms.282 Prepared by an
analogous route, [(PriSn)9O8(OH)6]

5þ has a pyramidal cage structure with both tbp and octa-
hedral tin centers, linked by �3 oxo or �2 hydroxy ligands. The structure is further supported
by intramolecular OH���Cl hydrogen bonds.283,284

A different class of cluster with an octahedral frame is exampled by Sn6(�
3-O)4(�

3-OSiMe3)4,
which has all eight oxygen ligands bridging the faces of the Sn6 octahedron.

285 The oxo cluster
Sn6O4(MeO)4 shows luminescence at 77K, with 	max at 565 nm, probably due to a metal-centered
sp excited state.286

The reaction of Me2SnO with PhC(O)CH2C(O)CF3 in the presence of CF3CO2H leads to the
isolation of (111), a tetrameric complex in which the central (SnO)2 ring is planar and is itself
almost coplanar with the chelate rings. The tin centers all have tbp geometry with equatorial
methyl groups. The complex displays the structural motif of a �3 oxo ligand, seen in the structures
of a number of tin oxo species.287 The bridging (SnO)2 structure is also present in the hydroxy
bridged dimer [(But)2SnX(OH)]2.

288

The nature of the species present in aqueous solutions of tin and lead salts has been the
subject of much conjecture. Some information is now available following the crystallographic
identification of two complexes from aqueous solutions of MII(NO3)2. The open vertex
cubane [Sn3(OH)4](NO3)2 (Sn—OOH 2.149–2.345 Å) was crystallized from a solution of tin(II)
nitrate289 and the cubane [{Pb(OH)}]4(NO3)4 from a solution of lead(II) nitrate (Pb—OOH

2.387 Å ave.).290 While these structures may not represent all the species present in solution
under these conditions, it is an indication of the extent to which oligomerization can contribute
in this speciation.
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Lead also forms polynuclear assemblies supported by both monoanionic O-donor and oxo
ligands. Lead alkoxides can be prepared by the alcoholysis of the labile amino complex
(TMS2N)2Pb with a range of alcohols to give corresponding complexes of overall formula
(RO)2Pb (R¼Pri, But, C(Me)2Et, C(Et)3, CH(Me)CH2NMe2). The larger alcohols form linear
trinuclear complexes [(RO)2Pb]3 with each of the alcohol oxygens bridging two lead centers such
as with ButOH291 where the smaller form linear polymers with four-coordinate lead centers
bridged by alcohol oxygens in a distorted tbp geometry.292 By modifying the reaction conditions,
higher nuclearity complexes can be obtained such that the alcoholysis of (TMS2N)2Pb by ButOH
also forms (ButO)6OPb4 (112) and by ROH (R¼Et, Pri) gives (RO)4O4Pb6 (113). These com-
plexes have structures that are related to adamantane.293
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The reaction of (TMS2N)2Pb with But NCO gives both [(TMS2N)Pb(OSiMe3)]2 and Pb7(�
3-O)-

(�4-O)(�-OSiMe3)10.
294 The heptanuclear product seems at first sight to be a rather unusual

product, but does in fact have a strong resemblance to the product of the hydrolysis of
(PriO)2Pb.

295

3.7.5.3 Complexes with Monoanionic Bidentate Oxygen Ligands

Monobasic bis-oxygen chelates offer the possibility of forming a variety of complexes with M(14)
ions. The complex anions [Ph2(NO3)3Sn]

� and [Ph2(NO3)2ClSn]
� co-crystallize and the molecular

structure of these show bidenate coordination of the nitrate groups in all cases, leading to
pentagonal and hexagonal bipyramidal geometries with apical phenyl groups.296 Cupferron,
widely used as a chelating agent in analytical chemistry, forms complexes with tin that vary in
nuclearity depending upon the starting material used. With tin(IV) chloride, an eight coordinate
complex (PhN(O)NO)4Sn is formed, which has an irregular dodecahedral geometry in the crystal.
With Me3SnCl as the starting material, a tetrameric product [{PhN(O)NO}Me3Sn]4 is formed,
which has a central 20-membered [Sn4O8N8] ring.

297

Six-coordinate tin complexes of benzoylacetoacetonate are fluxional on the NMR timescale at
ambient temperatures.298 The mechanism of interconversion of isomers of Ph(Cl)Sn(Bzacac)2 has
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been examined by one and two-dimensional NMR studies that show the isomerization can
proceed by a Bailar twist, and that Ray-Dutt pathways and routes involving square planar
intermediates can be excluded.299 Triorganotin(IV) halides react with the sodium salts of 2,4,6-
heptanetrione, 1-Ph-1,3,5-hexanetrione, and 1,5-Ph2-1,3,5-pentanetrione to form mono- and
dinuclear complexes (114) and (115) (R¼Me, Et, Prn, Bun, Ph).300 The acetylacetone analogue
4-acyl-2,4-dihydro-5-Me-2-Ph-3-H-pyrazol-3-one reacts with Me2SnCl2 in the presence of sodium
methoxide to form (116) or (117) depending upon stoichiometry.301,302 Homoleptic tropolonate
complexes (trop)4M (M¼Ge, Sn) (trop¼ tropolonato) have been shown to comprise an ion pair
in the case of germanium as [(trop)3Ge](trop) and a genuine eight-coordinate tin in (trop)4Sn.
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3.7.5.4 Complexes with Carboxylates or Phosphinates

Carboxylates can act as monodentate, chelating, or bridging ligands. Carboxylate complexes of
Group 14 ions show all these coordination modes, depending upon the metal, the substitution on
the metal, and the substitution on the carboxylate.
Triphenylgermanium chloride reacts with the sodium salts of carboxylates (2-furanyl, 2-furanyl

vinyl, 2-(5-But)furanyl, 2-thiophenyl, 2-pyridinyl, 3-pyridinyl, 4-pyridinyl, 3-indinolyl, 3-indolyl-
methyl, and 3-indolylpropyl) to give in all cases four-coordinate germanium centers with mono-
dentate carboxylate coordination. Interestingly the complexes all show high in vitro activity
against human tumor cell lines MCF-7 and WiDr.304

Monodentate coordination is seen for the carboxylates in the complexes Ph3Sn(O2CC6H4X)
(X¼H, 2-Me, 2-NH2, 2-NMe2, 2-Cl, 4-Cl, 2-(OH), 4-(OH), 4-MeS, 2-MeO) in solution state by
119Sn NMR and Mössbauer spectroscopy. This persists in the solid with the exception of the 2-Cl
and 2-(OH) derivatives that both show Mössbauer spectra consistent with bridging structures.305

A different monodentate carboxylate is found in the complex Ph3SnCl(quinolinium-2-carbo-
xylate), where the five coordinate tin is bound in a monodentate fashion to the carboxylate, the
proton having migrated to the heterocyclic nitrogen, forming a Zwitterionic ligand.306 Picolinic
acid and picolinic acid N-oxide also form complexes R2Sn(pic)2 and [R2Sn(pic)]2O (R¼Me, Pri,
n-octyl, bn) (pic¼ picolenate) with monodentate carboxylate coordination supported by pyridine-
N or pyridine N-oxide O-coordination.307 The structurally similar ligands nicotinic acid and
nicotinic acid N-oxide form complexes R2Sn(nic)2 and [R2Sn(nic)]2O (nic¼ nicotinate) with che-
lated carboxylates seen in all cases308 and this chelating mode is by far the most commonly
encountered in carboxylate complexes of tin. Other examples of substituted carboxylates that
form complexes of this type include 2-BrC6H4CO2H

309 and 4-BrC6H4CO2H.
310

The carboxylate ligands in Me2Sn(OAc)2 are all chelating, giving a distorted octahedral
geometry to this prototypical tin carboxylate. Reaction with [N(Me)4][OAc] gives the triacetate
complex [N(Me)4][Me2Sn(OAc)3], which is seven-coordinate with one monodentate acetate.
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At ambient temperatures, the anion is fluxional with rapid exchange between the mono- and
bidentate acetates.311

The factors that influence the denticity of carboxylates are complex. As an illustration of the
variation of coordination behavior, the reaction of amino acid derivatives N-benzyl glycinate (1)
or N-benzoylglycylglycinate (2) with R2SnO forms complexes R2Sn(L)2 and [R2Sn(L)]2O
(R¼Me, Et, Prn, Bun, n-octyl). The mononuclear complexes have a distorted octahedral geom-
etry when R is Me, Prn, L is 1, and R is n-octyl, L is 2. In all of the other R2Sn(L)2 complexes, the
tin is four coordinate with monodentate carboxylate ligands. The dinuclear complexes have
chelated carboxylates when R is Me, Prn, L is 1 or R is Me or n-octyl, L is 2, but have bidentate
coordination of L through a monodentate carboxylate and monodentate amide carbonyl in all
other cases. The ligands 1 and 2 react with Ph3SnCl to form five coordinate complexes Ph3Sn(L)
with bidentate coordination of L through monodentate carboxylate and the amide carbonyl.312,313

The influence of the size of the substituents of the tin and the carboxylic acid have been
investigated using the series of complexes prepared from R2SnO and R1CO2H (R¼Bun, Bus, Bui,
But; R1¼Me, Et, Pri, But). In each case a reaction of stoichiometry tin:acid of 1:2 yielded the
expected R2Sn(�

2-O2CR
1)2, and stoichiometry 1:1 gave [R2Sn(�

2-O2CR
1)]2O except for the case

were all R groups are But, where the product was [But2Sn(�
2-O2CBu

t)(OH)]2, with a central
[Sn(OH)]2 ring. These data seem to suggest that there is little steric influence over the course of
these reactions except in the most extreme cases.314

The dicarboxylic acids HO2C(R)CO2H (R¼ (CH2)0–8, trans-CHCH, 1,4-C6H4) react with
Bu2SnO to form complexes of general formula Bu2Sn(O2CRCO2)2 and have, by solution 119Sn
and 13C NMR, oligo- and polymeric structures in which each tin is chelated by two carboxylates
from two different molecules of the diacid.315

Complexes [R2Sn(L)]2O and R2Sn(L)2 (R¼Me, Et, Prn, Bun, L¼ anion of 2-MeO-benzoic-
acid;316 R¼Et, Bun, L¼ anion of 2-MeS-nicotinic acid317 or 2-NH2-benzoic acid318 prepared
from R2SnO and LH in 1:1 and 1:2 stoichiometry, respectively, show distinct structural features.
The dinuclear complex (118) has a structure often seen for such carboxylates whereas the mono-
nuclear complexes have a distorted octahedral geometry. Other examples of ortho-substituted
benzoic acids that form complexes R2Sn(L)2 are 2-(OH)C6H4CO2H and 2-ClC6H4CO2H, the first
of which shows intermolecular hydrogen-bonding, forming dimers, and both of which show
asymmetric chelation of the carboxylate. The structures are described in terms of bicapped
tetrahedral geometry, with short Sn—C and two short Sn—O bonds and two long Sn—O
bonds.319 Thiophene-2-carboxylic acid also forms both 1:1 and 1:2 complexes (R¼Me, Et, Prn,
Bun, n-octyl) where the coordination of the ligand is exclusively through bidentate carboxylate
groups, with no participation from the neighboring thiophene.320

Bridging (�2-�1�1) carboxylates are a feature of polymeric R3Sn(O2CR) species which tend to
have extended linear oligo- or polymeric structures.321 An example of a dinuclear complex with a
bridging carboxylate that is not supported by other bridging groups is given by [Ph2Sn(O2CCX3)]2
(X¼H, F, Cl) where the separation Sn—Sn is in the range 2.69–3.77 Å for these complexes.322

Higher nuclearity complexes of this type can be prepared from the reaction of organostannoic
acids with carboxylic acids. The hexanuclear (119) is prepared from PhSn(O)OH and cyCO2H,
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and was the first example of a drum-shaped tin(IV) molecule of this class, although this structural
type is found for other main group metals.323 The molecule comprises two (SnO)3 rings linked by
carboxylate bridges between six-coordinate tin centers.324 This drum structure can be prepared
using a wide range of carboxylic acids and the same structure is also seen in the product of the
corresponding reactions with phosphinic and phosphoric acids. The structures of
(MeSn(O)O2CMe)6, [(MeSn(O)O2CMe3)(MeSn(O)O2PBu

t
2)]3, and [BunSn(O)O2P(OPh)2]6 all

exhibit the hexanuclear (Sn3O3)2 core.
325

The ladder structure is also a common structural motif for higher nuclearity tin carboxylate
clusters and can be seen as an unrolled drum structure, and this structural type (120), seen
in such complexes as [(BunSn(O)O2CPh)2(Bu

nSnClO2CPh)2]2
326 and {[Bu2SnO(R)]2O}2

(R¼C(O)CH2SC(O)N(CH2CH2)2O) is commonly found. The latter compound was more active
than cis platin against a number of cancer cell lines.327

Other complexes with different geometries can be prepared by varying the acid used, and
though there are no known examples of the drum structure for polynuclear tin complexes of
phosphinic acids, other structural types such as cubes [{BunSn(O)O2PBu

t
2}4] and butterflies

[{BunSn(OH)O2P(OPh)2O}{(PhO)PO2}] have been observed.328,329 Mixed complexes of phosphi-
nic and thiophosphinic acids show yet further structural types, as shown by the linear tetramer
(121), prepared from BunSn(O)OH, Ph2PO2H and Ph2P(S)OH

330 and the double cube (122)
prepared from the reaction of BunSn(O)(OH) and Ph2PO2H in the presence of elemental sulfur.331

Triphenylmetal monothiophosphinato complexes Ph3M(OSPR2) (M¼Ge, Sn; R¼Me, Et, Ph)
show monodentate coordination of the monothiophosphinate through oxygen to form the four-
coordinate germanium complexes and five-coordinate tbp tin complexes [{R2P(S)O}Ph2SnOH]2
with bridging hydroxy groups.332
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Carbon dioxide reversibly inserts into the Sn—O bond of compounds Bun3SnOR (R¼Me, Pri,
But, SnBun3) to give Ph3SnOCO2R. Treating these insertion products with caesium fluoride and
methyl iodide yields Bun3SnF and dimethyl carbonate.333

Lead(IV) carboxylates exhibit a less diverse coordination behavior, so that complexes of
N-protected amino acids Ph2Pb(L)2 (L¼R-LLeu-OH), ClCH2CO-X-OH (X¼Gly, DLAla,
LLeu), Cl3CC(O)-DLAla-OH, F3CC(O)-X-OH (X¼DLAla, LPhe) are polymeric six-coordinate
and Ph3Pb(L) five coordinate with tbp chain structures, showing bidentate carboxylates in both
cases.334,335 The pentanuclear {2,4,6-(CF3)3C6H2S}8(O)Pb5, (123) was isolated after adventitious
oxidation of the thiol complex [2,4,6-(CF3)3C6H2S]2Pb during isolation.336

Tin(II) carboxylates M2Sn(C2O4)2�nH2O (M¼NH4, Na, K, Rb, Cs; n¼ 0, 1) all exhibit
distorted square planar geometry as determined by Mössbauer spectroscopy. The molecular
structure of K2[Sn(O2C)2CH2)3]�H2O is polymeric with malonates that bridge tin centers
(124).337 Partial oxidation of (CF3CO2)2Sn allows isolation of the mixed oxidation state penta-
nuclear assembly SnIV4Sn

II(O)3(CF3CO2)8.
338
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3.7.5.5 Complexes with Dianionic Bidentate Oxygen Ligands

Germanium powder reacts with 3,5-But2 benzoquinone in refluxing toluene to give products that
comprise corresponding 3,5-But2catecholato complexes of germanium(IV). With an initial ratio
Ge:benzoquinone of 1:2, the product isolated is a neutral oligomeric species [Ge(3,5-But2cat2)]n
(cat¼ dianion of catechol). Addition of the chelating ligand bipy allows isolation of the mono-
nuclear (bipy)Ge(3,5-But2cat)2. If the ratio of metal: ligand is 3:1, the product is the six-coordinate
diradical species Ge(3,5-But2cat)2(3,5-Bu

t
2cat).

339 Other complexes (3,5-But2cat)GeX2 can be pre-
pared from the reaction of the benzoquinone with GeX2 (X2¼F2, Cl2, OMe2, Cl(OMe), F(OMe),
Et2, Ph2) or from either R2GeX2 or Ge(OMe)4 with the catechol.340 Dimethyl germanium(II),
generated by the thermolysis of 7-germanabornadienes341 reacts with linear, acyclic, or orthoqui-
none diketones to form the corresponding complexes Me2Ge(diol) (125)–(129).342

Catechol, tetrachlorocatechol, or 3,4-Me2-thiocatechol reacts with RGeCl3 (R¼Me, Ph) to
form the five coordinate anions [R(�2-L-E2)2Ge]

� with geometries close to tbp.343 The related
ethane-1,2-dithioate (edt) containing anion [Ph(edt)2Ge]

� has also been prepared344 as have the
mixed catechol-thiocatecholate complexes [NR4][X(C6H4SO)2Ge] (X¼F, Cl, Br) prepared from
(C6H4SO)2Ge and [NR4]X. The geometries of these complexes are distorted from tbp toward
square pyramidal and the extent of distortion is dependent upon the nature of the chelate ring.
Square pyramidal geometry seems to be stabilized in the cases where there are two unsaturated
five-membered chelate rings comprising like atoms within each ring.345 An X-ray crystallographic
study of K2[Ge(cat)3] has shown the geometry at the germanium to be close to octahedral.346

Six-coordinate (NH4)2[Sn(cat)3] complexes with a range of substituted catechols have been
prepared and characterized. The complexes are six-coordinate as determined by the value of �
in the 119Sn NMR. In the 1H NMR it is possible to observe well resolved long range 4J119Sn–1H
and 5J119Sn–1H couplings.347

Catecholato complexes of tin may also be prepared by the reaction of SnX2 (X¼Cl, Br, I) with
tetrachlorobenzoquinone in the presence of phen, yielding (phen)SnX2(C6Cl4O2). If TMEDA is
used in place of phen, a variety of products are formed, including the corresponding complexes
and (C6H18N2)[Sn(C6Cl4O2)3].

348
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Anodic oxidation of tin in the presence of catechol and derivatives (catH2, Br4catH2, 2,3-(HO)2-
naphth, 2,20-(OH)2biphenyl) gives complexes [Sn

II(L)]n which can be further converted to a range
of tin(II) and tin(IV) diolate complexes.349 The structure of [(4-NO2-cat)Sn�THF]n has been
determined and the geometry at the tin shown to be distorted square pyramidal with chelation
by one catechol (Sn—O 2.112, 2.208 Å), two intermolecular tin–oxygen bonds with two different
[(4-NO2cat)Sn�THF] units (Sn—O 2.430 Å) and coordination of a molecule of THF through the
ether oxygen (Sn—O 2.535 Å).350

The structure of (Me3Sn)2CO3 is polymeric in the solid state arising from the tridentate
coordination of the carbonate ion as (130). The C—O bonds show distinct differences in bond
lengths (1.267, 1.264, and 1.315 Å) which suggests that there is some localization of the charge
despite all three oxygens coordinating tin.351

(130)

Me

Sn

OMe

Me O
C

O

O
Me

Sn

O Me

Me

Sn

C

Sn

A number of examples of Zwitterionic five-coordinate germanium(IV) complexes with two
dianionic chelating ligands and an alkyl group with a remote basic nitrogen have been isolated
reported including mononuclear complexes with 2,3-(HO)2naphthalene

352 or 2-(HO)-carboxylates353

as the chelate.
Piperazine reacts with two equivalents of (chloromethyl)trimethoxygermanium(IV) to give [1,4-

bis(trimethoxygermyl)methyl]piperazine, which is further reacted with 2-Me-2-HO-propionic acid
to give the first dispirocyclic Zwitterionic germanium(IV) complex 	5Ge,	5Ge0-digermanate
meso[1,4-piperaziniumdiylbis(methylene)-{bis[bis-2-Me-2-OH-proprionateO,O]germanate}(131).
The complex comprises two pentacoordinate germanium(IV) centers with formal negative charges
and distorted tbp geometries with carboxylate oxygens in the axial positions (bond lengths Ge—O
1.769–1.919 Å).354
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The complexes (132) (Ge) and (133) (Sn) of the sterically demanding aryloxide react with
oxidizing agents to form the oxo-bridged dimer (134) and with 3,5-But2 benzoquinone to form
the four coordinate (135) in which the chelate is acting as a catecholate (Scheme 23).355
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Scheme 23

Germanium and tin complexes of 1,3-(SiMe3)2-4-Bu
t calix(4) arene can be prepared in both exo

(Ge, Sn) and endo (Ge) forms. In the endo form, the metal is two coordinate, but the extent to
which the ether oxygens are involved in bonding even in the exo forms is not clear. The distances
M–O(SiMe3) are not over long (Ge 2.421, 2.486; Sn 2.521, 2.532 Å) but their donating ability is in
doubt. The endo isomer is thermodynamically preferred for germanium, and is converted to the
exo form only on prolonged heating at >80 �C. The corresponding lead complex is unstable to
light and has not been characterized thoroughly.356,357

The general area of germanium and tin coordination by bidentate oxygen donor ligands has
been reviewed.358

3.7.5.6 Complexes with Neutral Sulfur Ligands

Diorganotin nitrate readily forms cationic complexes with a range of neutral ligands upon
dissociation of the nitrates. The thione Hmimt coordinates to tin giving the complexes
[R2Sn(Hmimt)4](NO3)2(R¼Me,359 Et,360 or Ph361 where all complexes have trans organic
groups.
The sulfur ligands 1,4-dithiane and 6aneS3 react with tin(IV) chloride or bromide to give

complexes (�2-1,4-dithiane)SnX4, (�
n-6aneS3)2SnX4,

362 and ligands 9aneS3 and 18aneS6 react
with tin(IV) chloride to give [�3-(9aneS3)SnCl3][SnCl5] and (�2,�2-�-18aneS6)(SnCl4)2. In the
ionic complex, the bond lengths Sn—Cl are 2.369 Å in the cation and 2.448 Å in the anion,
and in the latter complex, the two tin centers are symmetrically bound to two thioether
sulfurs giving overall six-coordinate tin centers.363 The larger thioether macrocycle 28aneS8
forms a dinuclear complex [(28aneS8)Pb2](ClO4)4 with inclusion of the two lead(II) within the
ligand leading to an [S4O4] coordination of each lead by the ligand and two chelating
perchlorates.364

3.7.5.7 Complexes of Anionic Monodentate Sulfur, Selenium, or Tellurium Ligands

The sterically stabilized aryloxides (132) and (133) have been reported and for the germanium
complex, shown to react with sulfur or gray selenium to afford the corresponding germathione or
selenone. The tin complex did not react with either chalcogen. The germathione and selenone each
react with 3,5-But-1,2-benzoquinone with extrusion of the sulfur or selenium to give the four-
coordinate catecholato bis aryloxy germanium compound.365

Direct reaction of sulfur with [2,4,6-{CH(SiMe3)2}3-C6H2](mes)MH2 (M¼Ge, Sn) gives the
tetrasulfur ring compounds which are converted to the germa- or stannathione on heating.365–367

The germanium complex (R)(mes)GeS4 reacts further with Ph2CN2 to give (R)(mes)Ge(S4CPh2)
and two isomers of (R)(mes)Ge(S4CPh2).

368 When [2,4,6-{CH(SiMe3)2}3C6H2](mes)GeBr2 is
treated with lithium naphthide and gray selenium (R)(mes) GeSe4 is formed, comprising a five
membered [GeSe4] ring. The ring can be contracted by reaction with three equivalents of
triphenylphosphine, forming triphenylphosphine selenide and the germaselenone R(mes)GeSe
(136) (Ge—Se 2.180 Å). The germaselenone reacts with mesCNO or PhNCS to give products
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with the corresponding (GeSeCNO) (137) and (GeSeCS) heterocycles (138) (Scheme 24).369–371

The tin selenones [2,4,6-{CH(SiMe3)2}3C6H2](R)SnSe (R¼ 2,4,6-Pri3C6H2, mes) (139) are avail-
able from the corresponding diaryl tin(II) and gray selenium372 and these selenones each react
with other chalcogen bearing molecules to yield products with tin-bound ring structures. Phenyl
isothiocyante gives a mixture of the phenyldiselena- and dithiastannanes (140) and (141) rather
than the expected mixed thiaselenastannane (Scheme 25). This is an intriguing reaction, which
seems to require a bimolecular intermediate to give rise to the observed products. The same diaryl
tin(II) reacts with carbon disulfide giving a product that is a symmetrical tetrathiaethylene-
bridged dimer.373 The corresponding lead(II) aryls react with sulfur to form R1R2PbS4

374 whereas
(2,4,6-Pri3C6H2)2Pb gives R1

2PbS4 and both [R1
2PbS]2 and R1

4Pb2S3 that have a central [Pb2S3]
ring. Interestingly, [2,4,6-{CH(SiMe3)2}3C6H2]2Pb reacts with sulfur to give no products contain-
ing lead and sulfur but principally R1SnR (n¼ 6, 8).375 The lead thione R1R2PbS is stable at
temperatures below �20 �C, above which it dimerizes, forming a (PbS)2 ring. Reaction with
phenyl isothiocyanate below �20 �C gives the phenyldithiaplumbane (142).376

Ge

TMS
TMS

TMS
TMS

TMS

TMS

Se

Se
Ge

O N

mes

R,R'
mesCNO

Ge
S

Se
NPhR,R'

PhNCS

(136) (138)

(137)

Scheme 24

R,R'Sn=Se Sn
Se

Se
NPhR,R' Sn

S

S
NPhR,R'+

(139) (140) (141)

PhNCS

Scheme 25

The tetraselenium ring in [2,4,6-{CH(SiMe3)2}3C6H2](R)SnSe4 (R¼ 2,4,6-(Cy3)C6H2, 2,4,6-
(CHEt2)C6H2, 2,6-(2-Pr

iC6H4)2C6H3) can be contracted to form the selenone again by reaction
with three equivalents of triphenylphosphine. Unusual among such monochalcogenides, these
complexes are monomeric under ambient conditions, presumably by virtue of the enormous
ligands, where the other known examples all dimerize by forming [SnE]2 bridges. By using only
two equivalents of triphenylphosphine in the ring contracting deselenation, the remarkable
perselenide [2,4,6-{CH(SiMe3)2}3C6H2](R)SnSe2 can be isolated (Se—Se 2.524 Å, Sn—Se 2.530
(ave.) Å).377

The area of germanium sulfide cluster anions has been enriched by the publication of a number
of new compounds. The structure of the quaternary germanium sulfide AgLa3GeS9 has been
elucidated and shown to comprise La3GeS4 cubes linked through Ge—S bonds to form a three
dimensional array.378 In contrast, the anion [CuGe2S5]

� comprises [Ge4S10]
4� units.379

The combination of germanium sulfide, silver acetate, and DABCO leads to the formation of
the complex sulfide [(DABCO)2(H5O2)]AgGe4S10, which has a three dimensional array of Ge4S10
clusters linked by triply bridging silver ions.380 Germanium, selenium, and silver acetate react in
the presence of M2CO3 (M¼Rb, Cs) to give M3AgGe4S10. This structure is somewhat different,
with a four-fold Ag-[Ge4S10] interaction in the solid.381 The nonadamantane [5.1.1.1] tetragerma-
hexachalcogenanes (143) are prepared from the reaction of RGeCl3 with the appropriate lithium
chalcogenide382 or (NH4)2S5.

383 These rearrange to the more stable [3.3.1.1] adamantane structure
on heating. In reaction with hydrogen sulfide, ButGeCl3 forms the cyclic tetramer (144) which
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again rearranges thermally to the adamantane structure.383 Adamantane (RGe)4E6 structures can
also be prepared from the reactions of RGeCl3 with (H3Si)2E (R¼CF3, Et, E¼ S; R¼CF3,
E¼ Se).384 Corresponding tin complexes (RSn)4S6 can be prepared from RSnCl3 and either Na2S
or (Me3Si)2S, but using R2SnCl2 leads to the cyclotrimeric (R2SnS)3.

385
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The selenide or telluride Rb2GeE4, prepared from Rb2CO3, germanium, and the chalcogen, has
been reported. When E¼ Se, the structure comprises tetrahedral [GeSe4] units with terminal
(2.27–2.30 Å) and bridging (2.42–2.44 Å) Ge—Se bonds. Also isolated from the same reaction,
Rb4Ge4Se10 has an adamantane Ge4S10 with terminal (2.25 Å) and cage (2.40–2.39 Å) Ge—Se
bonds.386

Sodium sulfide reacts with [PPh4][SnCl3] to give [PPh4]2[Sn(S4)3] with discrete six-coordinate tin
centers, whereas {NHMe3][Sn3S7] comprises sheets of 24-membered rings having six [Sn3S4] units
connected through sulfide bridges at each tin.387,388 Hydrothermal reaction of caesium carbonate
with tin(IV) sulfide at 130 �C gives Cs4Sn5S12�2H2O which comprises polythiostannate(IV) sheet
anions [Sn5S12]

4� with octahedral [SnS6] and pyramidal [SnS5] units.
389

Tin selenide Bi2Sn3Se6 can be reduced by potassium in the presence of [PPh4]
þ to give the

anionic [Sn2Se4Ph2]
� which has a planar (SnSe)2 ring, analogous to (SnO)2, substituted with trans

phenyl groups and selenides.390 The tin chalcogenides [Sn2E6]
4� (145) and [Sn2E7]

4� (146) (E¼ Se, Te)
can be isolated by extracting the alloys K3Sn2Se6 or K3Sn2Te5 with alkaline solutions containing
[2,2,2].391 From the same reaction, the first mixed hydroxychalcogeno anion of tin was isolated
[(HO)Te3Sn]

3�. The telluride version of (145) can also be prepared from the reaction of the Zintl
anion [Sn9]

4� with elemental tellurium.392 The reaction of potassium or rubidium carbonate with
tin and selenium in aqueous methanol gives MI

6Sn4Se11�8H2O, which comprises [Sn4Se11]
6� ions

where the corresponding reaction with caesium carbonate gives a product containing the
[Sn2Se5]

2� ion, which has a chair configuration. Chains of [Sn3Se7]
2� are formed in the reaction

using tetraethyl ammonium in place of an alkali metal ion.393
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Cyclic trimeric [Bun2SnTe]3 is formed in the reaction of [NH4]2Te and Bun2SnCl2 and can be
used as a single source precursor to cubic tin selenide.394

3.7.5.8 Complexes of Anionic Bidentate Sulfur, Selenium, or Tellurium Ligands

Carbon disulfide inserts into the tin–carbon bonds of (2,4,6-But3C6H2)2Sn to form both (2,4,6-
But3C6H2)(�

2-2,4,6-But3C6H2CS2S,S)Sn and (�2-2,4,6-But3C6H2CS2S,S)2Sn.
395 A similar insertion

is also seen for (RS)2Pb complexes (R¼ 2,6-CH(SiMe3)2-4-C(SiMe3)3C6H2, 2,4,6-CH-
(SiMe3)3C6H2, the first examples of thiocarbonate complexes of lead(II).

396

Organotin complexes R3Sn(L) (R¼Me, Ph; L¼ S2CNEt2, S2COEt, S2P(OEt)2), R2Sn(L)2
(R¼Me, Bun, But, Ph), and R2SnX(L) (R¼Me, Bun, But, X¼Cl; R¼Ph, X¼Cl, Br) were
studied by NMR spectroscopy. For triorganotin derivatives, only dithiocarbamate shows spectra
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consistent with a chelation by the sulfur ligand at ambient temperatures, the other ligands being
involved in rapid interconversion between monodentate and chelate attachment. In solution, the
dithiocarbamate ligands are chelating in Me2Sn(S2CNEt2)2 but are monodentate in (But)2Sn
(S2CNEt2)2. The diorganotin derivatives are more effectively chelated, and the extent to which
the molecule is nonrigid in solution is dependent upon the nature of the organic ligand, such
that at �100 �C Ph2SnCl(S2CNEt2) is stereochemically rigid in solution and (But)2SnCl(S2CNEt2)
is not.397

Diorganotin bis(xanthates) R1
2Sn(S2COR

2)2 (R
1¼Me, Et, Bun, Ph; R2¼Et, CHMe2, cy) also

exhibit the asymmetric bonding of the two sulfur atoms to the extent that the six-coordinate
complexes are skewed trapezoidal rather than octahedral in geometry.398 Dimethyl bis(ethoxy-
xanthato)tin(IV) exhibits a solution 119Sn NMR indicating that the complex is four-coordinate
whereas the crystal structure shows a six-coordinate geometry albeit with markedly asymmetric
Sn–S interactions.399 In a similar vein, the complex BuPhSn(S2CNMe2) also shows an asymmetric
coordination of the chelate with bond lengths Sn–S of 2.466 and 3.079 Å. The diethyldithiocar-
bamate complex has Sn—S bonds that are closer in length (2.454 and 3.764 Å) but still show an
asymmetry.400 A useful qualitative discussion of the observed asymmetry in Sn–S bonds for
tin(IV) dithiolates has appeared.401 Thiocarboxylic acids form five-coordinate complexes with
M(14) such as (4-MeC6H4CS2)MPh3 (M¼Ge, Sn, Pb) that also show anisobidentate coordin-
ation of the [S2] donor set.

402

With dimethyl dithiophosphinic acid, germanium(IV) chloride forms a tetrahedral complex
(Ge—S 2.218–2.236 Å) with monodentate coordination of the ligand403 as do the organotin
dithiophosphates Me3Sn(S2P(OEt)2) and MeSn(S2P(OEt)2)3.

404

Tin(II) complexes of dithiophosphates [(RO)2PS2]2Sn (R¼Me, Et, Pri, Ph) have a dimeric
structure comprising five-coordinate tin centers, each coordinated by an approximately symmet-
rical chelating ligand (Sn—S 2.830, 2.623 Å) and one short and two long intermolecular bridging
interactions (Sn—S 2.651, 3.042, 3.391 Å).405

Bis(diorganophosphorylchalcogeno)amides [{R2P(E)}2N]
� are compounds with excellent ligand

properties and there are a correspondingly large number of complexes known. Complexes of the
Group 14 metals are known mostly for the MII state although [{Ph2P(S)}2N]2SnMe2 has been
reported.406 For MII, the complexes [{R2P(E)}2N]2M (R¼Ph, E¼O, M¼ Sn;407 R¼Ph, E¼ S,
M¼Pb;408 R¼Ph, E¼ Se, M¼ Sn, Pb409) a distorted tbp geometry is observed. The complex
[{Ph2P(Se)}2N]Sn also crystallizes in a second form giving the first example of a square planar
spiro tin(II) complex.410 Unsymmetrical examples can also be prepared and can be used to form
complexes such as [{Ph2P(S)}{Ph2P(O)}N]2M (M¼ Sn, Pb).411

Alkyl and aryltin(IV) diphenyldithioarsenates RnSn(S2AsPh2)4�n (n¼ 2, R¼Me, Bun, Ph; n¼ 3,
R¼Me, cy, Ph) are available from the organotin halides and the sodium salt of diphenyldithio-
arsenates. The dialkyl and trialkyltin species are four-coordinate by spectroscopy whereas the
phenyl derivatives are six-coordinate. A structural study of Me2Sn(S2AsMe2)2 reveals a four-
coordinate tin center with monodentate coordination of the dithioarsenate.412

3.7.5.9 Complexes of Dianionic Bidentate Sulfur, Selenium, or Tellurium Ligands

Lawesson’s reagent reacts with germanium amines to give products that vary according to the
nature of the starting material. Germanium(II) amine [HCN(Pri)]2Ge gives the oxidized bis
chelated product (147) whereas (TMS2N)2Ge gives (148), with the monodentate amines intact.413

Germanium complexes (C2H4E2)Ge (E2¼ S2, SO) react with 3,5-But2benzoquinone to give the
mixed (3,5-But2cat)Ge(C2H4E2) complexes. These rearrange rapidly to give the homoleptic com-
plexes (3,5-But2cat)2Ge and (C2H4E2)2Ge.

414 The reaction of K2[edt] with R2SnCl2 or tin(IV)
chloride gives the complexes R2Sn(edt) or (edt)2Sn, respectively. The complexes Bu

n
2Sn(edt) have

a six-coordinate geometry in the solid state with two intermolecular Sn���S interactions complet-
ing the coordination sphere and forming a linear polymer. If the R group is smaller, the geometry
at the tin is five-coordinate tbp, with only one strong intermolecular Sn–S interaction.415 The
dianion of toluene 3,4-dithiolate (tdt) forms analogous complexes (tdt)2Sn, which has a similar
solid-state structure with intermolecular Sn���S interactions making a six-coordinate geometry at
the tin. Addition of bases DMSO or triphenylphosphine oxide gives the mononuclear
(tdt)2Sn(base)2 complexes with trans disposition of the monodentate ligands.416 Anionic edt
complexes [Et4N][(edt)2SnR] (R¼Bun, Ph) and [Et4N]2[(edt)2R(Cl)SnSCH2]2 show square pyram-
idal geometries for the mononuclear complexes and distorted tbp for the dimeric complexes.417
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The five-coordinate complexes [A][(L)2SnX] (A¼Ph3MeP, H2L¼ 3,4-tdt, X¼Cl (149); A¼Et4N,
H2L¼ 2-O-SC6H4, X¼F (150), Cl (151)) can be prepared by addition of [Ph3MeP]Cl to Sn(3,4-
toluenedithiolate)2 or by direct reaction of tin(IV) acetate, 2-OH-thiophenol, and [Et4N]X. The
sulfur-coordinated (149) has a square pyramidal geometry at the tin, where the mixed oxygen–
sulfur complexes (150) and (151) have tbp geometries. These complexes can be hydrolyzed to form
six-coordinate tin species, such as [Et4N][H]3[(L)3Sn] from (150), which have distorted octahedral
geometry.418

Dithiolates (R3M)2(L) (L¼ 3,4-tdt, M¼ Sn, Pb, R¼Ph; L¼ 1,2-Me2-bdt, M¼ Sn, R¼Me, Ph;
M¼Pb, R¼Ph), R2M(L) (L¼ 1,2-bdt, M¼Pb, R¼Me, Et, Pb; L¼ 3,4-tdt, M¼ Sn,R¼Me, Ph,
M¼Pb, R¼Me, Et, Ph; L¼ 2,3-dithioquinoxaline, M¼Pb, R¼Ph), and Pb(L)n (L¼ 1,2-bdt,
n¼ 2; L¼ 3,4-tdt, n¼ 2; L¼ 1,2-Me2-bdt, n¼ 1 or 2) all exhibit spectral properties consistent with
mononuclear complexes having four-coordinate geometries.419

In an attempt to prepare new dithiolate complexes Ph2PbCl2 was allowed to react with
(NR4)2[Zn(MNT)2], giving Ph2Pb(MNT)2, which further reacts with (NR4)I to give
(NR4)[Ph2Pb(MNT)2I]. Triphenyllead chloride reacts with (NR4)2[Zn(MNT)2] to give
(Ph3Pb)2(MNT) which has symmetrical monodentate coordination of [MNT]2� (Pb—S 2.523,
2.580 Å).420

Lead(II) ethane-1,2-dithiolate is polymeric in the solid state with each lead is chelated by a
dithiolate and has a further four close interactions with other neighboring sulfur atoms, giving an
overall six-coordinate geometry.421 The chelating ligands K2[E2C2(CN)2] (E¼ S, Se) react with
lead to give the complexes MI

2[{(CN)2C2E2}2Pb] (M
I¼K, E¼ S; MI¼Ph4As, E¼ Se).422,423

3.7.6 COMPLEXES WITH GROUP 17 LIGANDS

Halide complexes of Group 14 metals continue to offer surprises in their structural chemistry.
A new fluoro complex of germanium Ge7F16 has been isolated from the decomposition of
germanium(IV) fluoride and shown by crystallography to comprise sheets of [Ge6F10]

2þ clusters
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interspersed by [GeF6]
2� anions.424 A different structural motif is seen in [Ge5Cl12�GeCl4], a

product isolated from the thermal decomposition of germanium(IV) chloride. The pentanuclear
cluster has a neopentyl arrangement of germanium atoms and has Ge—Cl bond lengths that are
longer than those in the GeCl4 unit (2.119 cf. 2.081 Å).425

Addition of excess fluoride ions to aqueous or acetonitrile solutions of (CF3)3GeX (X¼F, Cl,
Br) or (CF3)4Ge gives the tbp complex [(CF3)3GeF2]

-, and octahedral fac [(CF3)3GeF3]
2� or cis

[(CF3)4GeF2]
2�, respectively. The structures of the anions have been elucidated by 19F NMR and

a crystallographic study of [N(Me)4][(CF3)3GeF2] shows the anion to have axial fluorides and
equatorial CF3 groups.

426

Addition of [Et4N]F to a solution of Me2SnF2 leads to the formation of the organofluorostan-
nate [Me4Sn2F5]

�. The dimeric structure is derived from [Me2SnF3]
�, and even at low temperatures

there is no evidence of coupling between the fluorine and tin nucleii, indicating a rapid fluxional
process.427

Structural studies on anionic heptafluoro complexes [X]3þ[F7M]3� (X¼ (NH4)3, M¼ Sn;428,429

X¼Ln, Tl, M¼ Sn, Pb430 show that the complexes comprise octahedral [F6M]2� ions and
isolated fluoride ions rather than any seven-coordinate metals. Other tin fluorides have more
complex structures, such as the dimeric [Sn2F4]

2� ion present in [NH4]4[Sn2F4](NO3)2
431 and in

mixed halide complexes, such as Cs2Sn6Br3F11 which has in the crystal three distinct tin sites, each
of which has close contacts with the fluoride ions only.432 The electronic effects of adduct
formation of halides of germanium(IV) and tin(IV) have been reviewed with particular reference
to the geometry of the complexes formed.433

Complexes of simple N-donor ligands with germanium(IV) fluoride have been studied at low
temperatures by matrix isolation techniques. Complexes RCN�GeF4 (R¼H, Me) and py�GeF4

give IR spectra consistent with simple complexation by coordination through the nitrogen, even
in the case of HCN. For the pyridine complex, the shift in the bands associated with the pyridine
were comparable with those seen in pyridine complexes of transition metal ions and are greater
than those seen for the corresponding silicon complex, giving an indication of the acidity of the
germanium in germanium(IV) fluoride.434,435

Six-coordinate mixed halide complexes of tin(IV) supported by pyridine can be prepared from
the addition of X2 (X¼Br, I) and XI�py (X¼Cl, Br) to SnCl2 in the presence of excess pyridine
as SnCl2X2py2 (X¼Br, I), SnCl3Ipy2, and SnCl2BrIpy2. From the IR data of the complexes it is
possible to extract a linear regression from the change in the values of the frequency of some of
the bands arising from the pyridine ligands in the IR spectra and the electronegativity of the
halides.436

Tin(II) difluoride oxidatively adds X2 (X¼Cl, Br) in acetonitrile solution to form the mixed
monomeric halide (MeCN)2SnF2Cl2 and oligomeric [(MeCN)2SnF2Br2]n. For the reaction with I2,
the product obtained is (MeCN)2SnF4, and as such represents a new and convenient route to the
tetrafluoride, by the elimination of the solvent molecules. These may also be exchanged for a
range of other ligands, and complexes with DMSO, DMF, THF, and pyridine were reported. In
DMSO solution the same reactions lead to disproportionation products in preference to the
mixed halides prepared in acetonitrile.437

Correlation of the 35Cl and 79Br NQR spectra of four- and five-coordinate organohalides
of germanium and tin with structural studies on the same compounds has shown that NQR
can be a rapid and effective method for determining the structure of such compounds.438,439

The valuable report of a route to the important starting material GeCl2�diox and a range of
other germanium(II) chloride adducts has appeared. Easy access to these useful compounds is
very likely to increase their application in a range of reactions.440 Variable temperature solid-state
NMR studies of PbF2 have been used to probe the mechanism of fluoride mobility in the lattice.
The pathway of the motion of the fluoride has been made on the basis of the lowest resistance to
mobility associated with the largest lattice holes.441 The reaction of [PPh4]Cl with PbCl2 forms the
trichloroplumbate(II) ion, which has a similar structure to the triiodoplumbate(II).442

The structural features of iodo complexes are somewhat more complex than those of the lighter
halogens, and a range of new iodo complexes of M(14) have been reported. The tin complex
[(NH3)(CH2)3][SnI4] has six six-coordinate tin ions in the asymmetric unit, four edge-sharing and
two face-sharing,443 whereas the complex iodides [(Me2NCH2)2][SnI4] and [PPh4][Sn2I6] comprise
chains of weakly associated [SnI4]

2� and [SnI3]
� ions in the solid state.444

The complex [(Bu3NCH2)2][Pb5I16]�4DMF has in its crystal structure an iodoplumbate ion with
D5h symmetry. Five nearly octahedral [PbI6] units are disposed in a planar ring, each sharing a
single iodide at the center of the ring and each having two sets of two bridging iodides that make
up the central square plane. The coordination is completed by a single terminal iodide trans to the
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central shared iodide.445 In [PPh4][Pb2I6] and [{N(Bun3)}2(CH2)3][PbI4] the lead ions are all four
coordinate.446 The product of the reaction of lead(II) iodide, sodium iodide, and 1,10-Me2-4,4

0-
bipyridinium dichloride dihydrate in acetone comprises a linear polymer of face-sharing [PbI6]
octahedra.447 The reaction of lead(II) iodide, sodium iodide, and [(Prn3N)2(CH2)3]

2þ in DMF
leads to [(Prn3N)2(CH2)3][Pb6I14]�4(DMF) and [(Prn3N)2(CH2)3][{Pb(DMF)6}Pb5I14]�DMF. The
former comprises [PbI6]

4- and [PbI5(DMF)]3� octahedra sharing edges forming a one-dimensional
polymeric structure, the latter comprises lead surrounded by either six bridging iodides, in
[Pb5I16]

4�, or six DMF molecules. In the structure of [(Me3N)2(CH2)3][Pb5I7] there are layers of
six-coordinate iodoplumbate ions interspersed with noncoordinating iodide ions.448 However, the
giant of this family of compounds is the truly extraordinary (Bu4N)8[Pb18I44], characterized
crystallographically and shown to comprise lead ions coordinated in six-coordinate environments
by iodides in a structure reminiscent of an octahedral section of the NaCl lattice.449 The strategy
of including hydrogen-bonding counterions or the inclusion of such solvents in order to partially
influence the structure of polyhalo complexes has been discussed.450

Lead tetrafluorostannate has a range of useful conducting properties and has been much
studied as a result. A crystallographic investigation reveals a structure in which there are two
distinct sites for fluoride coordination to tin and a large number of partially occupied sites. These
results suggest that the high fluoride mobility may be due to the existence of near-equivalent sites
that serve to lower the energy barrier to ion mobility.451

3.7.7 COMPLEXES OF HYDRIDE LIGANDS

There has been a marked increase in interest in the hydrides of Group 14 metals arising from the
potential use of these metals, principally germanium, in the electronics industry, and the need to
find routes to volatile pure compounds for vapor deposition processes. Accordingly, a number of
new methods of preparation of both low molecular weight reactive germanes and stable primary
germanes have appeared.
The copper-catalyzed reaction of germanium metal with dibromo- or dichloromethane gives

mixtures of products depending upon the organohalide used (Scheme 26). All of these organo-
germanium halides can be converted to germanes (Scheme 26) making this a very productive
approach to germane synthesis.452,453 Similar reactions with suitable organohalosilanes gives
access to mixed volatile germasilanes which are precursors to GeSi materials.454

Ge
Cu

CH2Cl2
MeGeCl3 + CH2(GeCl3)2 + (Cl2GeCH2)3

H–
 MeGeH3 + CH2(GeH3)2 + (H2GeCH2)3 + H2Ge(CH2GeH2)2

Ge
Cu

CH2Br2

MeGeBr3 + CH2(GeBr3)2 + Br3GeCH2Br+ (Br2GeCH2)3
H–

MeGeH3 + CH2(GeH3)2 + H3GeCH2Br+ (H2GeCH2)

Scheme 26

General routes to primary and secondary germanes have been developed, either by the oxida-
tive addition of RX to GeCl2�diox followed by hydride reduction of the RGeCl2X formed or by
the reaction of Grignard reagents R1MgX with Ge(OR2)4 compounds, and hydride reduction of
the R1Ge(OR2)3 (Scheme 27). For some of these germanes the 73Ge NMR spectra show well-
resolved spectra and 1J1H-73Ge of ca. 100 Hz.455 Insertion of GeH2, prepared from the flash
photolysis of 3,4-Me2-germacyclopentane, into GeH4 gives Ge2H6 in high yield.456

(EtO)4Ge + RMgX H–
(EtO)3GeR H3GeR

GeCl2 + RX H–
H3GeRRGeCl2

Scheme 27

The first stable crystalline primary germane (152) has been prepared. The complex is monomeric in
the solid state.457 Primary germanes are also liable to dehydrocoupling in the presence of Cp2ZrCl2/
BunLi forming poly(organogermanes) with moderate (3� 104�7� 104) molecular weight.458
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GeH3

(152)

The first well-characterized tin(II) hydride has been prepared from the DIBAH reduction of
[2,6-(trip)2C6H3]SnCl. The hydride is isolated as orange crystals from a blue solution, and has a
dimeric structure with a central (SnH)2 ring. The geometry at the tin centers is distinctly
pyramidal, indicating that the lone pair is stereochemically active.459

3.7.8 COMPLEXES OF LIGANDS WITH MIXED DONOR SETS

3.7.8.1 Complexes of Heterobidentate Ligands

An important group of compounds in this class are those with tethered [C,X] ligands, where an
organic group bound to the metal comprises a functional group at an appropriate distance from
the ipso carbon to allow the coordination of this group to the same metal center, forming a ring
structure. In some cases, the tethered group supports the M(14)—C bond, and in some, the
M(14)—C bond supports the coordination of an indifferent ligand.
Germanium—aryl bonds can be stabilized by intramolecular coordination of the germanium by

secondary donor groups on the organic ligand, such as the methoxy substituent on the naphtha-
lide (153). The supporting role played by this oxygen donor (Ge—O ca. 2.357 Å) seems to
facilitate the formation of a range of stable complexes.460

(153)

O

Ge

Me

H

X

R

R = H, X  = TfO
R = Ph, X =TfO
R = Ph, X = I
R = 8-MeO-Naphth, X = TfO
R = 8-MeO-Naphth, X = I

A series of complexes of general formula [Me2N(CH2)3]M
IVPhyXz (M¼Ge, Sn, Pb; y¼ 0–3;

X¼Cl, Br, I, OPh; z¼ 0–3) have been prepared and shown to exhibit intramolecular coordination
of the dimethyamino group to the metal, forming a five-membered ring structure centered on a
distorted tbp metal. The complexes were studied by a range of spectroscopic techniques to
establish the correlation between the electronegativity of the complementary ligand set and the
strength of the metal to nitrogen interaction. The 13C NMR spectra are particularly useful in
assessing the strength of this interaction because of the strong dependence of the value of � for the
�-methylene carbon upon the geometry of the ring formed by the intramolecular chelation.461

A further example is given by the bicyclic complex (Me2SnCH2CH2)2P(O)Ph wherein the oxygen
coordinates to both tin centers in chloroform solution but is displaced from one tin on addition of
a coordinating solvent molecule such as pyridine.462 In the same way, the complex ClMe2Sn{CH2-
SiH2CH2P(O)(OEt)2} shows intramolecular coordination of the phosphine oxide (Sn—O
2.371 Å), giving rise to a six membered ring with a chair conformation in the solid state463 and
similarly the dimethyldithiocarbamate complex (MeCO2CH2CH2)SnCl2(S2CNMe2) has intra-
molecular coordination of the ester carbonyl.464,465 The rings remain intact in solution according
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to NMR experiments.463 The �-alkoxytin trichlorides (OH)(CH2)nSnCl3 (n¼ 3–5) have five-
coordinate tin centers. When n is 5 there is intermolecular Sn–(OH) coordination, and the
crystal structure shows a bond length Sn—O of 2.365 Å. For the cases where n is three or four,
the coordination is intramolecular, forming five- and six-membered rings.466

Dimeric intramolecularly coordinated organotin sulfides [(Me2NCH2CH2CH2)2SnS]2 have an
octahedral trans-cis-cis [C2N2S2] donor set in which the alkyl derivatives are trans, the bridging
sulfur ligands are obliged to be cis and the dimethylamino nitrogens are necessarily cis to
complete the octahedral geometry. The (SnS)2 ring is planar as is seen for all cases, and although
the intramolecular coordination of the nitrogen is temperature dependent, the (SnS)2 ring remains
intact in solution.467

Tin(IV) coordinates 2-thienyl pyridine not through a [N,S] chelate but rather a [C,N] donor set,
with activation of the proton on the 2-thienyl position, such as bis[3-(2-pyridyl)-2-thienyl]Ph2Sn,
(154).468

Bis(lactamoylmethyl)germanium dichlorides react with TMSX (X¼Br, I, TfO), LiZ (Z¼Br, I,
ClO4), or AgA (A¼F, BF4) to yield products where the extent to which the halides are exchanged
is dependent upon the nature of the anion rather than stoichiometry. For the noncoordinating
anions TfO, ClO4, and BF4 only one chloride is exchanged, giving products (155) with an all trans
disposition of ligands. In reactions with the more coordinating anions, both chlorides may be
exchanged giving products with the oxygens and monodentate ligands both cis and the
carbons trans.469

Sn

Ph

Ph
N

S N

S

(154) (155)

Ge
O N

ON

(CH2)n

(H2C)n

Cl

L

Stable five-coordinate anionic complexes bis[�,�-bis(CF3)benzenemethanolato]stannates (156)
have been reported. Reaction of (156) (R¼Ph, 4-MeC6H4) with SO2Cl2 gives the corresponding
chlorostannates which were metathesized to the fluoro complexes with [Bu4N]F.

470

Lead(II) chloride reacts with lithiated dimethylamino(ferrocenyl)methane to give (157). In the
solid state, the complex exists in the meso form, but in solution it rapidly converts to a mixture of
both the meso and rac forms.471 The general area of intramolecular coordination chemistry of
tethered [C,X] donor ligands has been reviewed.472

Thioacetic acid reacts with ButGeCl3 to form the five-coordinate tbp (158), with one doubly
and one singly deprotonated thioacetate ligand.473 The disodium salt of 2-thioethanol reacts with
BunSnCl3 to give the trinuclear (159) in which the bridges are again of the (SnO)2 type. Attempts
to replace the remaining chloro group by reaction with a Grignard reagent lead instead to the
isolation of (160), which dimerizes in the solid state through Sn���O interactions.474 The structure
of Me2Sn(2-pyridinethiolato-N-oxide)2 exhibits very asymmetric chelation of the [S,O] donor and
shows a skewed trapezoidal bipyramidal geometry with the methyl groups in axial positions.475

(156)

RSn

O

O

F3C CF3

F3
CF3

–C

(157)

Fe
Pb

NMe2

Fe

N
Me2

(158)

ButGe
S

S

O

O

O

OH

592 Germanium, Tin, and Lead



(159)

S

Sn

O

OS

S

Sn

O

O S

Sn

Cl

S

Sn

O

SHO

OH

Sn

S

O S

(160)

In the majority its complexes, 8-HO-quinoline (LH) is a chelating [N,O] donor, but in com-
plexes R3Sn(L) (R¼Me, Et, Pri, Bun, Ph) the ligand is coordinated in a monodentate fashion
through the oxygen alone in solution according to 119Sn NMR data476 while for tricyclohexyl
stannyl complexes of substituted 8-hydroxyquinolines chelation is observed.477 The substituted
ligand in complexes (161) acts as a chelate.478

N

ONNPh

Sn

2
R

X

(161)

N
Sn

O

O N OH

O

Sn

Sn
OX

(162)

R2

R2

The Schiff-base salicylaldoximate forms two trinuclear complexes with tin upon refluxing with
dimethyltin oxide (162). In both cases, the complex has a [L2Me6Sn3] unit with a bridging group
X, which is either a fluoride or the oxygen of a second salicylaldoxime.479 Other bidentate [N,O]
Schiff base ligands form stable complexes with tin that have antifungal activity.480

3.7.8.2 Complexes of Heterotridentate Ligands

The tolerance for diverse ligand type and coordination number makes the heavier members of
Group 14 especially liable to coordinate ligands of higher denticity and with more varied donor
atom type.
The dianions of N-substituted diethanolamines coordinate germanium through an [NO2] donor

set in the five coordinate complex {RN(CH2CH2O)2}Ge(OH)2 (R¼H, Me). The two hydroxy
ligands are labile and readily displaced by bidentate ligands LH2 (diols, �-hydroxy carboxylic
acids, oxalic acid, 2-NH2phenol) to give the neutral five-coordinate complexes HN(CH2CH2O)2-
Ge(L). The coordination of nitrogen is confirmed by NMR data and in the case where LH2 is
Ph2C(OH)CO2H, by crystallography (Ge—N 2.08 Å).481

Five coordinate germanium(IV) complexes 1,1,5-trimethyl-2,8-dioxa-5-aza-1-germa-bicyclo
[3.3.01,5]octane diones (163) can be prepared from the reaction of R2GeX2 (R¼Me, Ph;
X¼Cl, OR) with MeN(CH2CO2H)2.

482 Tridentate ligand 5-aza-2,2,8,8-tetramethylnonane-
3,7-dione reacts with tin(IV) chloride to form (164), comprising a tin(II) center which is liable
to oxidation by SO2Cl2 to form (165).483

The pyridine-based stannatrane (166) can be prepared from Bun2SnO and 2,6-(CH2OH)2
pyridine.484 Aldimino alcohols react with Bun2Sn(NMe2)2 to form initially N,O-chelated com-
plexes that quickly dimerize to give five-coordinate geometries such as (167).485

The fluxional behavior of five-coordinate tin complexes of N-methyl diethanolamine and
N-methyl diethylthiolate has been investigated. In the solid state, the structure of But2Sn-
(OCH2CH2)2NMe has oxygen in the axial positions and equatorial alkyl and nitrogen ligands
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(Sn—O 2.58 Å) where the sulfur analogue Me2Sn(SCH2CH2)2NMe has equatorial sulfur coord-
ination and an axial alkyl and nitrogen ligand (Sn—S 2.431 Å, ave.). This difference in disposition
of ligands may arise from the change in electronegativity on going from oxygen to sulfur donors,
or from the change in size of the alkyl ligand. The exchange of ligand positions in the fluxional
processes in solution proceeds through a Berry pseudo-rotation process at low temperatures and
by a dissociation–inversion pathway at higher temperatures.486

The complex [PhSn(SCH2CH2)2NMe]2CH2 has two five-coordinate tin centers, each coord-
inated by a tridentate [N,S,S] and phenyl and the bridging methylene. In the solid state, the
phenyl groups occupy axial positions, but in solution the molecule is fluxional, and NMR data
indicate that the phenyl groups can symmetrically occupy axial or equatorial positions or asym-
metric axial and equatorial isomers.487 Complexes [XSn(CH2CH2CH2)NMe]2 (X¼Cl, Me) both
have directly linked five-coordinate tin centers and are fluxional in solution. The fluxional
processes that depend upon a rotation about the Sn—Sn bond are lower in energy for the methyl
complex than for the chloro, a difference in behavior arising from the variation in the selectivity
for apical positioning for the two ligands.488

The tridentate monobasic ligand 1-(2-pyridylazo)-2-naphtholate (pan) has been used to prepare
seven-coordinate complexes R2(pan)M(L) (L¼ACAC derivative, M¼ Sn, R¼Bu, Me; M¼Pb,
R¼Me). For both metals the difference in � is distinct from lower coordination numbers, both
showing an upfield shift in � of ca. 200489 typical for such a change in coordination number.490

The dianionic tetracyclic ligand (168) is prepared from the lithiation of 2-Me-benzoxazole and
reacts with tin(II) chloride to form (169).491

Acetylacetonato complexes Sn(ACAC)2Cl2 react with 2-NH2C6H4OH, 2-NH2C6H4SH,
benzoylhydrazine, and thiobenzoylhydrazine gives the bis-tridentate complexes SnL2

(L¼ acetylacetone-o-iminophenol, -o-iminothiophenol, -benzoylhydrazone, and -thiobenzoylhy-
drazone) that exhibit distorted octahedral geometries.492

Tridentate Schiff-base ligands formed from the reaction of salicylaldehydes with either
2-(NH2)-phenol

493–495 anthranilic acid,496 or amino acids497,498 coordinate MIV (M¼Ge, Sn,
Pb) as tridentate [NO2] donor ligands to form stable complexes that are either tbp or octahedral
depending upon stoichiometry. The lead complex (170) is associated into a dimeric unit through
Pb���O bridging interactions, forming a [PbO]2 ring.

494 Using salicyaldehyde-5-sulfonic acid and
2-(NH2)-phenol-5-sulfonate, the water soluble version of the ligand can be prepared and used
to form complexes of germanium in aqueous solution.499

(163) (165)
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The reaction of 3,5-But2catH2 with ammonia under oxidizing conditions gives 3,5-But2-1,
2-quinone-1-(2-hydroxy-3,5-But2phenyl)imine anion which acts as a tridentate [NO2] ligand in
reaction with MCl2 (M¼ Sn, Pb). In these complexes, the ligand responds to the nature of the
metal, such that the tin complex comprises tin(IV) and the lead complex comprises lead(II).500

Electrochemical oxidation of a tin anode in the presence of Schiff-base ligands derived from
substituted salicylaldehydes and bis(2-aminophenyl)disulfide (L2H2) gives complexes SnL2. The
tin shows a distorted octahedral geometry for these complexes, and the structure of bis[2-
(2-thiophenyl)imino-4,6-(MeO)2C6H3O]tin(IV) has averaged bond lengths of Sn—N 2.17, Sn—O
2.07, and Sn—S 2.47 Å.501

Nickel porphyrazineoctathiolate has four [S2N] sites that can be used to coordinate further
metal ions, and the crystal structure of (R2Sn)4S8(porphyrazine)Ni

II (171) shows symmetrical
coordination of the four tin centers onto the periphery of the ring.502

The flexibility in coordination number and geometry exhibited by M(14) in comparison to
transition metal ions sometimes leads to the formation of complexes in which the coordination of
a particular ligand takes an unexpected form. The ligand (172) H2 would seem to present an [O2]
donor set, but in its complexes with germanium acts as a tridentate [O2Se] ligand, coordinating in
a fac configuration in both the tbp (172)GeMe2 and octahedral (172)2Ge. The complexes are
configurationally stable in solution by NMR and they seem to be the first examples of selenoether
coordination to neutral germanium(IV) centers.503

Tridentate ligands with pincer arrays have become popular subjects for study. The reaction of
Li[2,6-(Me2NCH2)C6H3] with tin(II) chloride leads to the pincer complex [�3-2,6-
(Me2NCH2)C6H3-C,N,N]SnCl. The complex has a tbp geometry with a stereochemically active
lone pair in an equatorial position and both axial positions taken by nitrogens. The complex is
stereochemically nonrigid at temperatures above �70 �C but the nature of the fluxional process
was not unambiguously determined. The chloro ligand is liable to substitution in reaction with
aryllithium reagents.504 Another pincer stannylene (173) has been reported and again shown to be
readily substituted with a range of ligands to form further stannylenes.505
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3.7.8.3 Complexes of Heterotetradentate Ligands

Schiff-base ligands prepared form the condensation of salicylaldehyde with diamines offer [N2O2]
donor sets that are capable of coordinating a wide range of metals. Tin(IV) acetate reacts with
salenH2

506 and R2SnCl2 reacts with either (3-MeO)salphen (R¼Ph, Bun, Me)507 or the ligand
prepared by the condensation of 1,2-(NH2)2C6H4 and 2-(HO)-1-naphthaldeyde (R¼Ph)508 to
give in all cases the corresponding six-coordinate products (L)SnR2. Divalent M(14) Schiff-base
complexes can be prepared by the reaction of the amines (TMS2N)2M (M¼Ge, Sn, Pb) with the
Schiff bases directly. These MII complexes are prone to oxidation, by iodine to give the diiodide
or by 3,5-But2-benzoquinone to give the catecholate.509,510 In these MII complexes, the metals do
not sit in the plane defined by the [N2O4] donors but rather are displaced to one face of the
ligand. With lead(II) perchlorate, salenH2 forms a trinuclear complex [(salen)3Pb3](ClO4)2, with
the same out of plane coordination of the two lead(II) centers within the ligand pockets and with
the third lead linking the two [(salen)Pb] monomers by coordinating in an exo fashion to all four
phenolic oxygens.511 In the same paper, a four-coordinate complex of lead(II) with the potentially
heptadentate ligand saltrenH3 is also reported, where the lead(II) coordinates to the ligand
through only four donor atoms.
Amine phenol (174) related to reduced salen reacts with R2SnO (R¼Me, Bun, But, Ph) to give six-

coordinate complexes with [N2O2] coordination of the ligand
512 whereas reduced salenH2 reacts with

lead(II) acetate to give a dimeric complex [(�2-HL-N,O)(�1-OAc)Pb]2 linked through bridging phe-
nolic oxygens and reduced saltrenH3 gives a dimeric complex [{(�

4-HL-N,N,O)Pb}2�-OAc](OAc).
513

(174)

O

N
O

N

O

Sn

H H

R R

Tripodal ligands (CH2CH2OH)(CH2CO2H)2N and (CH2CONH2)(CH2CO2H)2N react with
R2SnO (R¼Bun, n-octyl) to give complexes (L)SnR2. The crystal structure of
[(CH2CH2OH)(CH2CO2)2N]SnBu

n
2 has a distorted octahedral geometry in which the hydroxy

group is coordinated as an innocent ligand.514 The unsubstituted iminodiacetate complexes
HN(CH2CO2)2SnR2 (R¼Me, Bun) prepared in the same way crystallizes as a dimer with a
seven-coordinate tin center, in which the alkyl groups are in the trans positions.515

Despite the proven depressant neurotropic influence of furan- or thiophene-substituted germa-
tranes,516 germatranes and stannatranes have been studied to develop routes for their synthesis,
from triethanolamine517,518 or tristannyl ethers519–521 their substitution reactions,522,523 their
structures,524,525 and iododestannation.526

The series of germatranes RC6H4Ge(OCH2CH2)3N (R¼H, 4-Me, 3-Me, 2-Me) have been
prepared by the insertion of germanium(II) bromide into a carbon-halide bond on the aryl
group to give RC6H4GeBr3, which can be converted to the alkoxy derivative RC6H4Ge(OR)3.
Reaction with triethanolamine gives a good yield of the phenyl germatranes, some of which were
characterized by crystallography. Inclusion of a group in the ortho position decreases the angle
N–Ge–Cipso from 177.5� in the unsubstituted complex to 144.2�, and for these complexes the
transannular Ge—N bond is found to be in the range 2.212–2.230 Å).517

Unsymmetrical stannatranes R2Sn(XCH2CH2)2Y, RSn(XCH2CH2)Y, and R2Sn(OC(O)CH2)2Y
(X¼O, NMe, S, Y¼O, S, NR) have been studied by Mössbauer spectroscopy to establish
the coordination geometries. The preferred geometry is tbp for all cases where the apical atom is
nitrogen and distorted four-coordinate where the apical atom is a chalcogen, indicating that in
these cases the apical group is not coordinated.527

3.7.8.4 Complexes of Heterodonor Ligands of Higher Denticity

Seven-coordinate complexes of tin are not unusual, and the structure of Et2Sn{2,6-diacetyl-
pyridine bis(2-thienyoyl)}hydrazone is an example having a pentagonal bipyramidal geometry with
axial alkyl groups where the pentagonal plane is defined by the pentadentate ligand.528
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Diethylenetriaminepentaacetic acid (H5dtpa) forms complexes (Hdtpa)Sn�3H2O, (Hdtpa)Sn,
and Na[(dtpa)Sn]. The structure of (Hdtpa)Sn�3H2O shows an eight-coordinate tin with an
[N5O3] donor set, one of the highest coordination numbers seen for tin(IV).529

The tripodal Schiff-base ligand 3-MeO-saltrenH3 reacts with lead(II) chloride to give a dinu-
clear complex [(3-MeO-satren)Pb2]Cl, crystallized as its perchlorate salt. The complex comprises
two distinct lead(II) centers, one coordinated within the ligand cavity having an [N4O3] donor set,
the other coordinated in an exo fashion to the three phenolic oxygens, an example of the breadth of
tolerance for coordination number and donor atom type even within a single complex.530

Lead complexes of a range of mixed [N,O] donor macrocycles and substituted macrocycles have
been prepared. Schiff-base condensation of a range of amines with pyridine-2,6-dicarboxaldehyde
gives the ligands (175)–(177). The mononuclear complex of lead with (175) comprises a
10-coordinate lead, bound to all six of the macrocycle donors and two chelating nitrates, whereas
the complex of the reduced version (176) shows a different conformation associated with the
greater degree of flexibility in the ring of the macrocycle.531 Ligand (177) complexes lead to give a
linear polymer532 where the octadentate (178) forms mononuclear complexes.533 The struct-
urally related (179) forms both mono- and dinuclear complexes depending upon the reaction
stoichiometry.534

(175)

O
O

O

N N

N

(176)

O
O

O

NH HN

N

N N

N

NH HN

HNNH OH

(177)

N N

N

NN

N

OH

HO

(178)

N N

NN

OH

HO

(179)

OH

OH

The substituted cyclam (180) forms a mononuclear lead complex that has a six-coordinate
geometry in the solid state and is fluxional in solution. A 13C NMR study shows that the four
ring donors stay coordinated throughout and that all four pendant groups are involved in
coordinating the lead.535,536

In order to investigate preferences for ligand configuration and donor atom type, families
of related complexes have been prepared and their complexes compared. For the family of
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complexants (181) the most successful ligand for lead(II) was found to be the smallest example537

and for the complexes (182), the most successful was that with an all-nitrogen donor set.538,539

(180)

N

N

N

N

OH

OHHO

HO

(181)

NN
CO2HHO2C

N

n(H2C)
X

(CH2)n

N
CO2HHO2C

n = 2, X =

n = 2 or 3, X =

N
CO2H

(182)

X

X

X

X

(CH2)n

Y

n = 1, 2, 3, 4
X = (NH), O, S
Y = (NH), O, S

Introduction of even a single nitrogen donor enhances the stability of complexes of lead(II)
with macrocycles such as aza crown ethers (183) and (184), which both form lead(II) complexes
that show markedly higher stability than those of the corresponding oxygen donors 15-C-5 and
18-C-6. Structurally, the complexes are distinct, with the former showing a nine-coordinate lead
with cis coordination of two chelating nitrates and the coordination of the macrocycle on the
opposite face of the lead, and the latter 10-coordinate with an equatorial macrocycle and trans
disposed chelating nitrates.540–542 The mixed donor substituted macrocycles (185) and the related
macrobicycles (186) all complex lead(II) by coordination within the ligand ring. The structure of
the complexes with (185) a¼ b¼ 1 comprises a six-coordinate lead, with one primary amine
nitrogen, two tertiary amine nitrogens and three ether oxygens coordinating, whereas the complex
with (186) has donor set made up of a pyridine nitrogen, one imine nitrogen, two tertiary amine
nitrogens, two ether oxygens, and a monodentate perchlorate.543

(183)

O

O
HN

O
O

OO

HN

O

O

O

(184)
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(185) (186)

NH2

N O

O O

N

H2N

a

b

a = 1, b = 1
a = 2, b = 2

N

N O

O O

N

N

a

b

X

R

X = N, R = H, a = b = 1
X = COH, R = Me, a = b = 1 
X = N, R = H, a = 2, b = 1 
X = COH, R = CH3 , a = 2, b =1 

(187) (188)

N
N

N

SS
N

N
N

N

SS
N

Mixed nitrogen–sulfur donor macrocycles show relatively low affinities for lead(II) despite
assumptions based upon hard–soft arguments. The ligands (187) and (188) complex lead with
moderate efficiency.544
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