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Main group complexes
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models.  Literature  coverage  is focussed  on  the  last  20 years,  although  key  older  work  is also  included
where  necessary  for comparison  purposes,  and  the  article  includes  work  published  up to  early  2013.
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. Introduction

Phosphine and arsine ligands have continued to play a major
ole in transition metal (d-block) coordination and organometallic
hemistry over several decades, forming a wide range of complexes
ith different metal oxidation states [1–3], and transition metal
hosphine complexes are also widely used in catalysis [4]. The
eaker donor stibines have a more restricted chemistry and rel-

tively few bismuthine complexes are known [5]. These Group 15
eutral donor ligands are described in standard texts as �-acids
r �-donor �-acceptor ligands, which bond to d-block metals by
-donation of the lone pair on the pnictogen (E) centre, supple-
ented in many cases by �-acceptance of d-electron density into

–C �*- (or a combination of E–C �*- and empty E d-) orbitals.
he relative importance of the � and � components varies with
he metal oxidation state and d-electron density [6]. Main group
lements also form complexes with phosphines and arsines, and
ore rarely with stibines, although these have received much less

esearch effort than the d-block analogues, and have fundamentally
ifferent properties. This article reviews recent research on the syn-
hesis and properties of phosphine, arsine and stibine complexes of
he s- and p-block metals, metalloids and non-metals, specifically
omplexes of Groups 2, 12, 13, 14, 15 and 16 elements. The area has
een reviewed twice before [7,8], the last article having been pub-

ished in 1995, and thus we will concentrate on work published
n the last 20 years, although the fragmented nature of the field
ecessitates some reference to older work. Group 12 complexes
ave sometimes been included in reviews of transition metal phos-
hines [9] and refs therein. Phosphine boranes have been reviewed
wice in the recent past [10,11] and thus are not included in the
resent article. A number of weak adducts between PH3 or PMe3
nd p-block Lewis acids formed at low temperatures and charac-
erised using matrix isolation techniques have been discussed in a
ery recent comprehensive review of the field [12].

The present article describes the complexes of mono-, bi- and
ulti-dentate phosphine, arsine, stibine and bismuthine ligands,

nd includes examples (but not exhaustive coverage) of hybrid lig-
nds where other donors, mostly neutral or charged O-, N- or S-
roups are incorporated in the ligand. Coverage here is focused
n complexes of interest from the point of view of the pnictogen
igand. Charged pnictogen ligands such as phosphides, arsenides,
hosphinomethanides etc. are not included in this article. Litera-
ure coverage is on work published up to early 2013.

. Bonding

The traditional �-donor �-acceptor bonding model [6] used for
-block metal phosphine complexes needs to be revised for p-block
dducts. In the p-block the Lewis acid has ns and three np orbitals
vailable for � bonding, the filled (n − 1)d orbitals are essentially
ore orbitals and unavailable for �-donation, and the nd orbitals
re empty and too high in energy to make any significant con-
ributions to bonding. Thus the Lewis acid-phosphine(arsine) bond

ust be based upon �-donation alone (this is also true for d0 tran-
ition metal acceptors such as Ti(IV) or Nb(V) which form stable
omplexes with phosphine and arsine ligands). For compounds

ith four electron pair donor ligands (8e− systems), the traditional
odel using either sp3 hybridisation or symmetry allowed MO’s

erived from the central atom ns and 3 np orbitals is adequate
nd this is used, for example, for four coordinate Cd(II) or Hg(II)
Fig. 1. (a) 3c–4e bonding model. (b) M–Y  �-bonding using M–X  �* orbitals as accep-
tor  orbitals.

adducts. However, the unavailability of d orbitals for bonding raises
problems when the central atom exceeds an octet of electrons in
its valence shell. This hypervalency is common in p-block chem-
istry and requires a different bonding model. The popular model
currently used to describe such bonding is the 3c–4e bond [13–18].

For a linear X − M − X unit, the central M uses one empty np
orbital, and combining this with one filled donor orbital on each X
results in three molecular orbitals: bonding, non-bonding and anti-
bonding (in order of increasing energy). The two  donor electron
pairs are then placed in the first two  MOs  (Fig. 1(a)). For an octahe-
dron this model uses three orthogonal p orbitals on M to form three
3c–4e bonds. When the groups around the central M are differ-
ent (X–M–Y), the model describes an M–X  bond with the bonding
orbital polarised towards X, and the M–X  antibonding orbital (�*)
polarised towards M.  The M–X  �* orbital is empty and can therefore
act as an acceptor orbital towards an electron pair from Y (Fig. 1(b)).
If the X–M bonding dominates (primary bond) and M–Y  is weak the
latter is often termed “secondary bonding”.

It is also possible to use a mixture of the models. For example,
for a trigonal bipyramid, sp2 hybrid orbitals can be used for the
equatorial MX3 donors (conventional 2c–2e bonding), while the pz

orbital is used for the axial X − M − X unit (3c–4e). However, for
cases where the coordination number of the central atom exceeds
six, which is the case in many crown ether complexes for example,
problems of insufficient orbitals for covalent bonding remain, and
currently such high coordination numbers lack a generally satisfac-
tory detailed model.

A second issue in main group chemistry is that of lone pairs,
which arise when the p-block element is in its (n − 2) oxidation
state, e.g. As(III) or Ge(II). The “extra” electron pair may  be stereo-
chemically active whereby it occupies one of the central element’s

“bonding” orbitals, or it may  be stereochemically inactive, in which
case it is assumed to occupy the spherically symmetric ns orbital
(which is then unavailable for bonding to ligands). Similarly in the
3c–4e bonding model, a stereochemically active lone pair occupies
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Table 1
Nuclear properties.

Isotope N.A. (%)a I �(rad T−1 s−1)b Q/10−28m2c Rcd Reference

1H 99.9 1/2 26.75 – 5680 SiMe4
13C 1.1 1/2 6.73 – 1 SiMe4
9Be 100 3/2 −3.76 5.3 × 10−2 78.8 Be(NO3)2 aq.
25Mg  10.1 5/2 −1.64 0.22 1.54 MgCl2 aq.
67Zn 4.1 5/2 1.67 0.15 0.66 Zn(ClO4)2 aq.
113Cd 12.3 1/2 −5.93 – 7.7 CdMe2
199Hg 16.8 1/2 4.85 – 5.68 HgMe2 or Hg(ClO4)2 aq.
11B 80.4 3/2 8.59 4.1x10-2 754 BF3(Et2O)
27Al 100 5/2 6.98 0.14 1170 [Al(H2O)6]3+

71Ga 39.6 3/2 8.18 0.11 322 [Ga(H2O)6]3+

115In 95.7 9/2 5.89 0.86 1920 [In(H2O)6]3+

205Tl 70.5 1/2 15.69 – 807 Tl(NO3) aq.
29Si 4.67 1/2 −5.32 – 2.1 SiMe4
73Ge 7.8 9/2 −0.94 −0.17 0.62 GeMe4
119Sn 8.6 1/2 −10.03 – 25.7 SnMe4
207Pb 22.6 1/2 5.62 – 11.9 PbMe4
31P 100 1/2 10.83 – 377 H3PO4
75As 100 3/2 4.59 0.29 144 KAsF6
121Sb 57.3 5/2 6.44 −0.33 520 [SbCl6]−
209Bi 100 9/2 4.38 −0.37 819 KBiF6
77Se 7.6 1/2 5.12 – 3.02 SeMe2
125Te 6.99 1/2 −8.51 – 12.8 TeMe2
19F 100 1/2 25.18 – 4730 CFCl3

Data taken from [19,20]. Where more than one NMR  active isotope exists, only the preferred one is listed.
a Natural abundance.
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b Magnetogyric ratio × 107.
c Quadrupole moment.
d Receptivity relative to 13C.

he “non-bonding” orbital. If the lone pair occupies the ns orbital, it
xerts a screening effect and weakens the M–L  bonding. There are
onsiderable ranges of behaviour across the p-block; in particular
he difference between “primary” and “secondary” coordination for
n X–M–Y system may  be very clear in some cases, but almost lost in
thers, and one should recognise the limitations of simple bonding
odels.
Developments in computational techniques have resulted in

uch effort devoted to Lewis acid–Lewis base behaviour. Unsur-
risingly, the focus of most of this work has been on the lighter
lements where more accurate basis sets are available, and thus
itrogen and oxygen ligands have received far more attention than
hosphines, with arsenic ligands rarely considered even in passing.
hilst these studies have revealed the complexity of the factors

nvolved and their subtle interplay, many of the conclusions remain
ontroversial even for individual systems. References to recent
tudies of phosphine complexes appear in the appropriate sections
elow.

. Characterisation techniques

The s- and p-block phosphine and arsine complexes are typically
iamagnetic pale-coloured solids, with varying degrees of sensitiv-

ty towards atmospheric dioxygen or water. In solution at ambient
emperatures, even in non-coordinating solvents, they may  par-
ially dissociate the neutral ligand, or undergo fast ligand exchange.
hese properties present challenges to the various characterisation
echniques available, and the relatively slow development of the
eld in earlier years was not unconnected with the difficulties of
haracterising the complexes with the existing techniques.

Single crystal X-ray diffraction is the pre-eminent technique for
haracterising complexes of the main group elements in the solid
tate. The developments over the past 20 years, both in computing
nd in fast X-ray data acquisition, which have made data collec-

ion at low temperatures routine and data solution rapid, have
een a major driver in this area. Only precise X-ray structural data
an provide certainty over metal complex identity, geometry and
imensions, which underpin the bonding models and the overall
understanding in this area. Spectroscopic techniques – IR/Raman
and solid state NMR  spectroscopy – provide useful support, not
least in confirming (or not) that the X-ray structural data obtained
on a single crystal is representative of the bulk material. IR/Raman
data provide evidence for the presence of the phosphine/arsine in
the complex, but rarely anything more, although they are invalu-
able at establishing the absence of P=O or As=O vibrations (seen
when adventitious oxidation of the ligand occurs). Solid state NMR
spectra can be obtained readily from 31P{1H} in phosphine com-
plexes (but not for 75As in corresponding arsines (see below)), and
may be supplemented by studies of the metal nucleus if it has an
isotope with suitable nuclear properties. However, whilst there is a
considerable amount of data on some systems, such as on mercury-
phosphines, SS NMR  use is very patchy across the p-block. Where
data have been reported, they are often linked to crystallographic
data (identifying the symmetry inequivalent phosphorus sites in
the solid) or compared to corresponding solution data, rather than
being used as a “stand alone” probe for structural characterisation.

In solution, NMR  spectroscopy is the major tool since all com-
plexes are diamagnetic. For alkyl substituted ligands (less clearly
for aryl analogues), 1H and 13C{1H} NMR  spectroscopy provide evi-
dence of the coordination of the phosphine or arsine ligand, usually
via high frequency coordination shifts (� = ıcomplex − ıligand) in the
resonances, whilst the number of resonances reflect the number
of inequivalent ligand sites. Most useful is 31P NMR  spectroscopy
which monitors the donor atom itself, where coordination has the
greatest effect. Usually coordination results in high frequency shifts
in the phosphorus resonance, although there are a number of cases
where the coordination shift (�) is near zero, or to low frequency
(i.e. negative �),  and the underlying reasons are disputed. Examples
of these erratic coordination shifts are found for Ga(III) and In(III)
complexes (q.v.). The only naturally occurring nucleus of arsenic
(75As) is quadrupolar (see Table 1) and resonances are unobservably
broad in the low symmetry environments found in metal arsine

complexes. The nuclei of antimony and bismuth are also quadrupo-
lar and unobservable in low symmetry environments. Due in many
cases to ligand exchange processes, it is necessary to record NMR
spectra over a range of temperatures—typically 295–180 K (the
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detailed in reviews of the coordination and structural chemistry
of the element [28,29]. However, since the M(II) complexes con-
tain d10 metal centres they also fit within the scope of the present
article, and since no recent reviews exist, they are discussed below.
Fig. 2. View of the structure of [BeCl2(

idely used solvent, CH2Cl2, melts at 176 K), and VTNMR can, in
avourable cases, be used to explore these exchange processes.
pin–spin couplings are also only observed when intermolecular
igand exchange is slow, again often requiring low temperature
tudies.

Table 1 lists the nuclear properties of the s- and p-block elements
n this article [19,20]. As can be seen, all the elements have at least
ne NMR  active nucleus. In the absence of chemical problems such
s fast exchange on the NMR  timescale, all the I = 1/2 nuclei can be
bserved relatively easily (all have a greater receptivity than 13C,
lthough 29Si and 119Sn have long T1’s which can be problematic).
he quadrupolar nuclei are a more mixed batch, 9Be and 11B have
mall Q’s and are easily observed, 27Al and 71Ga can be observed if
he electric field gradient is sufficiently small, whereas in practice
15In is only seen in close to cubic symmetry environments. 25Mg,
7Zn and 73Ge all have unfavourable properties: in addition to being
uadrupolar, they have low absolute frequencies and poor natural
bundance, and although all have been observed in certain high
ymmetry cases, they are generally not likely to be useful.

. s-Block complexes

The affinity of the hard Groups 1 and 2 ions for soft phosphine
igands would be expected to be small, and isolated complexes
re limited to a few examples containing Be or Mg.  The first com-
lex of a beryllium halide was [BeCl2(�1-Ph2PCH2PPh2)2], made as
olourless crystals from BeCl2 and the diphosphine in CH2Cl2. The
tructure (Fig. 2) shows a distorted tetrahedral molecule [21]. The
inuclear [Be2Cl2(�-Cl)2(PCy3)2] (Fig. 3) was made unexpectedly
rom [Pd(PCy3)2] and BeCl2 in hot toluene, the other product being

etallic Pd [22]. The only other phosphine examples are the long
nown [BePh2(PMe3)2] [23] and [BeMe2(PMe3)2], studied in situ by
H and 9Be NMR  spectroscopy in solution [24]. It seems that there
s considerable scope for developing the phosphine chemistry of
eryllium. As in other areas of Be chemistry, workers seem to have
een deterred by the toxicity.

Both PMe3 and Me2P(CH2)2PMe2 form colourless crystalline

dducts with [(�5-C5H5)2Mg]  [25]. The presence of Mg–P bonds
n [Mg{C6H3-2,6-(CH2PMe2)2}2], made from the lithium salt and

gCl2 in diethyl ether solution, has been established crystallogra-
hically. The structure (Fig. 4) shows an octahedral magnesium(II)
2PCH2PPh2)2] redrawn from Ref. [21].

ion coordinated to four phosphine groups and mutually trans aryl-
carbons (Mg–C = 2.26(1), Mg–P = 2.770(1), 2.761(1) Å) [26]. Calcium
forms complexes with various anionic phosphorus ligands, but no
complexes with phosphines are known [27].

5. Group 12

Phosphine and arsine complexes of mercury(II) and cadmium(II)
have been known for many years, although the development of
the chemistry of corresponding zinc complexes is more recent.
Their chemistry was  often included in reviews on transition metal
complexes ([10] and refs therein), and the earlier work on Hg is
Fig. 3. View of the structure of [Be2Cl2(�-Cl)2(PCy3)2] redrawn from Ref. [22].
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Table 2
X-ray structural data on zinc complexes.

Complex Structure Zn–P/As (Å) Refs.

[ZnCl2(PPh3)2] Tetrahedral 2.498(3), 2.611(3) [33]
[ZnCl2(PMe3)2] Tetrahedral 2.259(8), 2.384(1) [30]
[Zn(PMe3)3(�-Cl)ZnCl3] Tetrahedral 2.359(1)–2.391(1) [30]
[ZnCl3(PPh3)]− Tetrahedral 2.392(1) [32]
[ZnBr3(PPh3)]− Tetrahedral 2.429(5) [31]
[ZnI(PEt3)(�-I)2ZnI(PEt3)] Tetrahedral dimer 2.361(5) [36]
[ZnI {P(NMe2)3} (�-I)2ZnI {P(NMe2)3}] Tetrahedral dimer 2.372(3) [37]
[ZnI2(PPh2Me)2] Tetrahedral 2.416(4) [37]
[ZnI2(AsMe3)2] Tetrahedral 2.445(8)–2.493(7) [38]
[ZnI(AsEt3)(�-I)2ZnI(AsEt3)] Tetrahedral dimer 2.446(3) [38]
[Zn2Cl2{�-P(SiMe3)2}2(PiPr3)2] Dimer 2.430(1), 2.408(1)� [39]
[Zn2Cl2{�-As(SiMe3)2}2(PiPr3)2] Dimer 2.399(2), 2.413(2) [39]
[Zn10Cl12(PSiMe3)4(PiPr3)4] 2.383(2)� [39]
[Zn10Cl12(AsSiMe3)4(PiPr3)4] 2.238(4) [39]
[ZnI{As(SiMe3)3}(�-I)2ZnI{As(SiMe3)3}] Dimer 2.447(1), 2.458(1) [39]
[ZnI {P(SiMe3)3} (�-I)2ZnI {P(SiMe3)3}] Dimer 2.391(5), 2.396(5) [40]
[Zn10Cl12(PSiMe3)4(PEt2Ph)4] 2.375(2)� [40]
[Zn4(PPh2)4Cl4(PMenPr2)2] 2.403(3), 2.426(3)�� [41]
[Zn8Se(SePh)14(PnPr3)2] 2.380(2) [42]
[Zn10Te4(TePh)12(PnPr3)2] 2.428(4) [42]
[Zn12Te9(TeMes)6(Ph2PCH2PPh2)4] 2.464(5)–2.521(5) [43]
[Zn(PMe3)(Et2NCS2)2] 5-Coordinate 2.379(4)–2.388(3) [44]
[{Zn(Et2NCS2)2}2{�-Et2P(CH2)2PEt2}] 2.388(2) [45]
[Zn(S-tBu3C6H2)2(PMePh2)] 3-Coordinate 2.414(4) [46]
[Zn2(�-O-2,6-F2C6H3)2(O-2,6-F2C6H3)2(PCy3)2] Dimer 2.401(4), 2.419(4) [48]
[Zn(O-tBu3C6H2)2(PMe3)2] Tetrahedral 2.542(3), 2.588(3) [49]
[Zn(CH2CH2CH2PPh2)2] Tetrahedral 2.572(3), 2.598(3) [55]
[Zn{SC6H3(SiMe3)PPh2}2] Tetrahedral 2.387(1) [56]
[ZnCl2{Fe(C5H4PiPr2)2}] Tetrahedral 2.4141(6), 2.4165(6) [52]
[ZnI2{Ph2P(CH2)2PPh2}]4 Helical tetramer 2.399(2) [51]
[ZnCl2 {Ph2P(CH2)2PPh2}]n Polymer 2.4534(8), 2.4113(9) [51]
[ZnCl2(4,6-bis(3-iPr2PC6H4)dibenzofuran)] 2.416(1), 2.420(1) [54]
[ZnCl2{Fe(C5H4PPh2)(C5H4-2py)}] P,N chelate 2.444(1),2.462(1) [58]
[ZnBr2 {Fe(C5H4PPh2)(C5H4-2py)}] P,N chelate 2.428(1) [58]
[ZnBr2{Fe(C5H4PPh2)(C5H4CH2-2py)}] P,N chelate 2.439(1) [58]
[{ZnBr2{�-Fe(C5H4PPh2)(C5H4CH2-2py)}}2] Cyclic dimer 2.455(2) [58]
[ZnBr2{Fe(C5H4PPh2)(C5H4-3py)}] Polymer 2.463(2) [58]

Trig
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F
[

[Zn2L’2Cl3][ClO4] (L′ = Ph2PCH2CH2CH2-1,4,7-triazacyclononane 

[Zn{P(2-C6H4PPh2)2}2]

= d(Zn–phosphine).

.1. Zinc
Zinc(II) halides typically form four-coordinate distorted tetra-
edral complexes [ZnX2(PR3)2] or [ZnX(PR3)(�-X)2ZnX(PR3)]
Table 2), or rarely [ZnX3(PR3)]− (X = Cl, Br or I). There is also

ig. 4. View of the structure of [Mg{C6H3-2,6-(CH2PMe2)2}2] redrawn from Ref.
26].
2.518(4), 2.524(4) [59]
onal planar 2.463(2)� [60]

a unique [Zn(PMe3)3(�-Cl)ZnCl3] complex in which a three-
coordinate Zn(PMe3)3 group links via a single chloride bridge to
a [ZnCl3]−anion (Fig. 5) [30]. Few anionic [ZnX3(PR3)]− species
are known, probably more due to the lack of attempts to prepare
them than inherent instability, but two  have been structurally
characterised [31,32]. Direct reaction of zinc halides with phos-
phines in a 1:2 molar ratio in diethyl ether, ethanol or THF solution
usually results in the formation of [ZnX2(PR3)2] (R = Me,  Ph, p-

MeC6H4, p-MeOC6H4) [30,33–35], although P(p-ClC6H4)3 gave only
1:1 complexes, and P(o-MeC6H4)3 or P(o-MeOC6H4)3 failed to com-
plex at all with ZnBr2 [34].

Fig. 5. View of the structure of [Zn(PMe3)3(�-Cl)ZnCl3] redrawn from Ref. [30].
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determined [61]. Cadmium has two  relatively sensitive NMR
Fig. 6. View of the structure of [Zn2I2(�-I)2(PEt3)2] redrawn from Ref. [36].

An alternative synthetic approach is the reaction of zinc powder
ith R3PI2, which in most cases forms the 1:1 adducts [Zn2I2(�-

)2(PR3)2] (R = Me,  Et, nPr, iPr, nBu, Cy, CH2Ph, p-FC6H4, p-ClC6H4,
-MeOC6H4, 2,6-(MeO)2C6H3, 2,4,6-(MeO)3C6H2, NMe2, NEt2,
H2CH2Ph, CH2CH2CN; R3 = (CH2Ph)Ph2, (C5H4N)Ph2), the iodo-
ridged dimer structure being established for [Zn2I2(�-I)2(PEt3)2]
Fig. 6) and for [Zn2I2(�-I)2{P(NMe2)3}2] [36,37]. Curiously the
eaction of R3PI2 (R3 = Ph3, Ph2Me  or Ph2Et) with zinc powder gave
nly equimolar mixtures of [ZnI2(PR3)2] and ZnI2 [37]. It would
eem that the stoichiometry of the complexes obtained is not sim-
ly controlled by the cone angle of the phosphine and the ratio of
eagents used, but is a result of both steric and electronic factors
nd possibly crystal packing or �-stacking effects [37]. In solution,
1P{1H} NMR  spectroscopy suggests the complexes retain their
dentity and do not give mixtures of 1:1 and 1:2 complexes.

The corresponding reactions of the appropriate R3AsI2 with
inc powder produced [ZnI2(AsMe3)2] (equimolar mixture with
nI2) and [Zn2I2(�-I)2(AsEt3)2], respectively [38]; it seems unlikely
hat steric factors alone could account for the different structures
ormed here either.

The silyl-phosphine and -arsine, E(SiMe3)3 (E = P or As), react
ith ZnI2 to give [Zn2I2(�-I)2{E(SiMe3)3}2] [39,40]. Meanwhile

he reaction of E(SiMe3)3 (E = P or As) with ZnCl2 in the presence
f PnPr3 leads to the cleavage of an E–Si link and formation of
Zn2Cl2{�-E(SiMe3)2}2(PnPr3)2] [39]. Fenske and co-workers have
escribed a range of zinc clusters with PR, AsR, SeR or TeR bridges
nd terminal phosphine groups (Table 2) [39–43].

Zinc phosphine complexes with various anions in place of
alides have been prepared, including examples with R3Si−, R3Sn−,
O−, R2NCS2

−, RS−, RSe−and RTe−; structurally authenticated
xamples are listed in Table 2 [35,44–49]. Although most contain
our-coordinate zinc, the dithiocarbamate complexes are five-
oordinate and [Zn(S-tBu3C6H2)2(PMePh2)] is three-coordinate.
pplications of zinc phosphine complexes in coupling or polymeri-
ation reactions of CO2 and ethylene oxide or cyclohexene oxide
ave been described [48–50].

Diffusion of a CH2Cl2 solution of Ph2P(CH2)2PPh2 into H2O/EtOH
olutions of ZnX2 results in diphosphine bridged polymers [51].
he [ZnI2{Ph2P(CH2)2PPh2}]n contains helices with a pitch of four
inc atoms, whereas [ZnX2{Ph2P(CH2)2PPh2}]n (X = Cl or Br) are
inear chain polymers. In contrast, in [ZnCl2{Fe(C5H4PiPr2)2}] the
iphosphine chelates to the zinc [52] and [ZnCl2{Fe(C5H4PCy2)2}]

s likely to have a similar structure [53]. Chelation is also present in

ZnCl2(4,6-bis(3-iPr2PC6H4)dibenzofuran)] [54].

Phosphine donor groups are found with several bidentate
nionic ligands. [Zn(CH2CH2CH2PPh2)2] contains a distorted
Fig. 7. View of the structure of [Zn{P(2-C6H4PPh2)2}2] redrawn from Ref. [60].

tetrahedral geometry with chelating 3-diphenylphosphinopropyl
groups [55]. Electrochemical oxidation of a zinc anode in
MeCN solutions of various phosphinothiols (o-C6H4(PPh2)SH,
o-C6H3(Me3Si)(PPh2)SH or PhP(o-C6H4SH)2) gave the Zn(II) com-
plexes of the phosphinothiolate anions [56].

Other hybrid ligand complexes include [ZnL(O3SCF3)2] (L = 2,6-
(Ph2PCH2CH2SCH2)2C5H3N) [57], and various ferrocene based
pyridylphosphines [58]. The complexes of the latter group
all contain tetrahedral zinc and include chelate monomers,
bridged dimers and chain polymers. In [Zn2L′

2Cl3][ClO4]
(L′ = Ph2PCH2CH2CH2-1,4,7-triazacyclononane) one zinc cen-
tre is 5-(N3PCl) the second six-coordinate (N3PCl2) [59]. The
tridentate ligand HP(2-C6H4PPh2)2 deprotonates on reaction with
ZnEt2 or Zn{N(SiMe3)2}2 to form [Zn{P(2-C6H4PPh2)2}R] (R = Et
or N(SiMe3)2) [60]. The latter slowly decomposes in solution,
forming [Zn{P(2-C6H4PPh2)2}2] whose structure (Fig. 7) shows
zinc coordinated to two phosphido and one phosphino groups,
with very long contacts (∼2.8 Å) to two further phosphino donors.
Solution 31P{1H} NMR  data suggest fast exchange between the
phosphino groups at ambient temperatures.

5.2. Cadmium

The common types of cadmium phosphine complexes,
[CdX2(PR3)2] and [CdX(PR3)(�-X)2CdX(PR3)] were established
seventy years ago, and only a small amount of new work
has appeared. The crystal structures of distorted tetrahedral
[CdI2(PPh3)2] (Cd − P = 2.631(2), 2.653(1) Å) and [CdI2L′′

2] (L′′ = 1-
phenyldibenzophosphole) (Cd − P = 2.616(3), 2.603(3) Å) have been
nuclei in 111Cd (I = 1/2, 12.8%, Rc = 6.9) and 113Cd (I = 1/2, 12.3%,
Rc = 7.7) and several studies of cadmium phosphines by com-
bined 113Cd/31P{1H} NMR  spectroscopy have been reported. In
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Table 3
Illustrative 31P, 113Cd and 199Hg NMR  data for phosphine complexes.

Complex ı (31P)a 1J (113Cd–31P) (Hz)a ı (31P)b 1J (113Cd–31P) (Hz)b ı (113Cd)c 1J (113Cd–31P) (Hz)c

[CdCl2(PEt3)2] −0.8 1677 2.5,4.5 1543, 1504 632 1520
[CdBr2(PEt3)2] −3.8 1547 0.5 1430d 606 1471
[CdI2(PEt3)2] −10.7 1367 −6.8 1333d 531 1327
[Cd2Cl4(PEt3)2] 8.0 2504 412 2503
[Cd2Br4(PEt3)2] 3.2 2355 341 2356
[Cd2I4(PEt3)2] 1.5 1768d 319 1782

ı  (31P)a 1J (199Hg–31P) (Hz)a ı (31P)b ı (199Hg)e 1J (199Hg–31P) (Hz)e

[HgCl2(PnBu3)2] 30.0 5100 30.1, 35.1 1831 5100
[HgBr2(PnBu3)2] 23.0 4750 1796 4750
[HgI2(PnBu3)2] 12.1 4100 1541 4090
[Hg2Cl4(PnBu3)2] 34.2 7500 37.2, 38.2 1486 7500
[Hg2Br4(PnBu3)2] 27.6 6650 34.4, 36.3 1241 6650
[Hg2I4(PnBu3)2] 6.3 5150 19.4, 22.2 515 5130

a CH2Cl2 solution relative to H3PO4.
b CP MAS.
c CP MAS  relative to Cd(ClO4)2·6H2O.
d Averaged values 1J(111Cd/113Cd−31P).
e CH Cl solution relative to 0.1 molar Hg(ClO ) in HClO .
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here two resonances are shown in the CP MAS  data, these reflect inequivalence in th
he  data quoted sometimes can differ significantly from those obtained by other wo

olution at room temperature the resonances are often broad and
11/113Cd–31P couplings poorly resolved, indicative of dynamic
xchange processes. The lines sharpen and couplings become
learer on cooling the solutions as the rate of exchange slows.

hilst full details of the NMR  data are best obtained by consul-
ing the original reports, there are some well-established trends
learly evident for most systems [62]. In the 31P{1H} NMR  spec-
ra, for comparable complexes, the magnitude of the coordination
hift (�) and the 1J(111/113Cd-31P) decrease Cl > Br > I (see Table 3).
he 113Cd chemical shifts are sensitive to temperature and changes
n halide, moving to low frequency with increase in size and
ecrease in electronegativity; they are somewhat less sensitive
o changes in the phosphine. Although the spectra are often

ore complicated due to lower symmetry, the same trends are
bserved in the CP MAS  NMR  spectra of the solid complexes. A
ecent study [61] examined [CdX2(PR3)2] (X = Cl, Br, I; R = Et, nBu,
h, 1-phenyldibenzophosphole, 1-phenyl-3,4-dimethylphosphole)
nd [Cd2X4(PEt3)2] by both solution and solid (CP MAS) NMR
pectroscopy, and concluded that the dimer was in equilibrium
ith CdX2 and [CdX2(PEt3)2] in solution. Compounds of stoi-

hiometry [Cd2X4(PnBu3)3] (X = Cl, Br or I) were also isolated.
olution NMR  studies suggested these were completely dissoci-
ted into [Cd2X4(PnBu3)2] and [CdX2(PnBu3)2], but in the solid
tate they appear to be single discrete species [(nBu3P)2Cd(�-
)2CdX2(PnBu3)] with four- and five-coordinate cadmium.

The complexes [Cd2Br2(�-Br)2{P(SiMe3)3}2] and [Cd2I2(�-
)2{E(SiMe3)3}2] (E = P, As) have been isolated [39,40], and
nder other conditions various clusters form including
Cd2Br2{P(SiMe3)2}2(PnPr3)2], [Cd10Br12{PSiMe3)4{P(SiMe3)3}4]
nd [Cd10I12{AsSiMe3)4{As(SiMe3)3}4]. Other clusters
re the adamantanoid [(�-SR)6Cd4(PPh3)2(ClO4)2], [(�-
eR)6Cd4(PPh3)2(ClO4)2] [63] and [Cd10E4(E′Ph)12(PR3)4] (E,
′ = Te, Se, sometimes S) [64]; in all of these species the phosphines
ccupy terminal vertices. Mixed ligand complexes, generally simi-
ar to their zinc analogues discussed above, include five-coordinate
Cd(Et2NCS2)2(PEt3)] (Cd − P = 2.573(3) Å) [44], [Cd2(�-O-2,6-
2C6H3)2(O-2,6-F2C6H3)2(PCy3)2] (Cd − P = 2.543(1) Å) [48] and
Cd(O-2,6-F2C6H3)2(PCy3)2] (Cd − P = 2.648(2) Å) [65].

A chain polymer with diphosphine bridges is present in
CdI2{Ph2P(CH2)2PPh2}]n [51]. The silicon-bridged diphosphine
e2Si(CH2PPh2)2 forms 1:1 adducts [CdX2{Me2Si(CH2PPh2)2}]
X = Cl, Br, I, SCN or NO3) which were identified as distorted-
etrahedral monomers by multinuclear NMR  spectroscopy (1H,
1P{1H}, 113Cd), and confirmed for the chloro-complex by
d state. Given the sensitivity of the values to concentration, solvent and temperature,
. Data taken from [61,62,69,70].

an X-ray structure (Cd − P = 2.580(2), 2.553(2) Å) [66]. The
[Cd{Me2Si(CH2PPh2)2}2][ClO4]2 complex was also isolated. Fer-
rocenyl diphosphine complexes [CdCl2{Fe(C5H4PiPr2)2}] and
[CdCl2{Fe(C5H4PCy2)2}], analogous to those of zinc, have been
prepared [52,53], and the structure of [CdCl2{Fe(C5H4PPh2)2}]
determined (Cd − P = 2.453(2), 2.466(2) Å) [67]. The pyridine-
phosphine [Fe(C5H4PPh2)(C5H4-2py)] forms P,N chelate complexes
with CdBr2 and CdI2, but whilst [Fe(C5H4PPh2)(C5H4CH2-2py)] also
chelates to CdI2, it forms a ligand-bridged polymer with CdBr2 [58].
An unusual distorted pentagonal bipyramidal (P2S2NO2) geometry
with axial phosphines (Cd − P = 2.590(1) Å) is present in [Cd{2,6-
(Ph2PCH2CH2SCH2)2C5H3N}(O3SCF3)2] [57].

5.3. Mercury

Although the basic types of mercury(II) phosphine and arsine
complexes were established at much the same time as those of
the cadmium analogues [29], mercury has remained an active area
of research with significant amounts of new work reported in the
last twenty years. The well-known [HgX2(PR3)2] type have the
expected distorted tetrahedral geometries, and have been much
studied by X-ray crystallography and 31P{1H} and 199Hg NMR
(I = 1/2, 17%, Rc = 5.7) spectroscopy, with the Hg–P bond lengths,
<P–Hg–P angles and 1J(31P–199Hg) coupling constants all showing a
significant dependence upon the halide and the phosphine present.
Solution NMR  studies have also revealed that a mixture of com-
plexes is often present in solution, and more recently, solution and
CP MAS  NMR  studies have been used to correlate the solid and solu-
tion structures. There is a large amount of 31P{1H} and 199Hg NMR
data available [20,62,69,70]. The 199Hg chemical shifts cover a wide
range and are sensitive to solvent and temperature, as well as to
chemical exchange effects, hence comparing data between differ-
ent studies obtained under different experimental conditions needs
to be done with some care. Table 3 illustrates the usually rather
systematic trends observed on changing the chemical speciation.

Reported X-ray structures are listed in Table 4. Recent inter-
est has focused on the 1:1 complexes for which isomers of the
[Hg2X2(�-X)2(PR3)2] type have been found, and on some other sto-
ichiometries, as well as the subtle relationships between 1:1 and
2:1 complexes, especially with phosphines with large cone angles.

The large amount of structural data available has also shown that
intermolecular effects such as long halide bridges or �-stacking
play a role in determining the structures adopted [71,72]. The com-
plexes of PnPr3 illustrate the complexities observed [72,73]. The
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Table 4
Recent X-ray structural data on mercury(II) complexes.

Complex structure Hg–P (Å) Refs.

[HgCl2(PPh3)2] Tetrahedral 2.503(6), 2.532(4) [100]
[HgBr2(PPh3)2] Tetrahedral 2.550(4), 2.491(5) [101]
[HgCl(PPh3)(�-Cl)2HgCl(PPh3)] Sym. dimer 2.3991(8) [71]
[HgBr(PPh3)(�-Br)2HgBr(PPh3)] Sym. dimer 2.40(2), 2.44(2) [69]
[HgI(PPh3)(�-I)2HgI(PPh3)] Sym. dimer 2.4724(10) [71]
[HgCl(PCy3)(�-Cl)2HgCl(PCy3)] Sym. dimer 2.410(1) [102]
[HgCl(PnPr3)(�-Cl)2HgCl(PnPr3)] Sym. dimer 2.358(4) [72]
[HgBr(PnPr3)(�-Br)2HgBr(PnPr3)] Sym. dimer 2.408(4) [72]
[HgI2(PnPr3)]n Polymer 2.406(7) [72]
[HgI2(�-I)2Hg(PnPr3)2] Asym. dimer 2.457(14), 2.421(15) [72,73]
[Hg(PnPr3)2(�-I)2CdI2] Asym. dimer 2.424(4), 2.410(4) [68]
[HgI2(�-I)2Hg(PnBu3)2] Asym. dimer 2.391(22)–2.410(17) [69]
[(HgI2)3(PMe3)2] See text 2.413(6) [74]
[HgI2{Ph2P(CH2)2PPh2}]n Chain polymer 2.5037(14), 2.5064(13) [51]
[HgBr2(1-Ph-dibenzophosphole)2] Tetrahedral 2.490(3), 2.513(3) [69]
[Hg2I4(1-Ph-Me2dibenzophosphole)2] Sym. dimer 2.437(7), 2.470(7) [69]
[HgBr2{PPh(2-py)2}2] Tetrahedral (P2Br2) 2.512(2), 2.494(2) [75]
[Hg(PPh3)2(�-SCN)Cd(SCN)3] Polymer 2.501(1), 2.483(1) [103]
[Hg{OP(O)CF3(OH)} 2(PMe3)3] Polymer 2.449(2)–2.481(2) [104]
[Hg{P(2,4,6-(MeO)3C6H2)3} 2] [Hg2Cl6] 2-Coordinate 2.389(5) [76]
[Hg2Cl4{P(2,6-(MeO)2C6H3)3} 2] Sym. dimer 2.436(3) [77]
[Hg2Br4{P(2,6-(MeO)2C6H3)3}2] Sym. dimer 2.4490(12) [77]
[HgI2{P(2,6-(MeO)2C6H3)3}] 3-Coord. monomer 2.4656(16) [77]
[HgBr2{P(2,4,6-(MeO)3C6H3)3}] 3-Coord. monomer 2.420)4) [78]
[HgI2{P(2,4,6-(MeO)3C6H3)3}] 3-Coord. monomer 2.437(2) [78]
[Hg2I4{P(2,4,6-(MeO)3C6H3)3}] See text 2.408(2) [78]
[Hg(PBz3)2][BF4]2 Linear 2.4032(5) [79]
[Hg(PBz3)2(NO3)2] 4 + 2 Coordinate 2.429(1)–2.435(1) [79]
[Hg(PBz3)2Cl(NO3)] Chain polymer 2.371(3) [79]
[Hg(PBz3)2Br(NO3)] Chain polymer 2.373(2) [79]
[Hg(PBz3)2I(NO3)] Chain polymer 2.392(1) [79]
[Hg(PBz3)2(SCN)(NO3)] 4 + 2 Coordinate dimer 2.396(1) [79]
[Hg(PPh3)Cl(NO3)] Polymer 2.372(1) [80]
[Hg(PPh3)Br(NO3)] Polymer 2.388(1) [80]
[Hg(PPh3)I(NO3)] Polymer 2.402(2) [80]
[Hg{Ph2P(CH2)nPPh2)2][O3SCF3]2 Tetrahedral 2.512(4), 2.613(4) [82]
[Hg {P(CF3)2}2{Ph2P(CH2)2PPh2)}] Tetrahedral 2.71(4), 2.571(4)� [83]
[HgI2{Ph2PCH2SiMe2CH2PPh2}] Tetrahedral 2.515(2), 2.511(2) [105]
[HgCl2{Fe(C5H4PPh2)2}] Tetrahedral 2.5102(17), 2.5162(16) [84]
[HgI2{Fe(C5H4PPh2)2}] Tetrahedral 2.5585(15), 2.5718(14) [85]
[HgBr2{Fe(C5H4PPh2)(C5H4CO2H)}2] Tetrahedral 2.529(2) [86]
[Hg2Br4{Fe(C5H4PPh2)(C5H4CO2H)} 2] Sym. dimer 2.425(1) [86]
[HgBr2{Fe(C5H4PPh2)(C5H4-2py)}] Chelate PNX2 2.4462(9) [58]
[HgCl2{Fe(C5H4PPh2)(C5H4-2py)}2] Tetrahedral P2X2 2.495(6) [58]
[HgBr2{Fe(C5H4PPh2)(C5H4-2py)} 2] Tetrahedral P2X2 2.503(1), 2.497(1) [58]
[HgBr2{Fe(C5H4PPh2)(C5H4CH2-2py)}] Chelate PNX2 2.443(2) [58]
[HgBr2{Fe(C5H4PPh2)(C5H4CH2-2py)}2] Tetrahedral P2X2 2.510(2), 2.512(2) [58]
[Hg2Br4 {Fe(C5H4PPh2)(C5H4CH2-2py)}]n Polymer PX3 2.510(2), 2.512(2) [58]
[HgBr2{Fe(C5H4PPh2)(C5H4-3py)}]n Polymer PNX2 2.442(1) [58]
[HgBr2(Ph2PCH2CH2SEt)] 3 + 1 Coordinate 2.415(1) [106]
[Hg3Cl2(�-Cl)2{PhP(CH2PPh2)2}2]2+ See text 2.442(9)–2.461(8) [87]
[Hg2Cl4{C4H4(PPh2)4}] See text 2.470(2)–2.629(2) [88]
[Hg2Br4{C4H4(PPh2)4}] See text 2.532(2)–2.597(l) [88]
[Hg2(CN)4{C4H4(PPh2)4}] See text 2.517(1), 2.543(1) [88]
[Hg2(NO3)2{C4H4(PPh2)4} (�1-Ph2PCH2PPh2)2] [AsF6]2 See text 2.409(3)–2.555(3) [88]
[HgI{N(CH2CH2PPh2)3}]I Tetrahedral (P3I) 2.521(5)-2.555(7) [89]
[Hg(Me){N(CH2CH2PPh2)3}] [CF3 SO3] Tetrahedral 2.600(8)-2.808(7) [90,92]
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[Hg(C6F5){N(CH2CH2PPh2)3}][CF3SO3] Tetrahed
[Hg(S-p-C6H4Me){N(CH2CH2PPh2)3}][CF3SO3] Tetrahed
[Hg(Me){P(CH2CH2PPh2)3}] [BF4] 2 + 2 

HgX(PnPr3)(�-X)2HgX(PnPr3)] (X = Cl or Br) have the typical sym-
etrical dimer structure, but the iodide has two forms; one is also

imeric but with both phosphines coordinated to one mercury
Fig. 8) whereas the second form has a trigonal planar (I2P) core,
ith very long Hg–I contacts (3.570(5), 3.627(5) Å) to neighbouring
olecules, creating a trigonal bipyramidal chain (Fig. 9) [72].

uriously, the 31P{1H} NMR  spectrum of [HgI2(�-I)2Hg(PnPr3)2]
uggests the symmetrical isomer is the major form in solu-

ion. Unsymmetrical dimers of this type have been previously
bserved as minor species in solution for PnBu3 complexes [70],
nd subsequently [HgI2(�-I)2Hg(PnBu3)2] was structurally charac-
erised [69]. Some Cd/Hg heterobimetallics [CdI2(�-I)2Hg(PR3)2]
2.584(13)–2.612(10) [91]
2.539(7)–2.633(8) [92]
2.446(3), 2.879(3), 3.078(3) [94]

have been obtained and [CdI2(�-I)2Hg(PnPr3)2] has been struc-
turally characterised [68]. The structure of the 2:3 complex
[(HgI2)3(PMe3)2] reveals it is best described as containing linear
[Hg(PMe3)2]2+ cations weakly interacting with four [HgI3]− ions
to give a chain structure, further cross-linked by long Hg–I–Hg
contacts [74].

Pyridylphosphines, such as P(2-C5H4N)3 and P(2-C5H4N)2Ph
form 2:1 adducts [HgX2L2] (X = Cl or Br), in which the ligand bonds

to Hg only via the phosphorus atoms, although the pyridyl rings are
involved in �-stacking interactions in the crystals [75].

The chemistry of mercury(II) halides with very bulky phos-
phines such as tris(2,6-dimethoxyphenyl)phosphine (DMPP) or
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ig. 8. View of the structure of [HgI2(�-I)2Hg(PnPr3)2] redrawn from Ref. [72].

ris(2,4,6-trimethoxyphenyl)phosphine (TMPP) which have cone
ngles ∼184◦ is very different to that with smaller phosphines
76–78]. Acetonitrile solutions of HgX2 and TMPP contain both
HgX(TMPP)]+ and [Hg(TMPP)2]2+ ions, and crystallisation results
n solids containing these cations and [Hg2X6]2−. The struc-
ure of [Hg(TMPP)2][Hg2Cl6] reveals a slightly bent P–Hg–P unit
166.5◦) with contacts between the Hg and three methoxy oxy-
ens ∼2.7 − 3.0 Å. From a 1:1 Hg:TMPP ratio in ethanol the products
ere trigonal planar monomers [HgX2(TMPP)] (X = Br or I), whilst

 second product with a 2:1 Hg:TMPP composition is the oligomer
(TMPP)HgI(�-I)HgI(�-I)2HgI(�-I)HgI(TMPP)]. It was also possible
o isolate [HgX2(TMPP)2] complexes, presumed to be tetrahedral

onomers, although these lose one TMPP molecule very easily in
olution. The rather weaker �-donor phosphine DMPP forms only
:1 complexes, which are halide bridged dimers [HgX(DMPP)(�-
)2HgX(DMPP)] for X = Cl or Br, but the iodide is a trigonal
lanar monomer. Tribenzylphosphine also has a large cone angle
165◦) resulting in different chemistry compared to small phos-

hines. Thus it gives [Hg(PBz3)2][BF4]2 (with a linear 2-coordinate
–Hg–P moiety) (Fig. 10), [Hg(PBz3)2(NO3)2] (a monomer which
as a distorted P2O2 core with longer contacts to two more
itrate O giving 4 + 2 coordination), [Hg(PBz3)2X(NO3)] (X = Cl, Br

Fig. 9. View of the chain structure of [HgI2(PnPr3)] redrawn fro
Fig. 10. View of the structure of the cation [Hg(PBz3)2]2+ redrawn from Ref. [79].

or I: polymers with 4 + 2 coordination and nitrato-bridges), and
[Hg(PBz3)2(SCN)(NO3)] (a discrete dimer with SCN bridges and
with 4 + 2 coordination) [79].

Complexes of type [Hg(PPh3)X(NO3)] (X = Cl, Br or I) contain
slightly bent X–Hg–P units linked by nitrate groups into polymeric
chains [80]. Although they are genuine mixed anion salts in the
solid state, shown both by the crystallographic results and CP MAS
NMR studies, in solution 31P{1H} NMR  spectroscopy shows they
partially rearrange into [Hg(PPh3)2(NO3)2] and HgX2.

No new studies of mercury(II) arsines have appeared, but
[HgX2{Sb(2,4,6-Me3C6H2)3}] (X = Cl, Br, I or SCN) have been
described, although structural data are lacking [81].

The [HgI2{Ph2P(CH2)2PPh2}]n is a diphosphine-bridged
chain polymer [51]. Binuclear complexes [MeHg(�-
Ph2P(CH2)nPPh2)HgMe][O3SCF3]2 (n = 1–3) form on mixing
[MeHg(dmso)][O3SCF3] and the diphosphine in a 2:1 ratio in
CH2Cl2 [82]. An excess of diphosphine causes dismutation into
HgMe2 and [Hg{Ph2P(CH2)nPPh2)2][O3SCF3]2. The complex
[Hg{P(CF3)2}2{Ph2P(CH2)2PPh2}] is formed by treating the corre-
sponding dicyano–mercury complex with PH(CF3)2 [83]. The ligand

Ph2PCH2SiMe2CH2PPh2 forms tetrahedral chelate complexes with
HgX2 (X = Cl, Br, I, SCN) [105].

A range of ferrocenyl diphosphine complexes of Hg(II)
has been reported which all appear to contain simple

m Ref. [72]. Propyl groups have been omitted for clarity.
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Fig. 11. View of the structure of the cation [Hg3C

etrahedral monomers, including [HgCl2{Fe(C5H4PiPr2)2}]
52], [HgCl2{Fe(C5H4PtBu2)2}], [HgCl2{Fe(C5H4PCy2)2}] [53],
HgCl2{Fe(C5H4PPh2)2}] [84], and [HgI2{Fe(C5H4PPh2)2}] [85].
-(Diphenylphosphino)ferrocenecarboxylic acid (Hdpf) behaves as

 neutral P-donor phosphine towards mercury(II) halides, forming
HgX2(Hdpf)2] and [HgX(Hdpf)(�-X)2HgX(Hdpf)] (X = Cl, Br or
) [86]. Mercury(II) halide complexes of several ferrocene based
yridylphosphines have been structurally characterised (Table 4)
58]; depending upon the ligand and the reaction conditions vari-
us coordination modes can be accessed—monodentate P-donor,
,N-chelate and P,N-bridging modes.

The triphosphine Ph2PCH2P(Ph)CH2PPh2 forms 1:1 complexes
ith HgBr2 and HgI2, which on the evidence of their 31P{1H} NMR

pectra were assigned as tetrahedral chelate complexes with the
entral PhP group uncoordinated. In marked contrast, HgCl2 gave
he trimercury cation [Hg3Cl2(�-Cl)2{PhP(CH2PPh2)2}2]Cl(HCO3)
Fig. 11) in which all three phosphorus donor atoms are coordinated
o different mercury centres [87].

The tetraphosphine cis,trans,cis-tetrakis(diphenylphosphino)
yclobutane (Lb) binds to mercury salts in a �2�′2 mode in
Hg2X4Lb] (X = Cl, Br, CN, NO3) [88]. One nitrate group can
e displaced from each mercury by phosphines to give a
rans-[Hg2(NO3)2Lb(PR3)2]2+ cation (R = Ph, Bz or CH2CH2CN,
R3 = �1-Ph2PCH2PPh2).

The potentially tetradentate N(CH2CH2PPh2)3 gives tetrahe-
ral [HgX{N(CH2CH2PPh2)3}]X (X = Cl, Br or I) in which the
itrogen is uncoordinated (Hg . . . •N = 3.1 Å) [89]. This tripodal

igand has also given a series of organomercury(II) complexes
HgR{N(CH2CH2PPh2)3}][O3SCF3] (R = Me,  Et, Ph, C6F5) which are
istorted tetrahedral (P3C), which contrasts with the linear coor-
ination favoured by organomercury salts [90–93]. The Hg–C bond

s readily broken on reaction with thiols, acetic- or trifluoroacetic

cids, to form [HgY{N(CH2CH2PPh2)3}]+ (Y = RS, MeCO2, CF3SO3)
nd RH. The related tetraphosphine ligand P(CH2CH2PPh2)3 also
orms [HgR{P(CH2CH2PPh2)3}]BF4 (R = Me  or Ph); the structure
f the former shows a near-linear coordination to the central
l)2{PhP(CH2PPh2)2}2]2+ redrawn from Ref. [87].

phosphorus and the Me  group, with weaker interactions with two
of the pendant phosphines (Fig. 12) [94].

Although mercurous ions [Hg–Hg]2+ usually dispropor-
tionate on treatment with phosphines, there are subvalent
clusters [Hg3]4+ stabilised by diphosphinomethane ligands. Treat-
ment of [Hg–Hg][CF3SO3]2 with Me2PCH2PMe2, or reaction of
[Hg(dmso)6][CF3SO3]2 with metallic mercury and Me2PCH2PMe2,
produces the triangular cluster [Hg3(Me2PCH2PMe2)4][CF3SO3]4
with the structure shown in Fig. 13. [95]. The related
[Hg3(Ph2PCH2PPh2)3][Y]4 (Y = PF6, O3SCF3, 1/2SiF6, 1/2SO4) also
contain an Hg3 triangle, but with only three diphosphinomethane
ligands, one on each edge (Fig. 14) [96]. Halide ions react with
the cluster to form poor yields of [Hg3(Ph2PCH2PPh2)3Xn](4−n)+

(n = 1 or 2) along with elemental Hg and Hg(II) complexes, but
the thiocyanate species [Hg3(Ph2PCH2PPh2)3(SCN)2][CF3SO3]2
has been structurally characterised [97]. The diarsine analogue
[Hg3(Ph2AsCH2AsPh2)3][CF3SO3]4 [98] and the mixed metal
[AgHg2(Ph2PCH2PPh2)3][Y]3 [99] are also known.

6. Group 13

Boron and aluminium halides are textbook examples of Lewis
acids, much studied and widely used industrially. Gallium(III) and
indium(III) halides function similarly, although their uses are much
less widespread, whilst the Lewis acidity of thallium(III) is very
limited.

6.1. Boron

Phosphine–borane adducts were the subject of two  compre-
hensive reviews in 2010 [10,11], and hence we restrict discussion
to adducts of the boron halides BX3 (X = F, Cl, Br or I). The

synthesis of X3B–PR3 adducts dates back over 100 years, with
much experimental work carried out in the 1960–1980 period.
In the process of adduct formation, the trigonal planar BX3 unit
is converted into a pyramidal fragment (an endothermic process
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employed, and have often proved controversial in detail. These
are well summarised in [10,107] and some key contributions
are in [108–112] and refs therein. Much of this work deals with
Fig. 12. View of the structure of the cation [H

ariously described as the deformation or reorganisation energy)
nd the Lewis acid–Lewis base bond forms (an exothermic process).
any textbooks state that Lewis acidity increases BF3 < BCl3 < BBr3

often generalised without explanation, but traceable back to
he stability of the NH3 adducts). This is counter-intuitive on
lectronegativity grounds, and was rationalised as being due to
yperconjugation—p�–p� bonding between the empty boron p
rbital and the filled p orbitals on the halogen, which was assumed

o give the best overlap with the lighter halogens and hence

ake BF3 in particular a weaker acceptor towards the Lewis base.
ince the �-bonding would be disrupted this would also make
yramidalisation more endothermic. In the last 15 years much

ig. 13. View of the structure of the cation [Hg3(Me2PCH2PMe2)4]4+ redrawn from
ef. [95].
{P(CH2CH2PPh2)3}]+ redrawn from Ref. [94].

computational effort has been devoted to exploring the factors
involved, the majority of the work dealing with amine adducts of
BX3 or BH3. The detailed and somewhat subtle conclusions show
considerable dependence on the level and model of calculations
Fig. 14. View of the structure of the cation [Hg3(Ph2PCH2PPh2)3]4+ redrawn from
Ref.  [96].
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ig. 15. View of the structure of [BBr3{Sb(SiMe3)3}] redrawn from Ref. [127].

omplexes that lie outside the present article, but some points
elevant to phosphine/arsine adducts are:

the Lewis acid–Lewis base interaction depends upon the particu-
lar pair involved, and discussing one component in isolation can
be misleading (but surprisingly often done);
p�–p� hyperconjugation is not responsible for the observed
trends, which arise via the �-bonding interactions and orbital
energies of B–X and B–P bonds;
there is a subtle interplay between substituent size and elec-
tronegativity on the boron Lewis acidity;
the bond dissociation energy is not a good measure of intrinsic
donor–acceptor strength;
the modelling usually deals with gas phase molecules and does
not take into account solvation effects in solution, or packing and
intermolecular interactions in the solids.

Boron halide adducts made in the gas phase or isolated in low
emperature matrices have been reviewed, along with the relevant
omputational modelling [12].

Boron trihalides form 1:1 complexes with phosphine and arsine
igands, usually made by combination of the constituents in an inert
olvent; hexane, benzene or toluene are the most commonly used,
r sometimes in the absence of a solvent [113–126]. Table 5 lists
tructural data on typical examples. All examples are based upon

 C3v boron centre and the d(B–P/As) bond lengths for a common
oft Lewis base decrease Cl > Br > I. The only stibine examples for
hich structural data are available, [BX3{Sb(SiMe3)3}] (X = Cl, Br

r I) (Fig. 15) have B–Sb distances which are effectively the same
within experimental error), and data on other stibine adducts are
equired before any conclusions can be drawn.

The PR3 or AsR3 (where R is a simple alkyl or aryl group)
omplexes are stable molecular monomers that have attracted

 good deal of spectroscopic study, especially by IR/Raman and
ultinuclear NMR  (1H, 13C, 11B, 31P{1H}) methods—in general the

ata are unexceptional and the trends with changing X or ER3 are
ystematic [113,124,128,129]. Adducts with PX3 (X = Cl, Br or I) are
lso known [116,117]; these are less stable than PR3 complexes

nd have markedly longer P–B bonds. Trivinylphosphine forms
BX3{P(CH = CH2)3}] (X = Cl, Br or I) by direct reaction with BX3 at
ow temperatures, but the corresponding reaction of [BF3(OEt2)]
nd P(CH = CH2)3 gave polymeric materials [113]. The only
y Reviews 260 (2014) 65– 115

structurally characterised BF3–phosphine complex is [BF3(PEt3)],
which is stable at room temperature, but which has a long
B–P bond [113]. The secondary phosphine adducts [BX3(PHtBu2)]
(X = Cl or Br) are unstable in air and convert to the phosphine oxides
[BX3(OPHtBu2)], whilst LiN(SiMe3)2 caused deprotonation to form
[{BX2(PtBu2)}2] [122]. The silyl-phosphine and -arsine complexes
[BX3{E(SiMe3)3}] (X = Cl, Br or I; E = P or As) were made by com-
bination of the constituents at low temperatures, but at higher
temperatures Si–E cleavage occurs to give [{BX2(E(SiMe3)2)}2]
which can be made directly from the appropriate boron halide and
Li[E(SiMe3)2] [121,125,126].

6.2. Aluminium

There are considerable similarities between adducts formed by
AlX3 (X = Cl, Br or I) and those of BX3 already discussed, but also
some notable differences. Whilst tetrahedral four coordination is
still the norm, five- or six-coordination is found in some aluminium
complexes. Very few complexes (none with soft donors) are known
for AlF3, which unlike the molecular BF3 is an inert fluorine-bridged
polymer [130]. Monodentate ER3 adducts of AlR′

3 (R′ = alkyl) have
been thoroughly investigated, but detailed studies of complexes
of AlX3 are surprisingly rare and complexes with bi- and poly-
dentates have received very limited study. Anionic mixed-donor
polydentates containing—PR2 groups are better known. Stibine
and even bismuthine complexes have been obtained with tri-
alkylaluminiums. In addition to their inherent interest, several
series of adducts have been explored as precursors for MOCVD
(metal organic chemical vapour deposition) of the III–V materi-
als AlE (E = P − Bi), which are direct band gap semi-conductors,
whilst other aluminium-phosphine adducts have been isolated
(sometimes serendipitously) from catalytic systems that have been
activated with alkylaluminiums. There is also a large amount of
chemistry on aluminium dimers with ER2

− bridges which fall out-
side the scope of the present article; again the driving force for
much of this work was  reagents for the production of III–V semi-
conductors.

The various energy contributions to the formation of X3Al–ER3
adducts follow closely from those discussed under boron above. The
theoretical investigations have shown that whilst bond dissociation
energies may  be larger for aluminium than for the corresponding
boron complex, this is a result of less energy needed to convert the
planar AlX3 fragment to the pyramidal shape, rather than to inher-
ently stronger donor-acceptor bonds [110]. An overview of the data
indicates that despite some anomalies, the conclusion of decreasing
Lewis acid strength is in the order AlCl3 > AlBr3 > AlI3, and also an
order AlCl3 > AlBr3 > GaCl3 > GaBr3 [131]. Note these are the reverse
of that observed for boron halides, although more structural data
on series of boron halide phosphine/arsine adducts are desirable
to support the conclusions. The calculations are performed for gas
phase molecules and do not take into account other (usually small)
energy terms such as solvation or lattice energies. However, such
small terms can result in significant effects, which may  complicate
or even obscure the underlying trends. For example, it has been pro-
posed that some apparently anomalous results in the experimental
data from some solid aluminium adducts could be ascribed to solid
state effects such as H-bonding or intermolecular packing [131].
Crystallographically characterised complexes are listed in Table 6.

During studies of low valent aluminium halides, Schnoeckel
and co-workers obtained crystal structures of [Al4I4(PEt3)4] (for-
mally Al(I)) and [Al2I4(PEt3)2] (formally Al(II)), as well as of the
five-coordinate trans-trigonal bipyramidal [AlI3(PEt3)2] (Fig. 16)

[132,133]. In [Al4I4(PEt3)4] there is a planar Al4 ring with
Al–Al = 2.597(3) Å  (Fig. 17), whilst [Al2I4(PEt3)2] is a dimer with
an unbridged Al–Al bond (2.546(3) Å) (Fig. 18). The tetrahedral
[AlX3(ER3)] (ER3 = PPh3, AsMe3 or AsEt3) [124,131] have 27Al NMR



J. Burt et al. / Coordination Chemistry Reviews 260 (2014) 65– 115 77

Table 5
X-ray structures of boron halide adducts.

Complex B–P/As/Sb(Å) B–X(Å) Ref.

[BF3(PEt3)] 2.028(1) 1.378(2)–1.384(2) [113]
[BCl3(PMe3)] 1.957(5) 1.850(3)–l.866(5) [114]
[BBr3(PMe3)] 1.924(12) 2.016(10)–2.025(6) [114]
[BI3(PMe3)] 1.918(15) 2.272(16)–2.237(9) [114]
[BBr3(PnPr3)] 1.95(1) 2.009(3) [116]
[BI3(PCy3)] 1.972(3) 2.236(3)–2.249(3) [119]
[BCl3(PMe2Ph)] 1.963(2) 1.836(2)–1.839(2) [115]
[BBr3(PMePh2)] 1.976(9) 2.004(11)–2.046(12) [120]
[BBr3(Ph2PH)] 1.965(4) 1.997(4)–2.013(4) [120]
[BCl3{P(CH=CH2)3}] 1.970(2) 1.841(3)–1.847(2) [113]
[BBr3{P(CH=CH2)3}] 1.952(2) 2.004(2)–2.009(2) [113]
[BI3{P(CH=CH2)3}] 1.944(4) 2.226(5)–2.232(4) [113]
[BBr3(PI3)] 2.01(1) 2.387(3)–2.392(l) [116]
[BBr3(PBr3)] 2.01(2) 1.96(2)–1.99(1) [116]
[BCl3(PPh3)] 2.006(3) 1.835(3)–1.852(2) [115]
[BBr3(PPh3)] 1.99(1) 1.978(l)–2.013(9) [118]
[BCl3{P(SiMe3)3}] 2.022(9) 1.841(9)–1.857(9) [121]
[BBr3{P(SiMe3)3}] 1.998(2) 1.995(20)–2.035(20) [121]
[BBr3(PHtBu2)] 2.01(1),2.00(1) 2.01(2), 2.02(2) [122]
[(BCl3)2(�-Ph2PCH2PPh2)] 1.995(3),1.980(3) 1.835(3)–1,850(3) [115]
[BCl3(AsMe3)] 2.065(6) 1.828(7)–1.830(4) [123]
[BBr3(AsMe3)] 2.04(1) 1.99(l)–2.04(l) [123]
[BI3(AsMe3)] 2.03(1) 2.22(1)–2.23(1) [123]
[BPh3(AsMe3)] 2.148(3) – [124]
[B(C6F5)3(AsEt3)] 2.1905(18) – [124]
[BCl3{As(SiMe3)3}] 2.118(6) 1.822(7)–1.838(7) [125]
[BBr3{As(SiMe3)3}] 2.108(11) 1.996(10)–2.034(10) [126]
[BI3{As(SiMe3)3}] 2.104(15) 2.216(14)–2.262(14) [125]

c
a
[
[
h
(
t

[BCl3{Sb(SiMe3)3}] 2.259(21) 

[BBr3{Sb(SiMe3)3}] 2.268(17) 

[BI3{Sb(SiMe3)3}] 2.257(8) 

hemical shifts in the range ı∼100–120, typical of four-coordinate
luminium [124]. Analogous to the boron halide complexes,
AlX3(PHtBu2)] are dioxygen sensitive and readily convert into
AlBr3(OPHtBu2)] on exposure to air [122]. The very sterically

indered P(mesityl)3 forms unstable adducts [AlX3{P(mesityl)3}]
X = Cl or Br), with very long Al–P bonds (see Table 6) and the solu-
ion NMR  data show extensive dissociation [134]. In solution they

Fig. 16. View of the structure of [AlI3(PEt3)2] redrawn from Ref. [132].
1.842(21)–1.864(21) [127]
2.008(17)–2.032(17) [127]
2.231(8)–2.259(8) [127]

behave as frustrated Lewis pairs, activating CO2 towards reduc-
tion to MeOH by ammonia borane. Reaction of P(SiMe3)3 with
AlX3 (X = Cl or Br) in toluene produces [AlX3{P(SiMe3)3}] with no
dehalosilylation ( Me3SiCl) observed [135].

Alane (AlH ) forms very unstable complexes with small phos-
3
phines which lose phosphine and form [{AlH3}n], but with bulky
phosphines or diphosphines more stable four- or five-coordinate
adducts form [136,137]. Treatment of LiAlH4 in diethyl ether

Fig. 17. View of the structure of [Al4I4(PEt3)4] redrawn from Ref. [132].
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Table 6
X-ray structures of aluminium complexes.

Complex Al–P/As/Sb (Å) Al–X (Å) Comments Ref.

[AlBr3(PPh3)] 2.4296(15) 2.1079(13)–2.1224(13) [131]
[AlCl3(AsPh3)] 2.5191(9) 2.0711(11)–2.1446(11) [124]
[AlI3(AsPh3)] 2.5140(10) 2.4985(3) [124]
[AlBr3(PHtBu2)] 2.439(3), 2.441(2) 2.283(2), 2.286(2) [122]
[AlI3(PEt3)2] 2.520(4), 2.528(4) 2.598(3)–2.618(3) Tbp trans axial P [132]
[AlCl3{P(mesityl)3}] 2.5238(11) 2.1237(13)–2.1345(12) [134]
[AlBr3{P(mesityl)3}] 2.5360(10) 2.2924(9)–2.2986(9) [134]
[Al2I4(PEt3)2] 2.440(2) 2.561(2), 2.562(2) Al–Al bond [133]
[Al4I4(PEt3)4] 2.403(2) 2.630(2) planar Al4 ring [132]
[AlCl3{P(SiMe3)3}] 2.392(4) 2.112(4)–2.125(4) [135]
[AlBr3{P(SiMe3)3}] 2.391(6) 2.287(5)–2.290(5) [135]
[AlH3(PCy3)] 2.467(1) – [136]
[AlH3(PtBu3)] 2.471(3) – [137]
[(AlH3)2 {�-Cy2P(CH2)2PCy2}] 2.406(2) – 4-Coord Al [136]
[(AlH3)2{�-iPr2P(CH2)2PiPr2}] 2.451(3) – 4-Coord Al [137]
[{(AlH3)2{�-iPr2P(CH2)2PiPr2} }n] 2.708(3), 2.755(3) – Polymer 5-coord Al [136]
[{(NMe3)(AlH3)}2{�-Me2P(CH2)2PMe2)] 2.688(5) – Dimer 5-coord Al [138]
[AlMe3(PPh3)] 2.535(1) or 2.5329(6) – [140,141]
[AlMe3{P(o-tolyl)3}] 2.584(2) – [140]
[AlEt3(PPh3)] 2.5413(4) – [141]
[AltBu3(PnPr3)] 2.5943(3) [142]
[AltBu3(PiPr3)] 2.667(2) – [147]
[(AlMe3)2(�-Ph2PCH2PPh2)] 2.521(2), 2.585(2) – [143]
[(AliBu3)2(�-Ph2PCH2CH2PPh2)] 2.560(2) – [144]
[(AlCl2Me)(AlCl3)(�-Ph2PCH2PPh2)] 2.451(2), 2.497(2) 2.020(4)–2.138(2) [145]
[(AlMe3)2(�-Ph2PCH2CH2PPh2)] 2.544(4) [146]
[(AlMe3)3{�-(Ph2PCH2CH2)2PPh}] 2.535(7), 2.531(7), 2.504(6) – [146]
[(AlMe3)2{�-Ph2P(CH2)3PPh2)] 2.5008(5) – [141]
[(AlEt3)2{�-Ph2P(CH2)3PPh2)] 2.5300(5) – [141]
[(AlMe3)2{�-(tBuHPCH2CH2PtBuH}] 2.533(3) – [159]
[AltBu3(AsiPr3)] 2.839(1) – [147]
[AlEt3{P(SiMe3)3}] 2.555(2) – [147]
[AlEt3{As(SiMe3)3}] 2.654(2) – [147]
[Al(Me3CCH2)3{As(SiMe3)3}] 2.72(2) – [148]
[Al(Me3CCH2)3{P(SiMe3)3}] 2.681(4) – [148]
[Al(Me3SiCH2)3{As(SiMe3)3}] 2.671(3) – [148]
[Al(Me3SiCH2)2Br{P(SiMe3)3}] 2.498(7) 2.351(5) [148]
[AltBu3(SbEt3)] 2.8447(7) – [150]
[AltBu3(SbiPr3)] 2.9267(4) – [150]
[AlMe3(SbtBu3)] 2.8344(10) – [150]
[AlEt3(SbtBu3)] 2.8730(9) – [150]
[AltBu3(SbMe3)] 2.8431(6) – [151]
[AltBu3(SbiBu3)] 2.903(2) – [155]
[AlEt3{Sb(SiMe3)3}] 2.841(1) [152]
[AlEt3{Bi(SiMe3)3}] 2.921(2) – [153]
[AltBu3(BiiPr3)] 3.088(1) – [153]
[AltBu3(BiEt3)] 2.940(1) – [154]
[AltBu2Cl{Sb(SiMe3)3}] 2.82(1), 2.798(1) 2.182(1), 2.183(1) [152]
[AlEtCl2{P(SiMe3)3}] 2.435(3) 2.144(4), 2.156(4) [156]
[AliBu2Cl{P(SiMe3)3}] 2.504(3) 2.1794(4) [156]
[AliBu2Cl{As(SiMe3)3}] 2.573(1) 2.176(2) [157]
[AlMe2(SePh)(PPh3)] 2.517(1) – [160]
[Al(Ph2PCH2C6H4)3] 2.676(2), 2.782(2) – [161,162]
[AlMe2(2,6-tBu2-4-MeC6H2O)(PMe3)] 2.499(3) – [163]
[AlMe2{Ph2PC6H2(Me)(tBu)O}] 2.469(1) – 4-Coord POC2 [164]
[AlMe {Ph2PC6H2(Me)(tBu)O}2] 2.705(1), 2.607(1) – 5-Coord P2O2C [164]
[Al{Ph2PC6H2(Me)(tBu)O}3] 2.647(2), 2.714(2), 2.659(3) – 6-Coord P3O3 [164]
[AlCl2(II)]a 2.542(7) – TBP axial P [166]
[Al(CH2Ph)2(II)]a 2.453(3) – 4-Coord C2PN [166]
[AlCl2(II)(AlCl3)]a 2.403(2), 2.412(2) – 4-Coord PNCl2 + 4-Coord PCl3 [166]
[AlCl2(I)]a 2.4884(8) 2.1721(12) 5-Coord P2NCl2 [167]
[AlH{syn-(P2N2)}]b 2.517(3), 2.523(3) 5-Coord P2N2H [169]

a Anionic PNP pincer ligands.
b Macrocyclic bis(amidophosphine) ligand.
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Fig. 18. View of the structure of 

ith the phosphine hydrochlorides, or addition of HCl/Et2O to
ixtures of LiAlH4 and the phosphine, produced [AlH3(PCy3)],

AlH3(PtBu3)], and [(AlH3)2{�-Cy2P(CH2)2PCy2}] containing
our-coordinate aluminium. These complexes are thermally
table to >150 ◦C, their stability being attributed to steric hin-
rance preventing the formation of hydride bridges which is the
ecomposition route for small phosphine adducts. Attempts
o form adducts with Ph2P(CH2)nPPh2 (n = 1 or 2) or
hP(CH2CH2PPh2)2 were unsuccessful, but with iPr2P(CH2)2PiPr2
oth the four-coordinate dimer [(AlH3)2{�-iPr2P(CH2)2PiPr2}]
Fig. 19) and the five-coordinate polymer [{(AlH3)2{�-
Pr2P(CH2)2PiPr2}}n] were isolated and structurally characterised.
he Al–P bonds are long, in some cases marginally longer than the
a − P distance in gallium analogues (see below), and the 31P{1H}
MR  coordination shifts are small, both suggesting weak Al–P

onds.

A large number of adducts of aluminium alkyls with phosphine
igands have been prepared; all appear to contain four-coordinate
luminium and are usually very moisture- and air-sensitive,

Fig. 19. View of the structure of [(AlH3)2{�-iPr
PEt3)2] redrawn from Ref. [133].

although much less pyrophoric than the parent aluminium
alkyls. In contrast to the aluminium halide complexes, there
are di-, tri- (Fig. 20) and tetra-phosphine adducts of aluminium
alkyls, although again all contain only one phosphorus bound
to each aluminium [139–147]. Usually the AlR′

3 and the phos-
phine are simply mixed in an inert solvent, but other routes
have been described, for example, AliBu2H and the diphos-
phine dioxide, Ph2P(O)CH2CH2P(O)Ph2, produced [(AliBu3)2(�-
Ph2PCH2CH2PPh2)] by a sequence of reduction and rearrangement
reactions [144]. [Al2Me3Cl3] and Ph2PCH2PPh2 gave the scrambled
product [(AlCl2Me)(AlCl3)(�-Ph2PCH2PPh2)] [145].

For [AlMe3(PR3)] (R3 = Me3, Et3, Ph3, Me2Ph, MePh2,
(CH2CH2CN)3, Cy3, tBu3, (o-tolyl)3 etc.) the coordination shifts
(�) in the 31P NMR  spectra are positive for small phosphines,
but become negative as the steric bulk increases, attributed to an

increase in the repulsive interaction of the phosphine substituents
with the methyl groups on the small aluminium centre [139]. The
corresponding Al–Me 13C{1H} NMR  shifts move to high frequency
with increasing steric bulk of the phosphine. Consideration of the

2P(CH2)2PiPr2}] redrawn from Ref. [137].
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Fig. 20. View of the structure of [(AlMe3)3{

tructural data in Table 6 shows that longer Al–P and Al–As bonds
re found in complexes with bulky R groups either on Al or P/As
or both), showing clearly that steric effects are very important,
lthough the detailed trends are irregular; the various contributing
actors are discussed at length in [147].

Unusually for the elements covered in the article, a range of
tibine and bismuthine complexes has been characterized. The
ork has been reviewed by Schulz [149] who also discusses related
2Sb− compounds and the use of such complexes in MOCVD of
lSb nanomaterials. Early work established that SbR3 ligands
re chlorinated by AlCl3 [7] and there seem to be no reports of

Fig. 21. View of the structure of [AltBu3(BiiPr3)] redrawn from Ref. [153].
2PCH2CH2)2PPh}] redrawn from Ref. [146].

successful isolation of halide adducts. Mixing equimolar amounts of
AlR′

3 (R′ = Me,  Et, tBu) with SbR3 (R = Et, nPr, iPr, sBu or tBu) produced
colourless solid or liquid adducts [AlR′

3(SbR3)] which are very
air-sensitive, and 1H NMR  studies in the presence of added stibine
show fast exchange even at low temperatures [150]. Adducts of
the silylstibine Sb(SiMe3)3 of type [AlR′

3{Sb(SiMe3)3}] (R′ = Me,  Et,
tBu) are formed in quantitative yields by combining the compo-
nents in the absence of a solvent [152]. The bismuthine adducts
[AlR′

3(BiR3)] (R′ = Me,  Et, tBu; R = iPr or SiMe3) (Fig. 21) were
formed similarly and are extremely sensitive compounds; only the
AltBu3 adducts persist in solution, whereas the others appear to
completely dissociate into their constituents [153]. Chlorodialkyla-
luminiums, R′

2AlCl (R′ = Et, iBu) also form simple 1:1 adducts with
P(SiMe3)3, As(SiMe3)3 and Sb(SiMe3)3 [152,156–158], but under
other conditions dehalosilylation occurs giving four-membered
ring systems [{R2AlE(SiMe2)}2] (Fig. 22).

A variety of complexes with R2P(Y)–Al linkages have been
reported where Y is a charged ligand fragment contain-
ing anionic C-, N- or O-donor groups. These include the
complex of tris(o-(diphenylphosphinomethyl)phenyl)aluminium,
[Al(Ph2PCH2C6H4)3], made from AlCl3 and the aryllithium, which
is a five-coordinate trigonal bipyramid (P C ) with axial P
2 3
(Fig. 23) [161,162]. 2-Diphenylphosphinophenols form mono-,
bis- and tris-adducts on reaction with AlMe3 in which the
ligands chelate (P,O) as monoanions to the aluminium, with

Fig. 22. Sketch of the dimer [{R2AlP(SiMe2)}2] (R = Et, iBu).
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ig. 23. View of the structure of [Al(Ph2PCH2C6H4)3] redrawn from Ref. [161].

he Al–P distances increasing with increased coordination num-
er as expected [164]. Chelating C,P coordination is found

n closo-2-[(dimethylphosphino)methyl]-1,2-dicarbaborane (HCB)
omplexes, [AlCl2(CB)] and [AlCl(CB)2] [165]. Four- and five-
oordinate complexes with anionic amido–diphosphine (PNP)
igands (I) and (II) have been prepared [166,167].

The macrocyclic bis(amidophosphine) ligand (P2N2) is found
n two forms syn and anti; the former produces five-coordinate
AlCl{syn-(P2N2)}] (ClP2N2 coordination), whereas the latter gives

6.3. Gallium

Currentl
to a few ex
have been r
close resem
ences to th
same coval

gallium com
limited mod
our-coordinate [AlCl{anti-(P2N2)}] (ClPN2 coordination) [168]. In
olution, NMR  studies show anti → syn conversion via pyrami-
al inversion at phosphorus. LiAlH4 reduces [AlCl{syn-(P2N2)}] to
AlH{syn-(P2N2)}] [169].
y Reviews 260 (2014) 65– 115 81

y the complexes of gallium(I) and gallium(II) are limited
amples, but a large number of gallium(III) complexes
eported. Gallium(III) halide and alkyl complexes show
blance to those of aluminium, but significant differ-
e indium complexes. Gallium(III) has essentially the
ent radius as aluminium(III) (1.25 Å), although the

pounds are often rather weaker Lewis acids. There is
elling work on the Lewis acidity of gallium systems,
but it is likely that the key factors identified for boron and alu-
minium are also operating in the gallium systems. As discussed for
aluminium (Section 6.2), other factors sometimes complicate inter-
pretation of Lewis acidity based upon bond length data, but it seems
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Table 7
X-ray structures of gallium complexes.

Complex Ga–P/As/Sb (Å) Ga–X (Å)a Comments Ref.

[Ga8I8(PEt3)6] 2.412(3)–2.428(2) 2.6483(9)–2.6757(10) Ga8 ring [183]
[Ga(PPh3)3][Al({OC(CF3)3}4] 2.65–2.76 [184]
[Ga(PtBu3)2][Al({OC(CF3)3}4] 2.774(3) [185]
[Ga2Cl4(PEt3)2] 2.4269(5) 2.2248(6), 2.2336(6) Ga–Ga dimer [172]
[Ga2Br4(PEt3)2] 2.400(2) 2.427(1), 2.368(1) Ga–Ga dimer [172]
[Ga2I4(PEt3)2] 2.413(3) 2.584(1), 2.591(1) Ga–Ga dimer [186]
[Ga2I4(PPh3)2] 2.445(3) 2.555(1), 2.582(1) Ga–Ga dimer [186]
[Ga2I4(PHCy2)2] 2.424(2) 2.5924(10), 2.5755(11) Ga–Ga dimer [188]
[Ga2I4(PHtBu2)2] 2.4459(10) 2.5935(6), 2.5745(6) Ga–Ga dimer [188]
[Ga2Br4(PHCy2)2] 2.4164(7) 2.3807(5), 2.3612(5) Ga–Ga dimer [189]
[Ga2I4(AsEt3)2] 2.485(5) 2.564(4), 2.568(4) Ga–Ga dimer [187]
[Ga3I5(PEt3)3)] 2.404(3), 2.427(3) 2.601(l)–2.627(l) [186]
[GaCl3(PPh3)] 2.3717(16) 2.1677(15)–2.1696(15) [171]
[GaBr3(PPh3)] 2.3848(13), 2.3879(13) 2.3048(7)–2.3225(7) [171]
[GaI3(PPh3)] 2.413(4)/2.416(5) 2.518(2)/2.5212(9) two independent studies [173,176]
[GaCl3(PEt3)] 2.3531(5) 2.1746(5)–2.1836(5) [172]
[GaCl3(PMe3)] 2.353(2) 2.171(1), 2.176(1) [174]
[GaBr3{P(p-C6H4OMe)3}] 2.500(2), 2.494(2) 2.3166(6)–2.319(3) [177]
[GaI3{P(p-C6H4OMe)3}] 2.400(1) 2.5257(5)–2.5408(6) [177]
[GaBr3(PHtBu2)] 2.411(2), 2.413(2) 2.330(1), 2.332(1) [122]
[GaCl3{P(SiMe3)3}] 2.379(5), 2.380(5) 2.169(4), 2.176(4) [178]
[GaBr3{P(SiMe3)3}] 2.362(4) 2.315(2) [178]
[GaI3{P(SiMe3)3}] 2.347(4) 2.564(5) [178]
[GaCl3(AsPh3)] 2.449(6), 2.540(6) 2.146(2)–2.164(2) [124]
[GaI3(AsPh3)] 2.490(1) 2.509(1) [173,175]
[GaCl3(AsMe3)] 2.4332(12) 2.1709(15)–2.1768(12) [170]
[GaBr3(AsMe3)] 2.438(2) 2.3154(19)–2.3226(15) [170]
[GaI3(AsMe3)] 2.4593(13) 2.5300(11)–2.5344(9) [170]
[GaI3{As(p-MeOC6H4)3}] 2.509(3) 2.505(1) [187]
[GaCl2{o-C6H4(PMe2)2}2][GaCl4] 2.4794(6), 2.4806(5) 2.3585(5) [170]
[GaBr2{o-C6H4(PMe2)2}2][GaBr4] 2.4875(12), 2.4751(12) 2.5276(6) [170]
[GaI2{o-C6H4(PMe2)2}2][GaI4] 2.487(2), 2.499(2) 2.7481(6) [170]
[GaCl2{o-C6H4(PPh2)2}][GaCl4] 2.3787(12), 2.3865(11) 2.1457(11), 2.1575(12) [170]
[GaI2{o-C6H4(PPh2)2}][GaI4] 2.3976(13), 2.4085(12) 2.4904(6), 2.4912(7) [179]
[{GaBr3}2{�-Et2P(CH2)2PEt2}] 2.3614(13) 2.3033(8)–2.3246(8) [170]
[{GaI3}2{�-Et2P(CH2)2PEt2}] 2.3769(15) 2.5200(10)–2.5418(9) [170]
[{GaCl3}2{�-Ph2P(CH2)2PPh2}] 2.3854(8) 2.1608(8)–2.1648(8) [180]
[{GaI3} 2 {�-Ph2P(CH2)2PPh2}] 2.404(9), 2.410(9) 2.481(5)–2.533(5) [176]
[{GaBr3} 2 {�-Ph2PCH=CHPPh2}] 2.400(2) 2.2936(6)–2.3125(5) [181]
[{GaI3)2 {�-o-C6H4(CH2PPh2} 2] 2.3872(9), 2.3891(9) 2.5143(4)–2.5516(5) [171]
[GaCl2{o-C6H4(AsMe2}2][GaCl4] 2.442(1) 2.123(3) [170]
[GaI2{o-C6H4(AsMe2}2][GaI4] 2.450(2) 2.491(3) [170]
[{GaI3}2{�-Ph2As(CH2)2AsPh2}] 2.4875(10), 2.4885(10) 2.4944(9)–2.5329(9) [170]
[GaI2{PhP(o-C6H4(PPh2)2}][GaI4] 2.435(2), 2.420(2) 2.5473(8), 2.5818(8) [179]
[(GaI3)3{MeC(CH2AsMe2)3}] 2.470(2)–2.488(2) 2.511(2)–2.533(2) [182]
[(GaCl3)(GaCl2){MeC(CH2AsMe2)3}][GaCl4] 2.435(l)–2.465(2) 2.160(l)–2.164(3) [182]
[GaCl2{MeC(CH2AsMe2)3}][GaCl4] 2.4361(1), 2.444(1) 2.210(7), 2.207(2) [182]
[GaH3(PMe3)] 2.3857(6) Also electron diffraction [207]
[GaH3(PCy3)] 2.460(2) [208]
[GaH3(PtBu3)] 2.446(2), 2.471(3) [137]
[(GaH3)2{�-Me2P(CH2)2PMe2}] 2.399(4)/2.403(1) Two independent studies [208,209]
[GaH2Cl(PCy3)] 2.403(4) 2.107(8) [210]
[GaH2Cl(PMe3)] 2.3797(18) 2.237(2) [211]
[GaHCl2(PCy3)] 2.432(1) 2.182(2), 2.200(2) [212]
[GaHCl2(PPh3)] 2.4038(6) 2.1982(7), 2.1913(7) [212]
[(GaHCl2)2(�-Ph2P(CH2)2PPh2)] 2.426(1) 2.1841(9), 2.2056(8) [212]
[GaMe3(PMe3)] 2.455(4) [199]
[GaMe3(PPh3)] 2.5375(3) [141]
[GaEt3(PPh3)] 2.5375(5) [141]
[GaPh3{P(SiMe3)3}] 2.539(6) [198]
[Ga(C6F5)3(PH2Ph)] 2.477(1) [203]
[(GaEt3)2(�-Ph2P(CH2)3PPh2)] 2.5238(5) [141]
[(GaMe3)2(�-Ph2P(CH2)3PPh2)] 2.5069(4) [141]
[(GaMe3)2(�-Ph2P(CH2)2PPh2)] 2.546(4) [146]
[(GaMe3)2(�-Ph2P(CH2)5PPh2)] 2.496(2) [141]
[GaEt3{P(SiMe3)3}] 2.582(1) [194]
[GaiButBu2{PiPr3)] 2.720(1) [194]
[Ga(Me3CCH2)3(PHPh2)] 2.683(5) [196]
[GaPh3{As(SiMe3)3}] 2.571(1) [201]
[GatBu3(AsiPr3)] 2.905(1) [194]
[GaEt3{As(SiMe3)3}] 2.684(2) [194]
[GaEt3{Sb(SiMe3)3}] 2.854(1) [194]
[GatBu3(SbMe3)] 2.8435(3) [191]
[GatBu3(SbEt3)] 2.8479(5) [192]
[GatBu3(SbEt2

tBu)] 2.9243(5) [193]
[GatBu3(SbiPr3)] 2.9618(1) [192]
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Table 7 (Continued)

Complex Ga–P/As/Sb (Å) Ga–X (Å)a Comments Ref.

[GaEt3{Sb(SiMe3)3}] 2.846(5) [190]
[GatBu3(BiEt3)] 2.966(1) [154]
[GaMe3{Bi(SiMe3)3}] 2.966(1) [200]
[GatBu3(BiiPr3)] 3.135(1) [200]
[GaPh2Cl{P(SiMe3)3}] 2.459(2) 2.240(3) [198]
[Ga(Me3CCH2)2Cl {P(SiMe3)3}] 2.534(2) 2.258(2) [197]
[Ga(Me3CCH2)2Cl{As(SiMe3)3}] 2.626(1) 2.242(1) [197]
[GaMe2Cl(Ph2PCH2PPh2)] 2.535(2) 2.260(2) [202]
[GaPhI2(SbPh3)] 2.6898(8) 2.5583(6), 2.5471(6) [204]
[Ga(Ph2PCH2C6H4)3] 2.553(2) [162]
[GaMe2{C5H4(CH2)2PtBu2}] 2.493(2) [215]
[GaMe2(CB)]b 2.438(1) C3P coord. [165]
[GaCl(CB)2]b 2.651(2), 2.221(3) C2P2Cl coord [165]
[GaCl2(III)]c 2.512(2), 2.524(2) Not quoted Cl2P2N coord [217]
[GaCl2(III-H)][GaCl4]d 2.3819(6), 2.378(6) Not quoted Cl2P2 coord [217]
[GaBr2(III-H)][GaBr4]d 2.384(2), 2.376(2) Not quoted Br2P2 coord [217]

a Values refer to pnictogen coordinated fragment; data for [GaX4]− are not given.
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b HCB is the carbaborane (see text).
c III is the PNP pincer anion.
d III-H is the neutral PNP pincer.

lear in the case of gallium(III) that, apart from a few anomalies, the
ata indicate an order with halide Cl > Br > I [131,170,171]. Analo-
ous to the aluminium system, GaF3 is an inert polymer and no
oft donor complexes are known [130]. For neutral phosphines and
rsines, the gallium(III) overwhelmingly favours distorted tetrahe-
ral four-coordination, and six-coordination is achieved only in
ome chelating diphosphine adducts. Five- and six-coordination
oes occur in some complexes of anionic hybrid ligands. A fair num-
er of [GaX3(ER3)] complexes were obtained pre-1975, although
-ray structural data were not obtained in that period. These com-
ounds are covered in previous reviews [7,8]. There is a large
mount of X-ray structural data and as can be seen from Table 7,
or a fixed complex type and coordination number, the Ga–P/As
ond lengths increase with halide Cl < Br < I. The three complexes
GaX3{P(SiMe3)3}] are anomalous in that the Ga–P bond lengths
ave the reverse trend with X [178], but we note that two of
he structures are solvates, and it is likely that this series is a
urther example of the subtle effects of other contributions such
s molecule-solvate interactions, which can mask the underlying
rends. Despite the moderate quadrupole moment, 71Ga NMR  data
re usually readily obtained for C3v [GaX3(ER3)] complexes, and

he gallium chemical shifts exhibit systematic changes with X and

 (Table 8), and in some cases 71Ga–31P and 69Ga–31P couplings
re resolved. However, in other symmetries including distorted
ctahedral, the gallium resonances have not been observed, due

able 8
llustrative 71Ga, 115In and 31P{1H} NMR  data for gallium and indium complexes [170,171

Complex ı (71Ga/115In)a

[GaCl3(PPh3)] 264 

[GaBr3(PPh3)] 152 

[GaI3(PPh3)] −151 

[GaCl3(AsPh3)] 264
[GaBr3(AsPh3)] 132
[GaI3(AsPh3)] −203
[GaCl3(AsMe3)] 264.5
[GaBr3(AsMe3)] 147
[GaI3(AsMe3)] −169.5
[InI3(PPh3)] Not observed 

[InI3(PHtBu2)] −228 

[InI3{o-C6H4(PPh2)2}] Not observed
[InI2{o-C6H4(PPh2)2}][InI4] Not observed 

[InI2{o-C6H4(PMe2)2}][InI4] Not observed 

[InCl2 {o-C6H4(PMe2)2}] [InCl4] Not observed 

a Relative to [Ga(H2O)6]3+ or [In(H2O)6]3+ in water.
b Relative to 85% H3PO4.
c Coordination shift.
to fast relaxation and the resulting extreme line broadening. The
phosphine complexes usually exhibit low frequency 31P coordi-
nation shifts, that are also larger (i.e. more negative) with halide
co-ligands Cl < Br < I. As is clear from Table 8, the dominant contri-
bution to the 71Ga chemical shift is the halide present; changing
from PR3 to AsR3 or changing the R group has minimal effect.
Recently, solid state 69/71Ga and 31P{1H} NMR  data have been
reported for several [GaX3(PR3)] complexes [177], and this refer-
ence contains a thorough discussion of the various contributions
to the observed chemical shifts. Solution NMR studies in chloro-
carbon solvents also reveal that some [GaX3(ER3)] undergo fast
ligand exchange in solution in non-coordinating solvents at room
temperature or above (depending upon the specific combination
of ER3/X present), and cooling the solutions may be necessary
to observe resonances and spin-spin couplings [170,171,176]. In
solution in chlorocarbon solvents, 31P{1H} NMR  spectroscopy also
identified that hydrolysis formed [PR3H][GaX4] complexes, and
[{o-C6H4(PPh2)(PPh2H}][GaBr4] formed in this way  has been iden-
tified crystallographically [205]. In contrast to some group 14 and
15 metals, gallium does not appear to promote oxidation of phos-
phines to the corresponding phosphine oxides [171].
Gallium(I) and gallium(II) complexes are very rare, but recent
results have demonstrated possible entry routes into this area.
The first example, [Ga8I8(PEt3)6] was obtained by condensing
“GaI”, PEt3 and toluene vapour at 77 K and cautiously allowing the

,179,227,228,232].

ı (31P)b �Pc 1J (71Ga–31P) (Hz)

−5.4 +0.6 721
−10.7 −4.7 693
−29.7 −23.7 466

−22 −16
3 −20
−31.7 −19
−28 −15
−42 +13
−36.5 +18.5
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(L–L = Ph2P(CH2)2PPh2, Ph2As(CH2)2AsPh2, Et2P(CH2)2PEt2)
(Fig. 27); it is notable that even with Et2P(CH2)2PEt2, a strong
�-donor which usually bonds as a chelate to 3d transition metals,
Fig. 24. View of the structure of [

ixture to thaw [183]. The structure reveals a planar Ga8 ring with
wo galliums bridged by iodides, and the remaining six gallium
entres coordinated to terminal iodide and PEt3 groups (Fig. 24).
he formation of a Ga8 ring contrasts with the Al4 ring discussed
bove; although the reasons for the difference are not completely
lear, both steric and electronic factors seem to be involved. More
onventional syntheses from [Ga(PhMe)2][Al{OC(CF3)3}4] and
Ph3 or PtBu3 in C6H4F2 gave [Ga(PPh3)3][Al{OC(CF3)3}4] and
Ga(PtBu3)2][Al{OC(CF3)3}4], respectively [184,185].

Several examples of formally Ga(II) compounds with unbridged
a–Ga bonds have been prepared. Ultrasonication of Ga and I2 in

oluene, followed by addition of PEt3 at −78 ◦C gave two  com-
ounds, [Ga2I4(PEt3)2] and [Ga3I5(PEt3)3], the latter shown by
n X-ray study to be [I2(PEt3)Ga–GaI(PEt3)–GaI2(PEt3)2] (Fig. 25)
186]. Treatment of Ga[GaX4] (X = Cl or Br) with PEt3 produces
Ga2X4(PEt3)2] [172], whilst [Ga2I4(AsEt3)2] is formed from gal-
ium metal and Et3AsI2 (Fig. 26) [187]. Curiously, gallium powder
nd (p-MeOC6H4)3AsI2 produced the “normal” Ga(III) complex
GaI3{As(p-MeOC6H4)3}] [187]. The Ga–Ga bonds are very simi-
ar along the series of dimers (∼2.43 Å), although slightly longer
2.45(1), 2.46(1) Å) in the Ga3 complex. Reaction of “GaI”, pre-
ared by ultrasonication, with secondary phosphines also gave
Ga2I4(PHR2)2] (R = tBu or Cy) [188].

For typical Ga(III) complexes, consideration of the structural
ata in Table 7 shows that for [GaX3(ER3)] (E = P or As) the Ga–E dis-
ances increase along the series Cl < Br < I as noted previously. How-
ver, there seem to be only small effects on the Ga–E bond lengths
rom changing the R group, although in analogous complexes
ith R = aryl the Ga–E seem to be marginally longer than R = alkyl
170–177], which is in keeping both with the Ga–X bonds being
ominant compared to Ga–E, and also with the absence of signifi-
ant steric effects in these complexes. There appear to be no estab-
ished examples of gallium(III) halide complexes of stibines; early
(PEt3)6] redrawn from Ref. [183].

studies suggested fragmentation of the stibine or X/R exchange [7].
The nearest approach seems to be [GaPhI2(SbPh3)] [204] made from
“GaI” and SbPh3, in a reaction clearly involving Sb–C bond cleavage.

Flexible bidentate diphosphino- and diarsino-alkanes
also generate distorted tetrahedral complexes with the lig-
ands bridging two  gallium centres as in [X3Ga(�-L–L)GaX3]
Fig. 25. View of the structure of [I2(PEt3)Ga–GaI(PEt3)–GaI2(PEt3)2] redrawn from
Ref.  [186].
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Fig. 26. View of the structure of [Ga2I4(AsEt3)2] redrawn from Ref. [187].

here is no evidence for the formation of [GaX2{Et2P(CH2)2PEt2}]+

170,176,180]. The diphosphinoalkene cis-Ph2PCH = CHPPh2 reacts
ith GaX3 (X = Br or I) in hot toluene to form [X3Ga(�-trans-

h2PCH = CHPPh2)GaX3], the cis → trans isomerisation being
onfirmed spectroscopically and by the X-ray structure of the
romide complex [181].

The semi-rigid, but sterically bulky, o-xylyl diphosphine,
-C6H4(CH2PPh2)2 also forms only bridged dimers [X3Ga{o-
6H4(CH2PPh2)2}GaX3], the structure for X = I showing the GaI3
roups disposed “anti”, presumably to minimise steric interactions
171]. However, the rigid o-phenylene diphosphines o-C6H4(PR2)2
helate to gallium, displacing one X− in the process. The bulky
-C6H4(PPh2)2 forms distorted tetrahedral cations in [GaX2{o-
6H4(PPh2)2}][GaX4] (Fig. 28) which are the only forms isolated

n the solid state, although in situ 31P{1H} NMR studies sug-
ested other species may  be present in solution in the presence
f excess diphosphine. The structures of the cations are distorted

◦
y the small chelate bite of the diphosphine (<P–Ga–P ∼85 ),
nd the distortions cause loss of the 71Ga NMR resonances of
he cations as a consequence of the increased electric field gradi-
nts and resulting fast relaxation [170,179]. The rigid, but smaller

Fig. 27. View of the structure of [(GaBr3)2{�-E
y Reviews 260 (2014) 65– 115 85

and stronger �-donor diphosphine, o-C6H4(PMe2)2, produced the
only known examples of six-coordination in gallium phosphines,
in trans-[GaX2{o-C6H4(PMe2)2}2][GaX4] (Fig. 29) [170]. The Ga–P
and Ga–X distances are longer than in the tetrahedral GaX3P
species due to the increased coordination number, but the Ga–P
distances differ only slightly with changes in X. The distortions
from cubic symmetry are again sufficient to cause loss of the
71Ga NMR  resonances of the cations, and the coordination shifts
in the 31P{1H}NMR spectra are erratic. The reaction of GaCl3
with o-C6H4(PMe2)2 in a 2:1 molar ratio produced an insoluble
complex which was probably [GaX2{o-C6H4(PMe2)2}][GaX4] con-
taining a distorted tetrahedral cation, although X-ray structural
authentication is lacking [170]. The original report of complexes
of the diarsine, o-C6H4(AsMe2)2, also suggested these contained
distorted octahedral cations based upon microanalysis, MWt  and
conductance measurements [206]. However, re-investigation iso-
lated [GaX2{o-C6H4(AsMe2)2}][GaX4] (X = Cl, Br or I) [170], all
shown to be distorted tetrahedral cations by spectroscopy and their
X-ray structures. If an excess of the ligand is used in the syntheses,
other complexes are formed, probably [GaX2{o-C6H4(AsMe2)2}]X,
although these were not obtained in a pure state; but no evidence
for six-coordinate cations was  found [170].

The bulky and rather rigid triphosphine PhP(o-C6H4PPh2)2 gave
[GaI2{PhP(o-C6H4PPh2)2}][GaI4] on reaction with GaI3 in toluene,
its X-ray structure (Fig. 30) showing a distorted tetrahedral cation
with the terminal –PPh2 groups coordinated to the gallium. The
central PhP is ∼2.9 Å from gallium and incorrectly orientated for
a third Ga–P bond to be present [179]. Unexpectedly the tripo-
dal triarsine, MeC(CH2AsMe2)3, produced three different types of
complexes with gallium(III) halides, although all contain distorted
tetrahedral gallium centres [182]. In [(GaI3)3{MeC(CH2AsMe2)3}]
(Fig. 31(a)) each arsenic is coordinated to a different gallium, whilst
in [GaCl2{MeC(CH2AsMe2)3}][GaCl4] (Fig. 31(b)), a GaAs2Cl2 cation
is present, with the third arsine donor atom uncoordinated. In
[(GaCl3)(GaCl2){MeC(CH2AsMe2)3}][GaCl4] (Fig. 31(c)) the third
arsenic donor is coordinated to a neutral GaCl3 group [182].

Gallane adducts [GaH3(PR3)] (R = Me,  Cy or tBu) and
[(GaH3)2(�-L–L)] (L–L = Me2P(CH2)2PMe2, iPr2P(CH2)2PiPr2 or

Ph2P(CH2)2PPh2) are formed from LiGaH4, HCl and the phos-
phine in diethyl ether or by displacement of the amine from
[GaH3(NMe3)] [137,207–209]. The complexes are more thermally
stable than the alane analogues, and [GaH3(PR3)] can be sublimed

t2P(CH2)2PEt2}] redrawn from Ref. [170].
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Fig. 28. View of the structure of the cation [

n vacuo. Comparison of Ga–P bond lengths between [GaH3(PR3)]
nd [GaCl3(PR3)] show the latter to be somewhat shorter, con-
istent with higher Lewis acidity of the gallium chloride. The
omplex [GaH3(PMe3)] has been studied as single crystals by
-ray diffraction, by electron diffraction in the gas phase, and
y various quantum mechanical calculations [207]. Given the
wo experimental techniques are measuring slightly different
arameters and there is a significant temperature difference in the
ata collections, agreement is very good, with Ga–P differing only
y ∼0.06 Å, but this does again emphasise the care that should be
aken in interpreting very small differences in bond lengths (in
ifferent complexes) as significant differences in Lewis acidity.

Complexes of halogallanes are also known [172,210–212]. Syn-
hesis routes involve redistribution between [GaCl3(PCy3)] and
GaH3(PCy3)], which gives [GaHCl2(PCy3)] and [GaH2Cl(PCy3)], and
eaction of [GaH3(PR3)] or Li[GaH4] and PR3 with HCl. Direct substi-

ution of the phosphine into [Ga2H2Cl4] is also possible [172,212].

Trialkylgallium adducts are known for all ER3 (E = P, As, Sb or
i) donor types and as expected generally resemble the aluminium

Fig. 29. View of the structure of the cation [GaBr2{
{o-C6H4(PPh2)2}]+ redrawn from Ref. [170].

analogues. The syntheses are straightforward involving combining
the GaR3 with ER3 either in a hydrocarbon or without a solvent
[141,194,196,198,199,201]. Triarylgallium examples are fewer but
generally similar [198,203]. Di- and poly-phosphine adducts are
also known [141,146,202] and all contain only a single phosphorus
donor bonded to each gallium centre. The adducts with involatile
phosphines have been used to store the GaR3, and since the GaR3 is
liberated on heating in vacuo,  this also affords a means of purifying
the GaR3 for electronic materials applications [141,146]. A consid-
erable number of compounds have been characterised by X-ray
diffraction (Table 7), all contain four-coordinate distorted tetrahe-
dral gallium. The Ga–P/As bond lengths are generally longer than
in the gallium(III) halide adducts, and large R-groups on the Ga
or the E-donor tend to lengthen the Ga–E bond. A range of exam-
ples with SbR3 and BiR3 is also known (Fig. 32), although these are
particularly sensitive compounds, and contain much weaker Ga–E

bonds than the lighter Group 15 analogues [149,154,192–195,200].
Phosphine and arsine adducts of R2GaCl (R = Me,  Me3CCH2, Ph)
have been prepared [197,198,202]. There are also examples of

o-C6H4(PMe2)2}2]+ redrawn from ref. [170].
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lkyl or aryl ligands containing phosphine pendant groups. In the
diphenylphosphinomethyl)phenyl complex [Ga(Ph2PCH2C6H4)3],
he geometry is distorted tetrahedral (C3P), in contrast to the
luminium and indium complexes which are five-coordinate
162]. Chelating 3-(di-t-butylphosphino)propyl groups are present
n [Me2Ga{(CH2)3PtBu2}] and [Cl2Ga{(CH2)3PtBu2}] [213], but
CH2PPh2 groups in [{R2Ga(CH2PPh2)}2] (R = CH2CMe3, CH2SiMe3)
ridge the galliums giving dimeric species with C3P coordina-
ion [214]. Chelation is present in [GaMe2{C5H4(CH2)2PtBu2}]
nd [GaCl2{C5H4(CH2)2PtBu2}], which have �1-coordination in
he cyclopentadienyl ring, and hence distorted tetrahedral
allium [215]. Chelating C,P-coordination is found in closo-
-[(dimethylphosphino)methyl]-1,2-dicarbaborane (HCB) com-
lexes [GaCl2(CB)] and [GaCl(CB)2] and the corresponding
ethylgallium complexes [165].
Gallium(III) complexes with various anionic chelating ligands

ncorporating alkoxide, thiolate or amido donor groups in addition
o neutral Group 15 donor atoms have also received attention
ecently. These include Ph2ECH2CHRO− and Ph2ECH2CHRS−

E = P, Sb or Bi), which form adducts with GaiPr2 groups [216];
heir characterisation relies mainly on NMR  spectroscopy and
o structural data for the heavier examples would be valuable.
he amino-diphosphine (PNP) pincer (III-H) bonds as a tridentate
onoanion with deprotonated N (NP2 coordination) in trigonal

ipyramidal [GaCl2(III)], but as a bidentate (P2) donor in its neutral
orm in [GaX2(III-H)][GaX4] (X = Cl or Br) (Fig. 33) [217]. It also
eacts with “GaI” to form [Ga2I2(III)2] in which a Ga–Ga bond
s present with each gallium coordinated to a terminal iodide
nd (III) as a NP chelate [217]. The macrocyclic diamidodiphos-
hine (P2N2) (see Section 6.2) forms syn and anti isomers of
GaCl(P2N2)] and syn-[GaH(P2N2)], analogous to the aluminium
omplexes discussed above. However, for gallium, reduction of
yn-[GaCl(P2N2)] with KC8 produces the dimer [{Ga(P2N2)}2],
hich has an unsupported Ga–Ga bond [168,169]. A variety of

oordination modes are present in the gallium(III) complexes of
-C6H4PPh2(SH), o-C6H4AsPh2(SH) and PhP(o-C6H4SH)2, with the
ajority containing deprotonated thiolates [218,219].

.4. Indium
The main similarity between the pnictogen complexes of indium
nd its lighter analogues, aluminium and gallium, is that the vast
ajority of the complexes contain the M(III) oxidation state, with
Fig. 30. View of the structure of the cation [GaI2{PhP(o-C6H4PPh2)2}]+ redrawn
from Ref. [179].

very few examples of In(I) and In(II) complexes. For In(III), com-
plexes with halide and alkyl co-ligands are common, in addition
to some mixed donor bi- and multi-dentate ligands. The major dif-
ferences are that In(III) has a significantly larger covalent radius of
1.50 Å, compared to 1.25 Å for Al and Ga, and that four-coordination
is no longer dominant, with many examples of five- and six-
coordinate complexes established. Indium is also a weaker Lewis
acid. Studies described in previous reviews [7,8] showed that with
monodentate phosphines, complexes of the type [InX3(PR3)2] were
readily formed, and there were some reports of [InX3(PR3)] and
[InX3(PR3)3]. There were also some complexes with diphosphines
and diarsines whose structures were unclear, and in contrast to
the lighter Group 13 metals, complexes of oxoanions such as
[In(PR3)4][ClO4]3. These earlier studies are only mentioned in pass-
ing in the present article, although some key X-ray structures are
included in Table 9 for completeness.

The chemistry of indium in oxidation states <III has been
rapidly developing in the last twenty years [220], although very
little of the work has involved heavy group 15 ligands. The
reaction of Ag[Al{OC(CF3)3}4] with indium metal in C6H5F, fol-
lowed by addition of PPh3, gave yellow crystals of composition
[In(PPh3)3][Al{OC(CF3)3}4]·0.5PPh3·3.5C6H5F [185]. This contains
two trigonal pyramidal [In(PPh3)3]+ units, with the seventh PPh3
uncoordinated in the lattice (Fig. 34). The bulkier PtBu3 formed the
v-shaped [In(PtBu3}2]+ with <P–In–P = 117◦ [185]. The reactions of
In2X4 (X = Br or I) with PEt3 in benzene gave yellow [In2X4(PEt3)2],
suggested to contain In–In bonds on the basis of vibrational spec-
troscopic data [221]. The reaction of nPr3PI2 with indium powder
in diethyl ether formed [In2I4(PnPr3)2] the structure of which con-
firmed the presence of an unbridged In–In bond with a length of
2.745(3) Å  [222]; curiously, Ph3PI2 or iPr3PI2 gave In(III) complexes
in similar reactions.

For indium(III) halides there are well established exam-
ples of four-coordinate [InX3(PR3)] [122,222,225,227–229]
and five-coordinate trigonal bipyramidal trans-[InX3(PR3)2]
[223,224,226,227,229] complexes (Fig. 35), and Table 9 contains
details of those structurally characterised. There are also reports of
some six-coordinate [InX3(PR3)3] species, but these lose PR3 very
easily and there seem to be no crystallographically authenticated
cases with monodentate phosphines, although six-coordination is

well established with diphosphines.

The complexes are usually prepared by reaction of InX3 (X = Cl,
Br, I) (there are no examples with X = F [130]) with the phosphine
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Fig. 31. (a) View of the structure of [(GaI3)3{MeC(CH2AsMe2)3}] redrawn from Ref. [182]. (b) View of the structure of the cation [GaCl2{MeC(CH2AsMe2)3}]+ redrawn from
Ref.  [182]. (c) View of the structure of the cation [(GaCl3)(GaCl2){MeC(CH2AsMe2)3}]+ redrawn from Ref. [182].



J. Burt et al. / Coordination Chemistry Reviews 260 (2014) 65– 115 89

Table 9
X-ray structures of indium complexes.

Complex In–P/As/Sb (Å) In–X (Å)a Comments Ref.

[In(PPh3)3]+ 2.965(l)–3.031(l) Trig pyramidal [185]
[In(PtBu3}2][Al{OC(CF3)3}4] 3.035(1), 3.055(1) v-Shaped [185]
[In2I4(PnPr3)2] 2.585(6), 2.755(3) In–In dimer [222]
[InCl3(PPh3)2] 2.6965(5), 2.7290(6) 2.3907(6)–2.4055(5) Tbp [229]
[InBr3(PPh3)2] 2.742(8), 2.712(9) 2.5529(4)–2.5556(4) Tbp [229]
[InI3(PPh3)2] 2.86(1), 2.99(1) 2.707(1) Tbp [227]
[InI3(PPh3)] 2.603(7) 2.677(1) Td [227]
[InI3(PPh3)] 2.616(9) 2.691(2) In co-cryst. sample [227]
[InBr3(PMe2Ph)2] 2.614(3), 2.622(3) 2.565(2)–2.277(2) Tbp [224]
[InI3(PMePh2)2] 2.712(3), 2.719(3) 2.7362(14)–2.776(2) Tbp [224]
[InI3(PiPr3)] 2.569(7) 2.689(3)–2.705(3) Td [222]
[InI3{P(SiMe3)3}] 2.537(3) 2.6914(16)–2.7252(15) Td [225]
[InCl3(PMe3)2] 2.575(3), 2.576(3) 2.453(4)–2.503(3) Tbp [226]
[InI3(AsPh3)2] 2.926(2), 2.990(2) 2.7024(5) Tbp [173]
[InI3(AsPh3)] 2.7238(13) 2.6811(6) Td [173]
[InBr3(PHtBu2)] 2.577(2), 2.578(2) 2.504(1), 2.508(1) Td [122]
[InI3(PHPh2)] 2.605(9) 2.672(5)–2.676(5) Td [228]
[InI3(PHtBu2)] 2.586(6) 2.668(2)–2.679(2) Td [228]
[InCl3(TMPP)]b 2.5281(5) 2.3870(6)–2.4056(6) Td [229]
[InBr3(TMPP)]b 2.5495(6) 2.5407(3)–2.5245(3) Td [229]
[InCl3{P(o-MeOC6H4)3}] 2.5431(5) 2.3768(4)–2.3827(4) Td [229]
[InBr3{P(o-MeOC6H4)3}] 2.5589(16) 2.5118(10)–2.5231(10) Td [229]
[InCl3{P(p-MeOC6H4)3}2] 2.862(2) 2.3929(18)–2.405(2) Tbp [229]
[InBr3{P(p-MeOC6H4)3}] 2.5724(10) 2.4835(4) Td [229]
[InI3{P(p-MeOC6H4)3}] 2.5698(18) 2.6841(8)–2.6912(8) Td [229]
[{InI3{�-Ph2P(CH2)2PPh2} }n] 2.758(6), 2.769(7) 2.729(2), 2.766(3) 5-Coord [227]
[(InI3)2{�-Ph2P(CH2)2PPh2}] 2.6035(12), 2.5966(12) 2.6523(6)–2.7032(6) 4-Coord [231]
[(InI3)2{Ph2P(CH2)2PPh2}3] 2.798(3), 2.819(2) 2.713(2)–2.742(2) See text [226]
[InI3{cis-Ph2PCH=CHPPh2}] 2.5871(12) 2.7003(5)–2.7420(6) 4-Coord �1 ligand [181]
[InBr2(cis-Ph2PCH=CHPPh2)2][InBr4] 2.696(3), 2.772(4) 2.5985(1) 6-Coord [181]
[InCl2{o-C6H4(PPh2)2} 2] [InCl4] 2.6648(6), 2.7133(6) 2.4822(5) 6-Coord [179]
[InI3{o-C6H4(PPh2)2}] 2.7140(9), 2.7569(9) 2.7134(4)–2.7875(5) 5-Coord [179]
[InI2{o-C6H4(PPh2)2}][InI4] 2.5862(11), 2.5635(11) 2.6497(5), 2.6644(6) 4-Coord [179]
[InBr2 {o-C6H4(PMe2)2}] [InBr4] 2.552(3) 2.4563(16), 2.4737(16) 4-Coord [232]
[InI2{o-C6H4(PMe2)2}][InI4] 2.5579(9) 2.6574(6), 2.6666(6) 4-Coord [232]
[InBr2{o-C6H4(PMe2)2} 2] [InBr4] 2.631(4), 2.641(4) 2.641(4) 6-Coord [232]
[In2Cl6{o-C6H4(PMe2)2}2] 2.6278(16), 2.6575(15) 2.4389(15)–2.5721(14) 6-Coord dimer [232]
[In2Cl5{o-C6H4(PMe2)2}2][InCl4] 2.601(5)–2.2.614(6) 2.398(6)–2.627(5) Polymer see text [232]
[InI2{o-C6H4(PMe2)2}2][InI4 {o-C6H4(PMe2)2}]
Cation 2.6384(16) 2.9124(6) 6-Coord
Anion  2.6886(18) 2.7923(7), 2.9362(5) 6-Coord [232]
[In2Cl6{o-C6H4(AsMe2)2}2] 2.7134(12), 2.7582(12) 2.423(2)–2.648(2) 6-Coord dimer [232]
[InI2{o-C6H4(AsMe2)2}] [InI4] 2.6400(5) 2.6472(7), 2.6603(6) 4-Coord [232]
[In2Cl5{o-C6H4(PMe2)2}2][InCl4] 2.6891(1), 2.7039(10) 2.3859(10)–2.6150(7) Polymer see text [232]
[InCl2{PhP(o-C6H4PPh2)2}][InCl4] 2.5956(8), 2.5799(7) 2.3547(9), 2.4172(8) 4-Coord [233]
[InI2{PhP(o-C6H4PPh2)2}][InI4] 2.5982(10), 2.6239(10) 2.7092(5), 2.7376(5) 4-Coord [179]
[InH3(PCy3)] 2.6474(6) Td [234]
[InH3(PCy3)2] 2.9869(5) Tbp [235]
[In(SPh)3(PCy3)] 2.6109(8) Td [235]
[In(SePh)3(PCy3)] 2.6145(11) Td [235]
[In(TePh)3(PCy3)] 2.642(3) Td [235]
[In(SPh)3(PPh3)] 2.6458(12) Td [243]
[InMe3(PPh3)] 2.733(2) Td [141]
[InEt3(PPh3)] 2.7453(5) Td [141]
[In(Me3CCH2)3{P(SiMe3)3}] 2.806(4)–2.944(4) Td [237]
[In(Me3CCH2)3 {As(SiMe3)3}] 2.888(2)–3.018(1) Td [237]
[InMe(Me3CCH2)2{P(SiMe3)3}] 2.796(3), 2.802(3) Td [237]
[In(Me3SiCH2)3{As(SiMe3)3}] 2.778(4) Td [201]
[In(Me3SiCH2)3{Sb(SiMe3)3}] 3.0078(6) Td [190]
[(InMe3)2(�-Ph2P(CH2)2PPh2)] 2.755(4) Dimer [146]
[(InMe3)2(�-Ph2P(CH2)3PPh2)] 2.7043(5) Dimer [141]
[(InEt3)2(�-Ph2P(CH2)3PPh2)] 2.7468(6) Dimer [141]
[In(�-C5H5)3PPh3] 2.6992(4) Td [239]
[InI2(CH2C6H9)PPh3] 2.6341(14) 2.7189(8), 2.7252(8) Td [241]
[In(Ph2PCH2C6H4)3] 2.845(1), 2.925(1) 5-Coord C3P2 [162]
[InCl2{tBu2PCH2CH2C6H4}] 2.595(2) 4-Coord [215]
[InCl(CB)2]c 2.733(1) [165]
[In(Ph2PC6H4S)3] 2.728(2)–2.963(2) [244]
[InBr2(III)]d 2.6383(7), 2.6652(7) [217]
[InI2(III)]d 2.6994(8)–2.7451(8) [217]

a Values refer to pnictogen coordinated fragment; data for [InX4]− are not given.
b TMPP is tris(2,4,6-trimethoxyphenyl)phosphine.
c HCB is the carbaborane (see text).
d III is the amidodiphosphine pincer.
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Fig. 32. View of the structure of [GatBu3(BiiPr3)] redrawn from Ref. [200].

n diethyl ether, benzene etc., although reaction of indium pow-
er with R3PI2 [222] has also been used for some iodo-complexes.
he complexes isolated depend upon the PR3/X combination
resent and rather less on the reaction conditions. For a common
or similar) ligand, the same trends in In–E bond lengths are found
s the halide is changed as discussed previously for Al and Ga
nalogues. Comparisons between the four- and five-coordinate
omplexes can also be made, especially for PPh3 and AsPh3 where

oth forms have been found co-crystallised in the same samples
173,222,227]. Here the axial In–P(As) bonds in the five-coordinate
rigonal bipyramidal complexes are much longer than those in the
our-coordinate tetrahedral forms, and notably the differences are

ig. 33. View of the structure of the cation [GaBr2(III-H)]+ redrawn from Ref. [217].
Fig. 34. View of the structure of the cation [In(PPh3)3]+ redrawn from Ref. [185].

greater than between In–X in the two  structure types. This indicates
that the axial ER3 groups are quite weakly bound in the former
complexes, and correlates with the easy loss of ER3 in solution.
Two caveats to this observation are, (a) the axial P(As)–In–P(As) are
3c–4e bonds compared with 2c–2e bonds for In–I in both forms, or
for In–P(As) in the tetrahedral complex, and (b) the dimensions
in [InI3(PPh3)] in a crystal of the pure complex exhibit small but
significant differences from those in the same molecule in the
co-crystallised [InI3(PPh3)]·[InI3(PPh3)2], which suggests crystal

packing also affects the bond lengths in these systems. Solution
spectroscopic studies have been carried out on some systems to
probe the four- ↔ five-coordinate interconversions using 31P{1H}

Fig. 35. View of the structure of [InCl3(PMe3)2] redrawn from Ref. [226].
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Fig. 36. View of the structure of [(InI3)2

nd 115In NMR  spectroscopy [227,228]. The substantial quadrupole
oment of 115In results in very broad lines and thus it is corre-

pondingly of limited use, but the data are consistent with fast
hosphine ligand exchange in solution down to low temperatures

n all the systems studied, and extensive dissociation of phos-
hine in the five-coordinate complexes. Notably, the 31P{1H} NMR
oordination shifts are mostly negative for indium-coordinated
hosphines (Table 8), although a theoretical explanation of this
ffect is lacking. 115In NMR  spectra have also been obtained from a
ange of solid indium(III) halide–phosphine adducts [229,230]. As
or Al and Ga, there are no reports of successful isolation of indium
alide–stibine complexes.

Indium(III) halide complexes with diphosphines show a greater
ariety of structures compared with those of the lighter ele-
ents. For example, complexes with InI3: Ph2P(CH2)2PPh2 ratios

f 1:1, 2:1 and 2:3 have been isolated and their structures deter-
ined [226,227,231]. The 1:1 adduct is a chain polymer with

ve-coordinate indium and bridging diphosphines, whilst the
:1 complex is a discrete dimer with four-coordinate In and a
ingle bridging diphosphine. The 2:3 complex is also a dimer
ith a single diphosphine bridge between two  five-coordinate

ndium centres, each further coordinated to �1-diphosphines
Fig. 36). However, in [InI3{cis-Ph2PCH = CHPPh2}] a discrete dis-
orted tetrahedral complex is present with the diphosphine bound
s a monodentate ligand, whilst the 1:1 complex with InBr3 is
onic trans-[InBr2(cis-Ph2PCH = CHPPh2)2][InBr4][181]. In contrast
o gallium(III), indium(III) does not cause cis → trans isomerisation
f this diphosphine [181]. The stronger �-donor Et2P(CH2)2PEt2
ave 1:1 complexes with InX3, but since the vibrational spectra
howed the absence of [InX4]− ions, these are probably dimers
In2X6{Et2P(CH2)2PEt2}2] [232].

The rigid o-phenylene diphosphines behave differently

o the flexible diphosphinoalkanes. Indium trichloride and
-C6H4(PPh2)2 produced the six-coordinate cation trans-[InCl2{o-
6H4(PPh2)2}2][InCl4] irrespective of the ratio of reagents used
although there is NMR  evidence for other species in CH2Cl2
(CH2)2PPh2}3] redrawn from Ref. [226].

solution in the presence of excess diphosphine, these could not be
isolated as solids [232]), but with InX3 (X = Br or I) in a 1:1 ratio, the
products are neutral five-coordinate distorted square pyramidal
[InX3{o-C6H4(PPh2}2}]. From reaction in a 2:1 ratio the products
are [InX2{o-C6H4(PPh2)2}][InX4] containing tetrahedral cations
[179].

Even greater complexity is found in the InX3/o-C6H4(PMe2)2
systems [232]. A 2:1 InX3 to o-C6H4(PMe2)2 ratio affords [InX2{o-
C6H4(PMe2)2}][InX4] for all three halides, and X-ray structures
(Fig. 37) show very distorted tetrahedral cations, while multin-
uclear NMR  (31P{1H},115In, 1H) and IR/Raman data show these
are the only forms present in the bulk solid and in chloro-
carbon solutions. However, from 1:1 or 1:2 reactant ratios the
products are more diverse; for X = Cl or Br the products have a
1:1 stoichiometry but for InI3 the ratio of In:diphosphine is 2:3.
The crystal structure for the chloro-complex showed it to be a
halide-bridged dimer [In2Cl6{o-C6H4(PMe2)2}2] (Fig. 38), whereas
the bromide is ionic trans-[InBr2{o-C6H4(PMe2)2}2][InBr4]. The
bromide complex retains this structure in CH2Cl2 solution on
the basis of NMR  spectroscopic evidence, but the chloride
partially rearranges into a mixture of the neutral dimer, [InCl2{o-
C6H4(PMe2)2}2][InCl4] and possibly [InCl3{o-C6H4(PMe2)2}] (but
not [InCl2{o-C6H4(PMe2)2}]+). A small number of crystals
deposited from a CH2Cl2 solution of [In2Cl6{o-C6H4(PMe2)2}2]
proved to be [In2Cl5{o-C6H4(PMe2)2}2][InCl4] which contains a
polymeric cation with each indium carrying a chelating diphos-
phine, a terminal chlorine, and three bridging chlorines, with
alternating single and double chlorine bridges along the chain
(Fig. 39). The complex is formally derived by InCl3 removing
a chloride from the dimer to give [InCl4]−, whilst the indium
retains six-coordination by forming an extra chlorine bridge.
The 2:3 indium iodide complex is structurally trans-[InI2{o-

C6H4(PMe2)2}2][InI4{o-C6H4(PMe2)2}] containing the now famil-
iar six-coordinate cation type, but also a extremely rare example of
a six-coordinate indium haloanion. NMR  studies show the anion
is dissociated into [InI4]− and free diphosphine in chlorocarbon



92 J. Burt et al. / Coordination Chemistr

F
r

s
e
d
h
t
c
c
i
a
t
p
t
n

C
a

have been described [149,190,238].
ig. 37. View of the structure of the cation [InBr2{o-C6H4(PMe2)2}]+ redrawn from
ef.  [232].

olution. The formation of the distorted octahedral anion is not
xplained by increased Lewis acidity of InI3, indeed the structural
ata suggest the iodide is the weakest Lewis acid of the three
alides, but it may  be due to a smaller reorganisation energy needed
o convert the tetrahedral InI4 unit to the fragment needed in six-
oordination. The complexity of the InX3/o-C6H4(PMe2)2 systems
ompared with the gallium systems is a result of the larger size of
ndium, making five- and six-coordination more favourable, but it
lso may  reflect weaker binding of the neutral ligand, which leads
o less discrimination allowing a range of structures. Indium halide-
hosphine complexes are moisture sensitive, with water displacing
he phosphines, but in contrast to the gallium analogues, this does
ot generate protonated phosphines in the process [181,231,232].
The corresponding reactions [232] with the diarsine o-
6H4(AsMe2)2 were generally similar, although the 1:1 adducts
re neutral dimers [In2X6{o-C6H4(AsMe2)2}2] in the solid state

Fig. 38. View of the structure of [In2Cl4(�-Cl)2{o
y Reviews 260 (2014) 65– 115

for both X = Cl and Br; again partial rearrangement into [InX2{o-
C6H4(AsMe2)2}2]+ and [InX3{o-C6H4(AsMe2)2}] occurs in solution.
The complexes formed from a 2:1 ratio of reagents are [InX2{o-
C6H4(AsMe2)2}][InX4] with distorted tetrahedral cations. The exact
analogues, [In2Cl5{o-C6H4(AsMe2)2}2][InCl4] and trans-[InI2{o-
C6H4(AsMe2)2}2][InI4{o-C6H4(AsMe2)2}] of the diphosphine com-
plexes described above were also characterised.

The triphosphine, PhP(o-C6H4PPh2)2, coordinates as a bidentate
ligand via the terminal diphenylphosphino groups in [InX2{PhP(o-
C6H4PPh2)2}][InX4] (X = Cl or I) [179,233].

In contrast to the aluminium and gallium complexes, phos-
phine complexes of indium hydride cannot be made from Li[InH4],
HCl and the appropriate phosphine [234,235]. Displacement of
NMe3 from [InH3(NMe3)] was  successful in producing [InH3(PR3)]
with PCy3, P(cyclopentyl)3 and PPh3, but failed with PEt3, PtBu3
or P(mesityl)3, which shows that steric protection is not the
only requirement; electronic factors and possibly low solubility in
the reaction solution may  also be factors in successful isolation.
Using excess PCy3 in the reaction produced the five-coordinate
[InH3(PCy3)2] [235], and with Cy2P(CH2)2PCy2 the product is poly-
meric [InH3{Cy2P(CH2)2PCy2}]n [236]. [InH3(PCy3)] reacts with
Ph2E′

2 (E′ = S, Se or Te) to form [In(E′Ph)3(PCy3)] and the structures
of all three have been determined [235].

Pnictogen ligand adducts of trialkylindiums are generally sim-
ilar to their lighter analogues, although less extensively studied
[141,146,149,190,196,237–241]. All are distorted tetrahedral and
even with tri-and tetra-dentate phosphines only one phosphine
donor group coordinates to each indium centre [146].

The structure of [In(Me3SiCH2)3{As(SiMe3)3}] appears unex-
ceptional [201], but those of [In(Me3CCH2)3{E(SiMe3)3}] (E = P
or As) each contain three independent molecules, with sig-
nificant variations in the structural parameters between them
ascribed to the effects of steric crowding [237]. The weaker In–C
bonds also produce some differences from the chemistry of the
lighter analogues. For example addition of [InCl(Me3CCH2)2] to
Li[P(SiMe3)2] produced [InMe(Me3CCH2)2{P(SiMe3)3}] rather than
the expected phosphido complex [237], and attempts to make
the PHPh2 complex of [In(Me3CCH2)3] resulted in formation of
[In(Me3CCH2)2PPh2] and Me4C [196]. Few stibine adducts of InR3
There are also examples of alkyls or aryls with pendant
phosphino-groups. In the (diphenylphosphinomethyl)
phenyl complex [In(Ph2PCH2C6H4)3], the geometry is trigonal

-C6H4(PMe2)2}2] redrawn from Ref. [232].
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results in disproportionation and formation of the Tl(III) complex
[Tl(o-Ph2PCH2C6H4)3] which has a tetrahedral thalllium centre
coordinated to three arene-C atoms, with a long bond to one of the
Fig. 39. View of the chain structure of the cation

ipyramidal (C3P2), in contrast to the tetrahedral gallium com-
lex (above) [162]. A chelating 3-(di-t-butylphosphino)propyl
roup is present in [Me2In{(CH2)3PtBu2}] [213], but –CH2PPh2
roups in [{R2In(CH2PPh2)}2] (R = CH2CMe3, CH2SiMe3)
ridge, giving dimeric species with six-membered rings

n–C–P–In–C–P in a chair conformation [214]. Chelation is
resent in [InY2{C5H4(CH2)2PtBu2}] (Y = Me  or Cl), which have
1-coordination of the cyclopentadienyl ring, and hence distorted

etrahedral indium [215]. Chelating C,P-coordination is also found
n the closo-2-[(dimethylphosphino)methyl]-1,2-dicarbaborane
HCB) complex [InCl(CB)2] [165].

Indium(III) complexes with various anionic chelating ligands
ncorporating alkoxide, thiolate or amido donor groups in addition
o neutral Group 15 donor ligands are generally similar to the gal-
ium analogues. These include Ph2ECH2CHRO− and Ph2ECH2CHRS−

E = P, Sb or Bi), which form adducts with IniPr2 groups [216],
nd PPh2(o-C6H3R(OH)) and PPh(o-C6H3R(OH))2 which coordi-
ate in various modes via the phosphino groups and phenolate
nions [242]. Adducts of tertiary phosphines with indium(III) thi-
lates are formed from [In(p-R′C6H4S)3] and the phosphine, and
re of type [In(p-R′C6H4S)3(PR3)] (R′ = H, Me,  F; R = Cy, Et, Ph),
eing monomeric (distorted tetrahedral) in both solution and
he solid state [243]. Similar complexes made from [InH3(PCy3)]
nd R2S2 were described above. Electrochemical dissolution of
n indium anode in MeCN solutions of phosphinothiols including
-Ph2PC6H4SH and 2-Ph2P-6-Me3Si-C6H3SH, gave six-coordinate
P3S3-coordinated) complexes containing the corresponding phos-
hinothiolate [244]. The amino-diphosphine pincer (III-H) (see
ection 6.3) bonds as a tridentate monoanion (NP2-coordination)
n trigonal bipyramidal [InX2(III)] (X = Cl or Br) [217]. Reduction of
he macrocyclic diamidodiphosphine complex (structure of (P2N2)
iven in Section 6.2) syn-[InCl(P2N2)] with KC8 produces the dimer
{In(P2N2)}2], which has an In–In bond [169].
.5. Thallium

In contrast to the lighter elements, thallium phosphines are
ery rare and no thallium examples with arsines or stibines are
l5{o-C6H4(PMe2)2}2]+ redrawn from Ref. [232].

known. The only structurally authenticated neutral ligand example
is [(Me3SiCH2)3Tl{P(SiMe3)3}] (Fig. 40) obtained by direct com-
bination of the silylphosphine and [(Me3SiCH2)3Tl]. The structure
contains a distorted tetrahedral Tl(III) centre with Tl–P = 1.922(3) Å
[245]. All other examples contain phosphino groups in anionic
ligands, which, due to the scarcity of Tl–P bonds, are briefly
described here. The reaction of TlCl with Li[o-Ph PCH C H ]
Fig. 40. View of the structure of [(Me3SiCH2)3Tl{P(SiMe3)3}] redrawn from Ref.
[245].
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hosphine groups (Tl–P = 2.795(1) Å) [162]. In contrast, the anionic
NP ligand (I) (structure in Section 6.2) forms the T-shaped Tl(I)
omplex on reaction with thallium(I) triflate [246]. The complex is
nstable in air and has limited thermal stability, but is an effective

igand transfer reagent for the synthesis of some d-block metal-
NP complexes. Peters and co-workers have prepared several Tl(I)
omplexes with phosphinoborates [247–252]. The diphosphinobo-
ates include [Tl{Ph2B(CH2PPh2)2}] (chain polymer with thallium
oordinated �6 to one Ph ring and one –PPh2 from each of two
Ph2B(CH2PPh2)2]− ligands) and [Tl{3-MeC6H4)2B(CH2PtBu2)2}] in
hich the ligand chelates via the two phosphine groups and forms

n interaction best described as �2 with the arene ring of another
igand. Triphosphinoborates, PhB(CH2PiPr2)3 and PhB(CH2PPh2)3,
oordinate �3 to Tl(I), but whereas the former is monomeric, the
atter exhibits weak Tl–Tl contacts in the solid state. The thallium
alts, which are usually made by transmetallation from the lithium
hosphinoborates, are useful reagents for the synthesis of transi-
ion metal complexes [252].

. Group 14

Complexes of Sn(IV) with phosphine and arsine ligands are well
nown, and recent work has greatly extended knowledge of both
e(IV) and Ge(II) complexes. Some tin(II) complexes have also been
ade. Silicon(IV) phosphines, although first reported in the 1960s,

ave been neglected until recently, and there are very little data
ndeed on lead compounds.

DFT calculations have explored the Lewis acid–Lewis base bond-
ng in Group 14 elements, with the emphasis on silicon complexes

ith nitrogen donors, and comparisons with germanium analogues
253–256]. More recently N-heterocyclic carbene adducts have
een similarly modelled [257,258]. DFT calculations on the latter
ave suggested that the carbenes will give more stable complexes
han amines or phosphines with silicon or germanium, but limited
pecific effort has been devoted to phosphines, and even less to
he heavier Group 15 donor ligands. However, the results on the
i–N or Si–C systems explored the major energy terms (these are
as phase calculations as usual, so solvation or lattice effects are
ot included): (a) the deformation energy needed to convert the
etrahedral MX4 unit to the four-coordinate fragment of either a
rigonal bipyramid or an octahedron, which is endothermic and
ecreases Si > Ge and with halide F > Cl > Br, and (b) the exothermic
ewis acid–Lewis base bond energy, which decreases with halide

 > Cl > Br and from Si > Ge. The balance of these energies is that
he germanium complexes are predicted to be more stable, since
lthough the bond energies are lower than for analogous complexes
f silicon, the deformation energy fall from Si to Ge is larger, so that
verall the energy terms favour germanium. The poor Lewis acid-
ty of silanes such as SiH4 or SiH3Cl is largely attributed to high
eformation energies. One should note that the two large energy
erms have opposing signs and in some cases nearly cancel out, so
hat smaller energy terms like intermolecular packing in the solid
tate may  become significant. In the absence of detailed calcula-
ions, one can only extrapolate these results to heavier Group 15
onors, predicting that with germanium and especially silicon, the
oorer match with the donor orbital size and energy will result in

ower bond energies, less able to compensate for the large defor-
ation energies, and this orbital mis-match will increase with As

r Sb. Calculations suggest that Ge(II), Sn(II) and Pb(II) phosphines
re viable complexes [258], in line with experimental data.
.1. Silicon

Studies in the 1960s reported [SiX4(PMe3)2] (X = Cl or Br),
elieved to be trans isomers from their vibrational spectra and
y Reviews 260 (2014) 65– 115

from a low precision X-ray determination of the geometry of the
chloride complex. The possible formation of SiF4 adducts at low
temperatures was  also reported [7]. Recent DFT  calculations indi-
cated that five-coordinate silicon(IV) halide phosphine complexes
[SiX4(PMe3)] are unlikely to be stable entities, that six-coordinate
[SiX4(PMe3)2] would be of borderline stability, but that silicon(II)
complexes [SiX2(PR3)] should be formed exothermically [258].

Recent attempts to isolate phosphine or diphosphine com-
plexes of SiF4 have been unsuccessful, and 19F and 31P{1H} NMR
studies showed no evidence for complex formation between the
constituents in CH2Cl2 solution down to 190 K [259]. Old reports
[260] of [SiF4(PMe3)n] (n = 1 or 2) formed at low temperatures
in the absence of solvent, and identified by their Raman spec-
tra, are not necessarily contradicted by the NMR results, since
the experimental conditions are different, and these would merit
reinvestigation. Very recently the trans-[SiX4(PMe3)2] (X = Cl or Br)
have been re-examined [261]. They are readily isolated by combi-
nation of the constituents in CH2Cl2, and although very sensitive
to water, are otherwise stable complexes. The structures show
both to be trans isomers with little difference in the Si–P dis-
tances (X = Cl: 2.3483(3) Å, X = Br: 2.359(2) Å) and the NMR  data
show no significant dissociation in solution in CH2Cl2 at ambi-
ent temperatures. Attempts to prepare complexes with PPh3 were
unsuccessful, probably due to the weaker donor power, and sig-
nificantly, no reaction was observed with bulky but very strong
�-donor phosphines like PBz3, PCy3 or PtBu3; the latter cases
are consistent with the instability predicted for five-coordinate
[SiX4(PR3)] [258], and these phosphines are too large to achieve
six-coordination on the small silicon centre. No reaction occurred
with AsMe3, which is only slightly larger than PMe3, suggesting
that here the (assumed) weaker Si–As bond does not compen-
sate for the deformation energy [261]. A range of diphosphine
complexes cis-[SiX4(L–L)] (X = Cl or Br; L–L = Me2P(CH2)2PMe2,
Et2P(CH2)2PEt2 or o-C6H4(PMe2)2) was  isolated and all charac-
terised by X-ray structure determinations and multinuclear NMR
spectroscopy, the latter showing no evidence for dissociation of
the phosphines in solution [261]. The diphosphine Me2PCH2PMe2
gave trans-[SiCl4(�1-Me2PCH2PMe2)2] (Fig. 41), but no complexa-
tion occurred with o-C6H4(AsMe2)2. The reaction of SiHCl3 with
PMe3, Me2P(CH2)2PMe2 or o-C6H4(PMe2)2 in thf solution gave
the SiCl4 complexes described above, resulting from dispropor-
tionation of the silane. However, with Et2P(CH2)2PEt2 the product
was crystalline cis-[SiHCl3(Et2P(CH2)2PEt2)] (Fig. 42). In solution at
room temperature the diphosphine complex is extensively disso-
ciated, showing the weaker Lewis acidity of the SiHCl3, but low
temperature NMR  studies were fully consistent with the solid
state structure [261]. The reactions of Si2Cl6 with phosphines
in CH2Cl2 solution resulted in formation of the correspond-
ing SiCl4 complexes and yellow oligochlorosilanes, but reactions
in hexane produced white powders which were identified as
[Cl3SiSiCl3(PMe3)2] or [Cl3SiSiCl3(Me2P(CH2)2PMe2)] by micro-
analysis and IR spectroscopy. These decompose immediately in
chlorocarbon solvents, and more slowly in hexane, and therefore
no solution measurements were possible [261]. The diamine ana-
logue [Cl3SiSiCl3(Me2N(CH2)2NMe2)] is more stable and the X-ray
structure has been determined [262]. Attempts to reduce silicon(IV)
phosphines to Si(II) have so far failed [261].

7.2. Germanium

Work reported pre-1975 described a series of [GeI2(PR3)] com-
plexes and two examples with GeCl4, viz [GeCl4(PMe3)n] (n = 1 or

2) [7].

In marked contrast to the failure of SiF4 to form phosphine
complexes, gaseous GeF4, or more conveniently, [GeF4(MeCN)2]
[263], react readily with PPh3 or PMe3 to form white solids,
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Fig. 41. View of the structure of [SiCl4(�1-Me

Fig. 42. View of the structure of [SiHCl3{Et2P(CH2)2PEt2}] redrawn from Ref. [261].

Fig. 43. View of the structure of [GeF4{Ph2P(
2PCH2PMe2)2] redrawn from Ref. [261].

trans-[GeF4(PR3)2], whilst the diphosphines R2P(CH2)2PR2 (R = Me,
Et, Cy or Ph) and o-C6H4(PR2)2 (R = Me or Ph) afford cis-
[GeF4(diphosphine)] [264]. Multinuclear NMR  studies show that
trans-[GeF4(PPh3)2] is extensively dissociated in CH2Cl2 solution,
but the other complexes are stable in solution, although sensi-
tive to both moisture and oxygen. The complexes of air-stable free
phosphines (PPh3 and Ph2P(CH2)2PPh2) are slowly converted to
the corresponding phosphine oxide complexes when their GeF4
adducts are exposed to dry dioxygen in CH2Cl2 solution; use of
18O2 confirmed dioxygen rather than hydrolysis is involved [264].
X-Ray crystal structures of two examples [GeF4{Ph2P(CH2)2PPh2}]
(Fig. 43) and [GeF4{o-C6H4(PMe2)2}] (Table 10) were determined,
and detailed NMR  and vibrational spectroscopic data reported. The
coordination shifts in the 31P{1H} NMR  spectra are again erratic,
with both high and low frequency shifts being observed in different
systems. Attempts to characterise arsine complexes of GeF4 were
unsuccessful; although white solids were isolated with AsMe3 or
o-C6H4(AsMe2)2, these were very unstable and not identified.

The reactions of GeCl4 and GeBr4 with phosphine ligands proved
to be very sensitive to the reaction conditions, and a clear pic-

ture of the chemistry has emerged only recently. The reaction
of GeCl4 with PMe3 in the absence of a solvent was  reported
[265] to give trans-[GeCl4(PMe3)2] identified by vibrational spec-
troscopy, which on reaction with excess GeCl4 gave five-coordinate

CH2)2PPh2}] redrawn from Ref. [264].
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Table 10
X-ray structures of germanium complexes.

Complex Ge–P/As (Å) Ge–X (Å) Comments Ref.

[GeF4{Ph2P(CH2)2PPh2}] 2.436(7), 2.4827(7) 1.7692(14)–1.7987(14) [264]
[GeF4{o-C6H4(PMe2)2}] 2.4273(12) 1.765(2)–1.815(2) [264]
trans-[GeCl4(AsMe3)2] 2.472(1) 2.307(4)–2.341(4) [270]
trans-[GeCl4(AsEt3)2] 2.4904(9) 2.3296(19), 2.3233(19) [264]
[GeI2(PPh3)] 2.503(4), 2.510(5) 2.634(2)–2.661(3) Pyramidal [273]
[GeCl2(PPh3)] 2.5084(7) 2.2598(2), 2.2687(8) Pyramidal [274]
[GeCl2{Ph2P(CH2)2PPh2}] 2.514(2) 2.236(2), 2.332(2) �1-Diphosphine [276]
[GeCl2{o-C6H4(PPh2)2}] 2.5153(13), 3.1958(15) 2.2753(15), 2.3195(16) Approx �1-diphosphine [277]
[GeBr2{o-C6H4(PPh2)2}] 2.5259(13), 3.1167(14) 2.4635(7), 2.5057(8) Approx �1-diphosphine [277]
[GeI2{o-C6H4(PPh2)2}] 2.511(2), 3.068(2) 2.6733(11), 2.7663(11) Approx �1-diphosphine [277]
[GeCl2{o-C6H4(PMe2)2}] 2.4709(11), 2.4390(11) 2.4942(11), 2.7047(11) Dimer [277]
[GeBr2{o-C6H4(PMe2)2}] 2.4805(9), 2.4498(10) 2.6251(6), 2.8259(6) Dimer [277]
[GeI2{o-C6H4(PMe2)2}] 2.481(2), 2.456(2) 2.8211(12), 3.0749(12) Dimer [277]
[GeCl2{Me2P(CH2)2PMe2}] 2.4495(6) 2.5858(7) Monomer [277]
[GeBr2{Me2P(CH2)2PMe2}] 2.4628(7) 2.7335(5) Monomer [277]
[GeI2{Me2P(CH2)2PMe2}] 2.463(2), 2.514(2) 2.8685(12), 3.0787(13) Weak dimer [277]
[GeCl2{Et2P(CH2)2PEt2}] 2.4672(5) 2.5803(5) Monomer [277]
[GeBr2{Et2P(CH2)2PEt2}] 2.4694(5) 2.7340(4) Monomer [277]

2.8763(10), 3.0880(10) Chain polymer [277]
2.3734(13) [277]
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[GeI2{o-C6H4(AsMe2)2}] 2.6210(11), 2.613(11) 

[GeCl{o-C6H4(AsMe2)2}] [GeCl3] 2.5847(5)
[Ge{tBu2PCH2C(CF3)2O}2] 2.7331(12), 2.7585(12) 

GeCl4(PMe3)][266]. However, reaction of PtBu3 or PiPr3 with GeX4
X = Cl or Br) [267–269] formed [PR3X][GeX3] (which have the ele-

ental composition “GeX4(PR3)”), and this was confirmed by a
tructure determination of [PiPr3Br][GeBr3]. Subsequently Godfrey
t al. [270] showed that the reaction of GeCl4 with a range of phos-
hines PR3 (R = Me,  Et, nBu, Cy, PhCH2, Me2N, 2,4,6-(MeO)3C6H2)

n diethyl ether solution gave [PR3Cl][GeCl3], identified by micro-
nalysis, comparison of the spectroscopic data with known [PR3Cl]+

alts and by a crystal structure of [PnBu3Cl][GeCl3]. In some
ases a second (minor) 31P NMR  resonance was observed, spec-
lated as due to intermediate formation of a Ge(IV) complex.
e-examination of the GeCl4/PMe3 reaction [264] confirmed Beat-
ie’s original report [265] of the formation of trans-[GeCl4(PMe3)2]
y co-condensation of GeCl4 with PMe3 at low temperatures, but
howed that dissolution of the product in CH2Cl2 led to very rapid
onversion into [PMe3Cl][GeCl3]. The reactions with GeBr4 appear
o form [PMe3Br][GeBr3] very rapidly and Ge(IV) intermediates are
ot detected. The reported [GeBr4(PMe3)] [266] has an identical IR
pectrum to [PMe3Br][GeBr3] and the latter is the correct formu-
ation [264]. Diphosphines also react with GeCl4 to give [GeCl3]−

alts [264]. Primary and secondary phosphines undergo similar, but
ore complicated chemistry with GeCl4 [271]. PCyH2 and GeCl4

n diethyl ether solution gave the crystallographically authenti-
ated [PCyH3][GeCl3] and in situ spectroscopic studies identified
GeCl2(PCyH2)] and [GeCl3(PCyH)] as other products. Similarly
Ph2H and GeCl4 gave [PPh2H2][GeCl3], [GeCl2(PPh2H)] and Ph2PCl
271]. The germylphosphines such as [GeCl3(PRH)] (R = Ph, tBu,

esityl etc.) are produced quantitatively from PRH2 and excess
eCl4 [272].

Reactions of AsMe3 or AsEt3 with GeCl4 produced trans-
GeCl4(AsR3)2], both confirmed by X-ray crystal structures
264,270]; in solution over several days these decompose form-
ng AsR3Cl2 [264]. No reaction was found between GeCl4 and
-C6H4(AsMe2)2 [264]. The successful isolation of [GeCl4(AsR3)2],
n contrast to the transient formation of the corresponding phos-
hines, is readily attributed to the much greater reducing power
f the phosphines. Comparison of the chemistry of SiX4 and GeX4
ith tertiary phosphines and arsines reveals unexpectedly great
ifferences. The failure to form SiF4 adducts compared to the stable
GeF4(PR3)2] is most probably traceable to the higher deformation

nergy of SiF4, but the formation of stable SiCl4 adducts, contrasted
ith the redox chemistry found with GeCl4, seems most likely to

eflect the reduced stability of the group oxidation state in period
 of the periodic table. This is clearly evident in the chemistry of
Fig. 44. View of the structure of [GeCl2(PPh3)] redrawn from Ref. [274].

succeeding elements like As, Se or Br, and rationalised as a conse-
quence of insertion of the first transition series on the ionisation
potentials and orbital energies.

The first phosphine complexes of germanium(II), [GeX2(PPh3)]
(X = Cl or I) [273–275] were discrete pyramidal monomers with
no short intermolecular contacts (Fig. 44), and recent DFT mod-
eling of [GeX2(PR3)] indicated these are stable complexes [258].
GeCl2 forms both 2:1 and 1:1 complexes with Ph2P(CH2)2PPh2; the
former is probably [Cl2Ge{�-Ph2P(CH2)2PPh2}GeCl2], but the latter
was shown by an X-ray structure determination to be [GeCl2{�1-
Ph2P(CH2)2PPh2)] with a Cl2P core and the second phosphine group
∼3.3 Å from the germanium [276].

The more rigid o-C6H4(PPh2)2 forms similar 1:1 complexes with
GeX2 (X = Cl, Br or I) (Fig. 45) [277] in which the Ge − P distances dif-
fer by ∼0.6 Å, with the second phosphine group interacting weakly
[3 + 1 coordination]. The 31P NMR  spectra of these three complexes

show singlets with small high frequency coordination shifts even at
low temperatures, which suggests that exchange between the two
phosphine groups is fast in solution. In contrast, the very strong
�-donor o-C6H4(PMe2)2 chelates to GeX2 (X = Cl, Br or I) [277]; the
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Fig. 45. View of the structure of [GeBr

somorphous chloride and bromide complexes are halide-bridged
imers (Fig. 46) with the germanium core of P2X2 and a long bond
o a third X, whereas the iodo-complex has a similar core, but with
ery long Ge•••I  bridges, just within the van der Waals radii sum
Fig. 47).

The diphosphinoalkane complexes [GeX2{R2P(CH2)2PR2}]
X = Cl or Br, R = Me  or Et) are different again, with discrete
our-coordinate germanium centres, the structure approximating
o a pseudo-trigonal bipyramid with a vacant equatorial vertex
Fig. 48) [277]. The core structure of [GeI2{Me2P(CH2)2PMe2}]
s similar but the geometry shows very long iodo-bridges
orming dimer units. For all of these alkyl substituted diphos-
hine complexes, the 31P{1H} NMR  spectra show singlets
ith large high frequency coordination shifts, which was

nterpreted as evidence for five-membered chelate rings present
n solution [277].
The diarsine o-C6H4(AsMe2)2 forms [GeX2{o-C6H4(AsMe2)2}]
or X = Br or I, which have an As2X2 core similar to that in
he alkyldiphosphine complexes, but are further weakly associ-
ted via halide bridges into a polymer chain [277]. Surprisingly

Fig. 46. View of the structure of [{GeCl2{o-C6H
H4(PPh2)2}] redrawn from Ref. [277].

[GeCl2(dioxane)] and o-C6H4(AsMe2)2 formed only [GeCl{o-
C6H4(AsMe2)2}][GeCl3] with pyramidal cations and anions forming
a polymeric chain via longer chloride bridges [277]. The only exam-
ples of monodentate arsine complexes are [GeCl2(AsR3)] (R = Ph or
tBu) which are probably pyramidal monomers, although the struc-
tures have not been determined [278].

The structural chemistry of Ge(II) phosphines is clearly com-
plex. Whilst there is a preference for a pyramidal PX2 core with
monodentate or weaker donor bidentates, strong chelating lig-
ands produce four-coordinate P2X2 complexes which in some cases
associate further through long halide bridges. For a given diphos-
phine, the Ge–P distances are essentially independent of halide
or whether further long halide bridges are present. There are no
reported examples of germanium stibine complexes.

The lithium salt of 2-di-t-butylphosphinomethyl-
hexafluoropropane-2-ol (tBu2PCH2C(CF3)2O− Li+, LLi) reacts

with [GeCl2(dioxane)] to form [GeL2] which contains two  anionic
P,O-donor chelate ligands [279]. Ge(II) complexes of phos-
phine functionalised �-diketiminates have also been reported
[280].

4(PMe2)2}}2] redrawn from Ref. [277].
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.3. Tin

The tin(IV) coordination chemistry of halides and organometal-
ic species is well developed, and the main types of pnictogen ligand
omplexes, based upon six-coordination, such as [SnX4(PR3)2],
SnR′

2X2(PR3)2] or their diphosphine analogues, were discussed
n previous articles [7,8]. Early work mostly used microanalysis
nd vibrational spectroscopy as the characterisation techniques
nd there were also several studies using 119Sn Mössbauer
pectroscopy. In recent work, multinuclear NMR  and X-ray crystal-
ography have taken over as the major characterisation techniques
Tables 11 and 12). In contrast, tin(II) chemistry of neutral Group
5 ligands has received surprisingly little effort, given the extensive
ork on tin chemistry in general.

SnF4 is an inert polymer, but by reacting [SnF4(MeCN)2] with
he appropriate phosphine in CH2Cl2, trans-[SnF4(PR3)2] (R = Me
r Cy) and cis-[SnF4(diphosphine)] (diphosphine = R2P(CH2)2PR2,

 = Me,  Et, Ph or Cy; o-C6H4(PR2)2, R = Me  or Ph) were
btained [281]. The products are white, moisture sensitive
olids, which are also dioxygen sensitive in solution. Multin-
clear NMR  (1H, 19F, 31P{1H}, 119Sn) spectroscopy provided a

arge amount of data. For example, the 119Sn spectra of the cis-
SnF4(diphosphine)] complexes are 27 line multiplets (t,t,t) from
hich the appropriate coupling constants are readily extracted. The

is-[SnX4{Et2P(CH2)2PEt2}] (X = F or Cl) are isomorphous and the
n–P distance is significantly shorter in the fluoride (2.606(1) Å)
han in cis-[SnCl4{Et2P(CH2)2PEt2}] (2.648(2) Å). The longer dis-
ance in trans-[SnF4(PCy3)2] (2.654(1) Å) may  well be largely down
o the steric bulk of the phosphine. Attempts to isolate arsine com-
lexes of SnF4 were unsuccessful [281].

The other three tin(IV) halides, SnX4 (X = Cl, Br or I), are
etrahedral monomers, and synthesis of their phosphine or
rsine complexes (there are no reports of stibines) mostly
nvolve mixing the SnX4 with the ligand under anhydrous con-
itions and an inert atmosphere in CH2Cl2, hexane, benzene etc.
281,282,285–287,292]. For tertiary phosphines the six-coordinate

rans-[SnX4(PR3)2] are the usual solid products, exemplified by
hose of PMe3 [284,287], PEt3 [282], PPh3, PMe2Ph and PnBu3 [292],
lthough NMR  spectroscopy often identifies a mixture of cis and
rans isomers in solution. AsPh3 complexes of both 1:1 and 2:1

Fig. 47. View of the structure of [{GeI2{o-C6H
Fig. 48. View of the structure of [GeCl2{Me2P(CH2)2PMe2}] redrawn from Ref. [277].

stoichiometry have been reported [285,294]. Interestingly, Mahon
et al. [285] determined the X-ray structures of [SnX4(AsPh3)2], find-
ing that the chloride was  the expected six-coordinate trans isomer
(Fig. 49), but the bromide was trigonal bipyramidal [SnBr4(AsPh3)]
with a second uncoordinated AsPh3 group in the lattice interacting
with the axial Br group (Fig. 50).

A different synthetic approach involved the reaction of tin
powder with PR3X2 (R = nPr, X = I; R3 = Ph, Ph2Me  or PhMe2,
X = Br or I) in diethyl ether [283,293], which produced the first
structurally authenticated phosphine adduct of tin(IV) iodide,
trans-[SnI4(PnPr3)2], and cis/trans mixtures for [SnBr4(PR3)2]
identified by a combination of vibrational and Mössbauer spec-

troscopy. The PR3I2 (R3 = Ph, Ph2Me)  reactions produced mixtures
containing cis/trans-[SnI4(PR3)2] and [PR3I][SnI3]. The direct reac-
tion of SnX4 (X = Cl or Br) with PtBu3 results in formation of

4(PMe2)2}}2] redrawn from Ref. [277].
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Table 11
X-ray structures of tin complexes.

Complex Sn–P/As (Å) Sn–X (Å) Comments Ref

trans-[SnF4(PCy3)2] 2.6538(11) 1.959(2), 1.980(2) [281]
trans-[SnCl4(PEt3)2] 2.615(5) 2.445(5), 2.455(5) [282]
trans-[SnI4(PnPr3)2] 2.69(1) 2.863(3), 2.872(3) [283]
trans-[SnCl4(PMe3)2] 2.5654(7) 2.4762(6), 2.4565(7) [284]
[SnCl3(PMe3)2][AlCl4] 2.5439(12), 2.5347(12) 2.3490(12), 2.3955(10) trans Tbp [284]
[SnCl2(PMe3)2][AlCl4]2 2.5390(6), 2.5414(6) 2.3367(5), 2.3575(5) [284]
trans-[SnCl4(AsPh3)2] 2.7623(3) 2.4153(8), 2.4239(7) [285]
[SnBr4(AsPh3)]·AsPh3 2.780(1) 2.484(2), 2.486(2) Tbp axial As [285]
[SnCl4{�1-Ph2PCH2PPh2}2] 2.649(1) 2.429(1), 2.450(1) [290]
[SnF4{Et2P(CH2)2PEt2}] 2.6058(9) 1.9532(16), 1.9863(17) [281]
[SnCl4{Et2P(CH2)2PEt2}] 2.6481(17) 2.4084(14), 2.4529(14) [281]
[SnCl4{Ph2P(CH2)2PPh2}] 2.653(2), 2.679(2) 2.402(2)–2.447(2) [286]
[SnCl4 {cis-Ph2PCH=CHPPh2}] 2.6537(5), 2.6780(5) 2.3745(6)–2.4138(5) [291]
[SnI4{o-C6H4(AsMe2)2}] 2.716(2), 2.752(2) 2.787(2)–2.859(2) [287]
[SnCl5{Ph2(H)P(CH2)2PPh2}] 2.7312(7), 2.7573(6) 2.3986(6)–2.4369(6) Zwitterion [288]
[SnBr4{Ph2As(CH2)2P(O)Ph2}] 2.7519(4) 2.5392(4)–2.5856(4) As, O coord [288]
[SnBr4{MeC(CH2AsMe2)3}] 2.6932(5), 2.7095(6) 2.5479(5)–2.5807(5) �2 Coord triarsine [281]
[SnCl3nBu(PPh3)] 2.862(2) 2.336(2)–2.404(2) [289]
[SnCl3Ph{o-C6H4(PPhMe)2}] 2.659(1), 2.747(1) 2.445(l)–2.503(l) [290]
[SnCl3Me{cis-Ph2PCH=CHPPh2}] 2.6686(5), 2.7578(5) 2.4219(5)–2.5053(5) [291]
[SnCl3nBu{cis-Ph2PCH=CHPPh2}] 2.6945(7), 2.7526(7) 2.4360(8)–2.4817(7) [291]
[SnCl3Ph{cis-Ph2PCH=CHPPh2}] 2.7036(13), 2.7231(13) 2.4233(12)–2.4962(13) [291]
[SnClMe2{tBu(Ph)P(CH2)3}] 3.078(2) 2.494(2) Tbp C3PCl coord [306]
[SnCl2{Ph2P(CH2)3}2] 3.086(2) 2.134(6), 2.487(2) 6-Coord P2C2Cl2 [307]
[{SnCl3{Ph2P(CH2)2}}2] 2.605(2) 2.389(2)–2.620(2) Cl-bridged dimer [307]
[{SnCl3{Ph2P(CH2)3}}2] 2.686(1) 2.377(1)–2.826(1) Cl-bridged dimer [307]
[{SnCl2Me{Ph2P(CH2)3}}2] 2.930(2) 2.409(1), 2.516(2) Cl-bridged dimer [307]
[SnCl2{o-C6H4(PPh2)2}] 2.8293(9) 2.4541(9), 2.5536(11) Dimer �1-Diphosphine [309]
[SnCl2{o-C6H4(PMe2)2}] 2.692(4), 2.657(3) 2.673(3), 2.743(4) Dimer 5-coord [309]
[SnCl2{Me2P(CH2)2PMe2}] 2.6502(15), 2.6950(14) 2.6896(14), 2.7292(14) Dimer 5-coord [309]
[(SnCl2)2{�-Ph2P(CH2)2PPh2}] 2.7675(5) 2.4808(5), 2.5163(5) Ligand bridged [309]
[SnCl{o-C6H4(AsMe2)2}] [SnCl3] 2.7986(7) 2.5623(13) Trigonal pyramid [309]
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[SnCl {Ph2PCH2(2-C5H4N)}] [SnCl3] 2.6962(5) 

[Sn{tBu2PCH2C(CF3)2O}2] 2.8376(12), 2.8460(11) 

[Sn{PhP(CH2)2S}2] 2.614(5) 

PtBu3X][SnX3] analogous to the redox germanium chemistry
iscussed in Section 7.2 [267,269]. Cationic complexes form on
reating trans-[SnCl (PMe ) ] with AlCl , one equivalent giv-
4 3 2 3
ng [SnCl3(PMe3)2][AlCl4], and an excess, [SnCl2(PMe3)2][AlCl4]2
284]. The former is a trigonal bipyramid with axial phosphines
Fig. 51(a)), and the latter a very distorted octahedron with axial

able 12
llustrative 119Sn and 31P{1H} NMR  data of tin complexes [281,287,291,296,297,309].

Complex ı (119Sn)a ı (

trans-[SnF4(PMe3)2] −628 −1
trans-[SnCl4(PMe3)2] −646 8.
trans-[SnBr4(PMe3)2] N.o. −3
trans-[SnI4(PMe3)2] N.o. −3
trans-[SnCl4(PEt3)2] −572 +2
trans-[SnBr4(PEt3)2] −910 +2
[SnF4{o-C6H4(PMe2)2}] −657.6 −3
[SnF4{o-C6H4(PPh2)2}] −665.9 −1
[SnCl4{o-C6H4(PPh2)2}] −607.5 −1
[SnBr4{o-C6H4(PPh2)2}] −1218 −2
[SnI4{o-C6H4(PPh2)2}] N.o. −5
[SnF4{Et2P(CH2)2PEt2}] −649 −1
[SnCl4 {Me2P(CH2)2PMe2}] −617 −2
[SnBr4 {Me2P(CH2)2PMe2}] −1213 −2
[SnI4 {Me2P(CH2)2PMe2}] −2425 −4
[SnCl3Me{cis-Ph2PCH=CHPPh2}] −462.5 −2
[SnCl3nBu{cis-Ph2PCH=CHPPh2}] −456.3 −2
[SnCl3Ph {cis-Ph2PCH=CHPPh2}] −510.1 −2
[SnCl2{o-C6H4(PMe2)2}] N.o. −2
[SnCl2 {Me2P(CH2)2PMe2}] N.o. +8

a Relative to SnMe4.
b Relative to H3PO4.
c Coordination shift.
d 1J(117Sn-31P) also observed in many cases but not quoted – see original reports.The d

f  data collection is also not indicated here.
2.4405(5) NPCl coord. cation [313]
[279]
[314]

phosphines, two  short Sn–Cl bonds and two longer Sn–Cl contacts
to chloroaluminate anions (Fig. 51(b)). The stability of tin(IV) halide
phosphines falls F ∼ Cl > Br > I, although with arsines the order is

partially reversed F < < Cl > Br > I [261,287].

Most of the synthesis papers report vibrational spectrocopic
data for SnX4 complexes [281,285,287,293,295]. Multinuclear

31P)b �(P)c 1J (119Sn–31P) (Hz)d

9.1 +43 2975
0 +70 2768
.0 +59 N.o.
.7 +58 N.o.
0.9 +42 2391
.4 +23 1947
7.8 +17 1520
8.9 −6 1520
3.0 ∼0 890
4.2 −11 305
2.5 −39 N.o.
1.6 +6 1628
0.9 +26 1080
6.0 +21 680
0 +7 ∼200
4.1,−31.3 −2,−9 2429
3.1,−30.2 −1,−8 2344
5.0, −32.5 −3,−10 2327
7.9 +27 948
.4 +55 2005

ata are illustrative and the chemical shifts are solvent dependent; the temperature
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time-scale [290]. However, using more rigid diphosphines such as
Fig. 49. View of the structure of [SnCl4(AsPh3)2] redrawn from Ref. [285].

MR  data has also been reported for many tin(IV) com-
lexes and some typical examples are shown in Table 12
281,287,291,292,296–298]. The 119Sn chemical shifts are sur-
risingly similar for corresponding complexes of SnF4 and SnCl4,
ut those of SnBr4 and SnI4 show much more deshielded reso-
ances. Few values have been recorded for the iodo-complexes,
ven at low temperatures, due to the extensive dissociation in
olution. The 1J(119Sn–31P) coupling constants fall with halogen

 > Cl > Br > I and are greater for trans P–Sn–P than for cis P–Sn–P

rrangements.

Diphosphine complexes are usually six-coordinate monomers
ith a cis-geometry (Table 11); typically the Sn–XtransX bonds

Fig. 50. View of the structure of [SnBr4(AsP
y Reviews 260 (2014) 65– 115

are longer than Sn–XtransP, showing the dominant Sn–X bond-
ing [281,286,287,291]. The diphosphine Ph2PCH2PPh2,  which
has a short backbone, gave trans-[SnCl4{�1-Ph2PCH2PPh2}2]
[290]. Crystals were serendipitously obtained of the zwitterionic
[SnCl5{Ph2P(CH2)2P(H)Ph2}] [288] (Fig. 52). Diarsine complexes
are rarer, although [SnI4{o-C6H4(AsMe2)2}] [287] is one of the very
few structurally characterised SnI4 adducts with neutral ligands.
Few attempts to make complexes of SnX4 with polydentate ligands
have been reported, presumably because only two coordination
sites on tin are available, and therefore higher ligand denticity offers
nothing new. One example is [SnBr4{MeC(CH2AsMe2)3}], where
the tripodal triarsine is �2-coordinated to the tin (Fig. 53) [281].

The tin(IV) halide phosphine complexes are very moisture sen-
sitive and also dioxygen sensitive in solution. Whilst dioxygen
sensitivity is of course found for alkylphosphines themselves,
tin(IV) halides promote the oxidation of air-stable phosphines and
diphosphines, although the mechanism is unclear. For SnF4 the
reaction is stoichiometric since the phosphine oxide or diphos-
phine dioxide formed coordinates very strongly to the tin, stopping
further reaction, whereas with the extensively dissociated adducts
of SnI4 the reaction can be made catalytic [261,299,300]. Use  of
18O2 resulted in incorporation of the 18O label into the phos-
phine oxide, confirming the reaction proceeds via reaction with
dioxygen rather than by a hydrolysis mechanism [299,300]. How-
ever, tertiary arsines are not oxidised under similar conditions,
reflecting the much reduced stability of As(V) versus P(V), a
notable illustration of which is the crystallographic identification
of [SnBr4{Ph2As(CH2)2P(O)Ph2}] formed by adventitious oxidation
of Ph2As(CH2)2PPh2 [288].

Organotin halides SnR4−nXn (n = 3 − 1) also form phosphine
adducts [289–291,298,301–304]. The Lewis acidity falls with
increase in the number of R groups, and is less than that of SnX4; as a
result both five- and six-coordinate complexes are formed depend-
ing upon the phosphine and the organotin species involved. The
Ph2P(CH2)nPPh2 (n = 1 or 2) complexes of SnPh2X2 (X = Cl or Br) are
clearly five-coordinate in solution, with fast exchange occurring
between the free and coordinated phosphine groups on the NMR
cis-Ph2PCH = CHPPh2, or the chiral o-C6H4(PPhMe)2, produces com-
plexes that are six-coordinate both in the solid state and in solution
at low temperatures [290,291]. Disproportionation of RSnX3 into

h3)].AsPh3 redrawn from Ref. [285].
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Fig. 51. (a) View of the structure of the cation [SnCl3(PMe3)2]+ redrawn from R

2SnX2 and SnX4 upon reaction with phosphines was also observed
n some systems [290,291,302].

Intramolecular coordination of P-functionalised organotin
alides produces more stable complexes [305–308]. For example,
hloro(3-(t-butyl(phenyl)phosphino)propyl)dimethyltin is trigo-
al bipyramidal with apical Cl,P [306], [SnCl2{Ph2P(CH2)3}2] is a
ix-coordinate monomer and [{SnCl2R′{Ph2P(CH2)3}}2] (R′ = Cl or
e)  and [{SnCl3{Ph2P(CH2)2}}2] are dimers (Fig. 54) [307].
Attempts to prepare phosphine complexes of SnF2 either by

irect reaction with a suspension of SnF2 in MeCN, or by displace-
ent of dmso from [SnF2(dmso)] failed [309]. In CH2Cl2 solution,
ixtures of products slowly formed which were mainly phos-

honium salts from reaction of the phosphine with the solvent.
imilarly, SnCl2 and PMe3 in CH2Cl2 gave phosphonium cations of
he types [PMe3CH2Cl]+ and [CH2(PMe3)2]2+ [309]. [SnX2(PtBu3)]
nd [SnX2{P(NMe2)3}] (X = Cl or Br) have been isolated, and were
uggested to be pyramidal monomers from spectroscopic data
310]. Diphosphines similarly failed to complex with SnF2 (which

ay  be due to the absence of an appropriate synthon that would
void the use of the polymeric and unreactive fluoride itself).

owever, with SnCl2 a series of 1:1 complexes was isolated;
lthough they differ in structural detail they are reminiscent of the
eCl2 adducts described in Section 7.2. The bulky o-C6H4(PPh2)2
ave [SnCl2{o-C6H4(PPh2)2}] which contained a pyramidal PCl2
4]. (b) View of the structure of [SnCl2(PMe3)2][AlCl4]2 redrawn from Ref. [284].

core with the second phosphino group ∼3.29 Å from the tin,
whereas [SnCl2{o-C6H4(PMe2)2}] and [SnCl2{Me2P(CH2)2PMe2}]
have a P2Cl2 core (Fig. 55); all are weakly associated into dimers
via chlorine bridges [309]. The product of reacting SnCl2 and
Ph2P(CH2)2PPh2, irrespective of the ratio of reactants used, is
[(SnCl2)2{�-Ph2P(CH2)2PPh2}], again with a pyramidal PCl2 core
linked into chains via chlorine bridges and with the diphosphine
cross-linking the chains (Fig. 56) [309]. The only reported diar-
sine complex is different again and like the Ge(II) analogue is
cationic, [SnCl{o-C6H4(AsMe2)2}][SnCl3]. The diphosphine com-
plexes have modest solubilities in chlorocarbon solvents, and the
31P{1H} NMR  spectrum of [SnCl2{o-C6H4(PMe2)2}] showed clearly
resolved 117/119Sn satellites at ambient temperatures, while for
[SnCl2{Me2P(CH2)2PMe2}] some cooling of the solution was nec-
essary to resolve the satellites. The other complexes seemed to
be exchanging in solution even at low temperatures, and a com-
bination of exchange processes and poor solubility prevented
observation of 119Sn resonances for any of these compounds [309].

In situ 31P and 119Sn NMR  data have been collected
from MeNO2 solutions of Sn(SbF6)2 and various polydentate

phosphines including Ph2P(CH2)2PPh2, PhP(CH2CH2PPh2)2,
MeC(CH2PPh2)3, {Ph2PCH2CH2P(Ph)CH2}2 and P(CH2CH2PPh2)3
[311,312]. Although the data mostly indicated that three phosphine
donors are bound to the tin, the interpretation is not unequivocal
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ig. 52. View of the structure of the zwitterion [SnCl5{Ph2P(CH2)2P(H)Ph2}]
edrawn from Ref. [288].

nd none of the complexes have been isolated. Curiously, the
,N-bidentate, Ph2PCH2(2-C5H4N), fails to form a complex with
nCl2 directly, but the lithium salt [Ph2PCH(2-C5H4N)]−Li+ reacts
ith SnCl2 in thf to form [SnCl2{Ph2PCH2(2-C5H4N)}], having

ecome re-protonated in the reaction. Crystals obtained from
his reaction were identified as [SnCl{Ph2PCH2(2-C5H4N)}][SnCl3]
ith P,N-coordination, but in solution the phosphine donor easily
issociates, with complex temperature dependent equilibria
resent [313].
Phosphino-groups are also present in complexes of Sn(II) or
n(IV) with anionic ligands, where the charge is on O, N or
. Examples of Sn(II) include [Sn{tBu2PCH2C(CF3)2O}2] which is
imilar to the germanium analogue discussed above [279], and

Fig. 53. View of the structure of [SnBr4{MeC(
y Reviews 260 (2014) 65– 115

[Sn{PhP(CH2)2S}2] which has a trigonal S2P core with longer thio-
late bridges linking the molecules into spiral chains [314]. Other
examples are Sn(II) and Sn(IV) complexes of phosphinothiolates
[315–317] and the PNP pincer N{C6H4(4-Me)PiPr2}2 [318], and
Sn(IV) complexes of bis(phenolate)phosphines [319].

7.4. Lead

Although the first lead dihalide complex of a diphosphine
was reported in 1960 [7], there have been very few further
attempts to make Pb–PR3 bonds. The only recent examples are
[(PR3)2Pb{Cr(CO)5}2] (R = Me,  Et or nBu) which contain four-
coordinate lead [320]. All three were structurally characterised
with the Pb–P bond increasing in length from 2.76 Å (R = Me)
to 2.85 Å (R = nBu). In situ 31P{1H} and 207Pb NMR  studies of
Pb(SbF6)2 with various polydentate phosphines (Ph2P(CH2)2PPh2,
PhP(CH2CH2PPh2)2, MeC(CH2PPh2)3, (Ph2PCH2CH2P(Ph)CH2)2 and
P(CH2CH2PPh2)3) and corresponding phosphine oxides in MeNO2
solution have been reported, although no complexes were isolated
[311,312]. Usually 31P–207Pb couplings were resolved at ambient
temperatures, and the data suggest that 1:1 ligand:Pb complexes
are the major species present. Clearly, isolation of these com-
plexes and structural characterisation in the solid state is desirable.
Lead(II)phosphine bonds are also present in the phosphinothiolate
complexes [Pb(2-Ph2PC6H4S)2] and [Pb(2-Ph2P-6-Me3Si-C6H3S)2],
obtained by anodic dissolution of lead in an MeCN solution of the
ligand [321].

8. Group 15

Phosphine or arsine adducts of phosphorus(III) or arsenic(III)
halides have been known for many years [7] but were relatively
little studied until the 1990s. More recently, much effort has been
devoted to elucidating the chemistry of phosphenium [R2P]+ and
arsenium [R2As]+ cations and their heavier Group 15 analogues.
These are six-electron unsaturated species containing a lone pair
but also a vacant acceptor orbital, and are stabilised by donor
ligands such as phosphines, forming [R3P → PR2]+, [R3P → AsR2]+,
[(R3P)2 → PR2]+ etc. species. The most generally used syntheses
combine the organophosphorus or organoarsenic halide with the

phosphine or arsine donor and a halide abstractor such as AlCl3
or GaCl3, although the latter is sometimes replaced by a large
weakly coordinating anion such as [PF6]−. Although they formally
fall within the scope of the present article, these complexes also

CH2AsMe2)3}] redrawn from Ref. [281].
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Fig. 54. View of the structure of [{SnCl2

ink to the extensive chemistry of Group 15 compounds with P–P,
–As bonds etc. and have been discussed in recent review articles
322,323]. We  have therefore (somewhat arbitrarily) limited cov-
rage in this article to the discussion of “classical” neutral adducts
f Group 15 trihalides with pnictogen ligands to provide a compar-
son with the chemistries discussed in previous sections. In some
ases the bonding in the latter compounds has been viewed as inter-
ediate between covalent [R3P–PX3] and ionic [R3P–PX2]X, which

inks them (at least formally) to phosphenium salts [R3P–PR2]+.
he EX3 (E = As, Sb, Bi; X = Cl, Br or I—there are no examples with
) are modest Lewis acids which form rather weak bonds to ER3
onors, whilst the pentahalides all seem to halogenate ER3. The

solated complexes are labile in solution which means that solution
MR  spectroscopic data are usually uninformative, whilst even in

he solid state the distorted structures are not easily deduced by
ibrational spectroscopy. Hence X-ray crystallography is the key
echnique in this group.

.1. Phosphorus
Apart from the work on phosphenium compounds referred to
bove, there has been little new work on phosphorus halide com-
lexes. The structure of the 1:1 adduct between PBr3 and PMe3

Fig. 55. View of the structure of [{SnCl2{o-C6H
h2P(CH2)3}}2] redrawn from Ref. [307].

consists of two  square pyramidal units linked into a dimer by
very asymmetric bromine bridges [(PMe3)PBr2(�-Br)2PBr2(PMe3)]
with P − Brterminal = 2.424(2), 2.250(2) Å  and P − Brbridge = 2.677(2),
3.327(2) Å [324].

8.2. Arsenic

PMe3 forms 2:1 complexes with AsX3 (X = Cl, Br or I), but only
with AsCl3 can a 1:1 complex also be isolated [325]. The struc-
ture of the latter reveals a dimeric core with square-pyramidal
units arranged anti (Fig. 57) and long As − Cl contacts (∼3.43 Å)
linking the units into infinite chains. The solution (CDCl3) 1H
NMR spectra of either [AsCl3(PMe3)x] (x = 1 or 2) show two  dou-
blets, indicating both species are present in solution, and the
31P{1H} NMR  spectra show only a single broad resonance indica-
tive of fast exchange. Both AsMe3 and AsEt3 form only 1:1
adducts with AsCl3, which are dimeric, but without any evi-
dence for longer contacts [325,326]. Diphosphines or diarsines

also form 1:1 adducts with arsenic(III) halides, including [AsX3{o-
C6H4(AsMe2)2}] (X = Cl, Br or I) and [AsCl3{o-C6H4(PR2)2}] (R = Ph
or Me)  [325]. The [AsX3{o-C6H4(AsMe2)2}] (X = Br or I) have
dimeric structures based upon edge-shared bi-octahedra (Fig. 58),

4(PMe2)2}}2] redrawn from Ref. [309].
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Fig. 56. View of the polymeric structure of [(Sn

ith distorted environments about the central arsenics; there is
o vacant vertex which could be occupied by the arsenic (on
sX3) lone pair, but distortions in the bond lengths and angles
uggest the lone pair may  be localised in the direction of one
sX3 triangular face [325]. The [AsCl3{o-C6H4(PPh2)2}] decom-

oses in CDCl3 solution to give a mixture of species including
he chlorinated diphosphine (based on 31P{1H} NMR  evidence).
rsenic(III) iodide is reduced by Ph2P(CH2)2PPh2 to the arsenium
ation [As{Ph2P(CH2)2PPh2}]I and the cation has been structurally

Fig. 57. View of the structure of [As2Cl4(�-C
�-Ph2P(CH2)2PPh2}] redrawn from Ref. [309].

authenticated in [As{Ph2P(CH2)2PPh2}][As2I7{Ph2P(CH2)2PPh2}]
[327,328]. The triarsine MeC(CH2AsMe2)3 forms 1:1 adducts with
AsX3 of unknown structure [325].

8.3. Antimony
Complexes of antimony(III) halides are mostly six-coordinate,
with distorted octahedral antimony. An exception is the dimeric
[Sb2I4(�-I)2(PMe3)2].thf which has five-coordinate antimony

l)2(PMe3)2] redrawn from Ref. [325].
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Fig. 58. View of the structure of [As2Br4(�-

entres with anti-disposed PMe3 groups axial, weakly associated
nto polymer chains via long Sb–I contacts [329]. In [SbCl3(AsEt3)]
he antimony has a disphenoidal shape with equatorial AsEt3
alternatively described as trigonal bipyramidal with a vacant
quatorial vertex) with these units linked via long Sb–Cl bonds
nto zig-zag chains (Fig. 59) [330]. In contrast, the yellow crys-
als formed from SbBr3 and PEt3 in thf solution, seemingly the
roduct of adventitious hydrolysis, were found to be the anionic
PEt3H][Sb2Br7(PEt3)2] with discrete confacial bioctahedral anions
Fig. 60) [331]. The reactions of SbX3 and SbR3 typically result

n scrambling to give SbR3−nXn, but stibine adducts of antimony
alides include the structurally characterised [SbI3(SbMe3)(thf)],
hich is a centrosymmetric dimer with two  iodide bridges

332], and [SbI2Me(SbMe3)] [333], which has a trans-trigonal

Fig. 59. View of the chain structure of [SbC
-C6H4(AsMe2)2}2] redrawn from Ref. [325].

bipyramidal shape with a vacant equatorial vertex for the
(Sb)SbI2Me  unit.

A discrete anion [SbI4{Me2P(CH2)2PMe2}]− was  formed on
recrystallisation of [SbI3{Me2P(CH2)2PMe2}] from pyridine, and
has a distorted octahedral geometry [334]. However, the most
common type of complex formed by diphosphine or diarsine lig-
ands (there are no known distibine complexes) with SbX3 are
dimeric [{SbX3(ligand)}2] with unsymmetric halide bridges. The
complex [SbBr3{Me2P(CH2)2PMe2}] has two  polymorphs, one the
familiar dimer (Fig. 61(a)), the second a tetramer composed of a

central dimer unit linked via single Br bridges to two monomer
units (Fig. 61(b)) [329]. Complexes similar to the dimer are
[{SbX3(o-C6H4(AsMe2)2)}2], [{SbX3(o-C6H4(PMe2)2)}2], [{SbX3(o-
C6H4(PPh2)2)}2] and [{SbX3{Ph2As(CH2)2AsPh2}}2] (X = Cl, Br or

l3(AsEt3)] redrawn from Ref. [330].
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Fig. 60. View of the structure of the ani

) [335]. Recrystallisation of [{SbCl3(o-C6H4(AsMe2)2)}2] from
thanol gave block crystals of [Sb2Cl6{o-C6H4(AsMe2)2}] which is

 sheet polymer with distorted octahedral SbCl4As2 units linked
o square pyramidal SbCl5 groups via zig-zag chains, cross linked
y longer chloride bridges into sheets [335]. The structures of all
he antimony halide complexes show varying degrees of distortion
bout the central antimony and a range of bond lengths, which
eem to result from a number of factors [8,18]. From the bond
ength and angle data the dominant core unit is the pyramidal SbX3
roup, linked to more weakly bound neutral donors and long halide
ridges. The 3c–4e bonding model can account for the disparate
ond lengths, but in addition, there seem to be varying degrees
f stereochemical activity of the antimony based lone pair. In the
ix-coordinate complexes there is no available vertex position, but
istortions of the octahedra have been rationalised as due to local-

sation of the lone pair along an edge or face. Since the SbX3–ligand
nteractions are weak, some distortions of the coordination sphere

ay  also be caused by intermolecular packing. Solution NMR  data
n the complexes are consistent with weak binding of the neutral
igands, and rapid ligand exchange in solution.

.4. Bismuth

The complexes of bismuth(III) halides generally follow the pat-
ern established for antimony, although they are rather more stable
nd the structures less distorted. BiBr3 reacts with neat PMe3 to
orm [BiBr3(PMe3)2]; crystals obtained from CH2Cl2 solution show
hat the structure is dimeric [Br2(PMe3)2Bi(�-Br)2BiBr2(PMe3)2]
Fig. 62) [336]. The corresponding reaction with PMe2Ph in thf
ave crystals of the mixed phosphine-phosphine oxide complex
{BiBr3(PMe2Ph)(OPMe2Ph)}2], presumably due to air-oxidation.
he structure is similar to that of the PMe3 complex, with the phos-
hine oxides occupying axial positions on each bismuth [336]. The
omplexes formed in these systems are very sensitive to small

hanges in the reaction conditions. Thus reaction of BiBr3 and
Me3 in thf solution, followed by crystallisation of the product
rom MeCN/Et2O gave [PMe3H][Bi2Br7(PMe3)2] [337]. The anion
as a planar Bi2Br6 core with one PMe3 group on each bismuth
2Br7(PEt3)2]− redrawn from Ref. [331].

arranged anti, the anions being assembled into zig-zag chains by
single bromide bridges trans to PMe3 (Fig. 63). The iodide complex
[PMe3H][Bi2I7(PMe3)2] (although not structurally characterised)
appears to be similar, but the corresponding reaction between BiI3
and PEt3 in thf solution gave crystals of [PEt4]4[Bi6I22] [337]. It is
unclear how the [PEt4]+ cation is formed.

The product from BiBr3 and PEt3 in thf is different again, forming
a cubane tetramer [Bi4Br12(PEt3)4] (Fig. 64) [329] which is clearly
related to the [Bi4Br16]4− anion, with one terminal bromide on each
bismuth replaced by a phosphine. The geometry about the bismuth
centres is close to octahedral and the Bi–Br and Bi–P bond lengths
are unexceptional, apart from Bi–BrtransP which are significantly
longer (∼0.2 Å) than Bi–BrtransBr.

A mononuclear cis-octahedral anion is present in
[PPh4][BiI4(PMe2Ph)2], formed from [PPh4]I, BiI3 and PMe2Ph
in MeNO2 solution [331]. The d(Bi–I) are little different whether
cis or trans to P (with an average length of 3.048 Å), but d(Bi–P)
are long at 2.981(2) and 3.005(2) Å, and there are significant
angle distortions–the axial <I–Bi–I is 157.1◦ (bent towards the
phosphines) and the <P–Bi–P is 112.3◦, which was discussed in
terms of lone-pair activity [331].

Diphosphines and diarsines also form complexes with
BiX3, and rather surprisingly some of the former complexes
oxidise very readily to phosphine oxides. The common
stoichiometry is 1:1 and recently reported complexes are
[{BiCl3(Ph2PCH2PPh2)}2] [339], [{BiX3(Ph2P(CH2)2PPh2)2}2]
(X = Cl, Br or I) [338,339], [Bi2Cl6(Ph2P(CH2)2PPh2)3]
[338,339], [{BiBr3(Me2P(CH2)2PMe2)}2] [329], [{BiX3(o-
C6H4(PPh2)2)}2] [335], [{BiX3(o-C6H4(PMe2)2)}2] [335],
[{BiX3(o-C6H4(AsMe2)2)}2] [335], [{BiX3(Ph2As(CH2)2AsPh2)}2]
[335], and [BiX3{MeC(CH2AsMe2)3}] (X = Cl, Br or I) [335]. Similar
to the antimony analogues, spectroscopic techniques yield little
useful data, and do not identify the structural units present with
any certainty. The complexes range in colour from pale yellow

(X = Cl) through to deep red or orange (X = I), but the UV/visible
spectra consist of ill-defined broad charge transfer bands in the
near UV which tail into the visible, and could not be interpreted
in detail [335]. The complexes are poorly soluble in weakly
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ig. 61. (a) View of the structure of [Sb2Br4(�-Br)2{Me2P(CH2)2PMe2}2] redrawn f
ef.  [329].

oordinating solvents (and the phosphines are likely to be
isplaced by strong donor solvents), and 1H or 31P{1H} NMR
pectroscopy usually shows only small coordination shifts and,
n the presence of added ligand, averaged resonances due to fast

xchange. The far IR spectra show rather broad 	(M–X) vibrations,
gain insufficient data to provide reliable structural information,
lthough for the phosphine complexes both IR and 31P{1H}
MR  spectroscopy are invaluable in detecting the presence of
ef. [329]. (b) View of the structure of [{SbBr3{Me2P(CH2)2PMe2}}4] redrawn from

phosphine oxides (see below). Thus characterisation of these com-
plexes relies upon X-ray crystallography. The structures reported
of [{BiBr3(Me2P(CH2)2PMe2)}2] [329], [{BiI3(o-C6H4(AsMe2)2)}2]
[335] and [{BiCl3(Ph2P(CH2)2PPh2)2}2] [339] are the symmetrical

dimer type shown above for antimony and comparison of the
isomorphous pair [{EBr3(Me2P(CH2)2PMe2)}2] (E = Sb or Bi) [329]
reveals very similar geometries, but with the distortions in the
bridging unit markedly less in the bismuth case. In contrast the
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Fig. 62. View of the structure of [Bi2B

iphosphinomethane complex, [{BiCl3(Ph2PCH2PPh2)}2] [339]
as a planar Cl2Bi(�-Cl)2BiCl2 unit with two bridging diphos-
hines (Fig. 65). Whilst this is a unique structure in Group 15
ewis acid chemistry, the geometry is driven by the short back-
one of the diphosphine ligand and analogues among the early
-block metals are well known [9]. Finally, there is the case of
Bi2X6(Ph2P(CH2)2PPh2)3] [338,339]. Crystals grown from the
eaction of BiCl3 with Ph2P(CH2)2PPh2 in MeCN were found to con-
ain equal numbers of molecules of [{BiCl3(Ph2P(CH2)2PPh2)2}2]

above) and [Bi2Cl6(Ph2P(CH2)2PPh2)3], which has a centro-
ymmetric structure composed of two BiCl3{�2-Ph2P(CH2)2PPh2}
nits bridged by the third diphosphine (Fig. 66) [339].

ig. 63. View of the chain structure of the anion [Bi2Br7(PMe3)2]− redrawn from
ef.  [337].
r)2(PMe3)4] redrawn from Ref. [336].

Air-stable ligands including Ph2PCH2PPh2, Ph2As(CH2)2AsPh2
and o-C6H4(PPh2)2 air-oxidise readily in the presence of bis-
muth(III) halides to form complexes of the corresponding
ligand dioxides [335,340]. The reactions are slower than in
the case of Sn(IV) or Ge(IV) halides (q.v.), and in the bis-
muth case the mechanism has not been investigated, but
it seems plausible that coordination of the ligand to the
metal activates the former towards reaction with molecu-
lar dioxygen. The structure of [{BiCl3(Ph2P(O)CH2P(O)Ph2)}2]
from crystals obtained in this way shows that the bridging
diphosphine in the starting material has been converted to che-
lating diphosphine dioxide in the product (Fig. 67) [340]. From
[{BiCl3(o-C6H4(PPh2)2)}2] in thf solution, the crystallographically
authenticated product was  [BiCl3{o-C6H4(P(O)Ph2)}(thf)] [335].
The crystals obtained from BiCl3 and Ph2As(CH2)2AsPh2 were
[BiCl3{Ph2MeAs(O)}{Ph2As(O)(CH2)2As(O)Ph2}], where in addi-
tion to oxidation at arsenic, C–C bond cleavage in the ligand back-
bone has occurred [340]. Whilst the As–C bonds in –As(CH2)2As–
are known to be susceptible to the elimination of H2C=CH2 [3], the
apparent cleavage of the strong C–C bond is remarkable.

The structures of the triarsine complexes
[BiX3{MeC(CH2AsMe2)3}] have not been established, but it is
likely that they are dimers with the triarsine �2-coordinated, a
coordination mode found in early transition metal complexes like
those of Ti(IV) or V(IV) [341,342].

Bismuth complexes of phosphinothiolate anions are also known
[343].

9. Group 16

Selenium(IV) and tellurium(IV) halides are reduced by phos-
phines; the complex mixture of products formed depends upon
the reaction conditions, but the primary reaction is the for-
mation of halophosphorus(V) cations [PR3X]+ and selenium or
tellurium anions, sometimes along with elemental Se or Te
[344–346]. In the presence of air and moisture, the major products
with TeX4 are protonated phosphine oxide salts of halotellu-

rates(IV) [346]. Careful bromination of phosphine selenides affords
[(R3P)SeBr2] R = NMe2, NEt2, Cy, iPr, tBu) which have T-shaped
geometries at Se (10e− systems) and are formally phosphine com-
plexes of SeBr2 [347,348]. However, iodination of R3PSe produces
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Fig. 64. View of the structure of [B

he charge transfer complexes R3PSe–I–I [349,350]. There are
imilar complexes of both types derived from diphosphine dis-
lenides [351], but the initial products of reaction of R3PSe
ith Cl2 or SO2Cl2 eliminate elemental selenium below room

emperature forming R3PCl2 [352]. Et3PTe reacts with SO2Cl2
r I2 to form [(Et3P)TeX2] (X = Cl or I), and [(Et3P)TeBr2] was
ormed from [(Et3P)TeCl2] and Me3SiBr [353]. All have T-shaped

tructures at Te with weak halogen bridges giving centrosymmetric
imer units (Fig. 68). Although they cannot be made directly
rom selenium or tellurium halides, complexes of Ph2E(CH2)2EPh2

ig. 65. View of the structure of [{BiCl3(Ph2PCH2PPh2)}2] redrawn from Ref. [339].
(PEt3)4] redrawn from Ref. [329].

(E = P or As) of the type [M{Ph2E(CH2)2EPh2}][O3SCF3]2, which
are Group 16 analogues of triphosphenium complexes, can be
made by ligand exchange from the diazabutadiene complexes
[ML2][O3SCF3]2 (L = R2diazabutadiene, where R = cyclohexyl or 2,6-
diisopropylphenyl) [354].

10. Applications and outlook

The majority of the work described in previous sections was
aimed at exploring the fundamental chemistry of the p-block
elements. Although a few complexes of phosphine substituted
bi- or poly-dentates have found specific catalytic applications,
e.g. zinc complexes in olefin oxide polymerisations [48–50], it
seems unlikely that many catalytic applications will emerge. The
major area of application lies in the chemistry related to III–V
semi-conductor materials, which has been described in detail in
excellent reviews. [149,355,356]. Industry has focused on dual
source routes for MOCVD utilising the MR3 (M = Al, Ga  or In) and
PH3 or AsH3, and less frequently primary or secondary phos-
phines. This work requires ultrapure MR3, and purification can
be achieved by formation of adducts with phosphines or amines,
from which the MR3 is subsequently released by heating [141,146].
Single source precursors are of interest in specific areas includ-
ing deposition of thin films, deposition into patterned substrates
or formation of nanoparticles. Two main types of reagent have
been explored, Lewis acid–Lewis base adducts [MR3(ER′

3)] and
phosphido- or arsenido-bridged dimers [R2M(�-ER′

2)2MR2], of
which the latter type (which fall outside the scope of the present
article) have proved more successful [355]. For nanoparticles,
decomposition in a high boiling inert solvent or in the solid
state is often used, hence volatility is not relevant, but cleanli-
ness of the decomposition and crystallinity of the particles are
key. The quality/purity of the deposits is critical to their use in

electronic devices and minimal carbon or halogen contamina-
tion is very important. Detailed descriptions of the application
of Group 13 adducts are in the reviews cited, but examples
are the preparation of nanocrystalline GaP from thermolysis of
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GaX3{P(SiMe3)3}] (X = Cl, Br or I) [178], and similarly of InP
nd InAs from [InX3{E(SiMe3)3}] (E = P or As) [225] or InSb from
IntBu3{Sb(SiMe3)3}] [238].

Attempts to deposit GeP by AACVD from [GeCl3(PCyH)] pro-

uced films containing GeP but these had a very high oxygen
ontent [271], whilst similar use of [SnCl4(AsPh3)2] produced
rsenic-free deposits of SnO2 [285]. Nevertheless these two  unsuc-
essful attempts do not invalidate the idea of utilising this type

Fig. 67. View of the structure of [{BiCl3(Ph2P(O
(CH2)2PPh2}3] redrawn from Ref. [339].

of complex for the deposition of elements or alloys outside of
Ga or In work. Key to its success will be careful choice of ligand
and Lewis acid, and for CVD work, temperature control. How-
ever, other techniques such as AACVD or electrodeposition from

organic solvents do not require volatility, and here the solubil-
ity in weakly coordinating solvents and the reduced moisture
sensitivity of coordinatively saturated pnictogen ligand complexes
may  be advantageous.

)CH2P(O)Ph2)}2] redrawn from Ref. [340].
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Fig. 68. View of the structure of [

Finally, we note that whilst some areas falling within the scope
f this review could be described as well explored, there are others
here very little is known. In the latter category are beryllium com-
lexes, no doubt avoided by many workers due to toxicity concerns,
nd magnesium, for which more examples should be obtainable,
lthough complexes with other s-block elements seem unlikely.
n Group 13, Ga and In exhibit a rich chemistry, but aluminium
nd especially boron are in need of more detailed studies, espe-
ially with bi- and poly-dentate ligands. Germanium(II) and (IV)
omplexes have revealed a surprisingly complicated range of struc-
ure types, whilst the very recent studies of phosphine complexes
f Si(IV) halides suggest the possibility that further examples of
alosilane complexes may  exist. Whilst complexes of thallium(I) or
III) may  not form, except in special cases, the lack of effort devoted
o lead(II) complexes is remarkable–old results show complexes
xist and the syntheses are unlikely to have the moisture sensitiv-
ty issues seen elsewhere in Group 14. The Group 15 and 16 element
alide chemistry is complicated by weakly bound neutral ligands
nd problems of associated redox chemistry, but the exciting recent
ork on phosphenium and arsenium salts show that the area is

ncompletely explored. The recent characterisation of phosphine
omplexes of GeF4 and SnF4 show that other hard Lewis acid flu-
rides and soft pnictogen donor ligands may  well be compatible.
nother newly developing area is the specific targeting of Lewis
cid cations with soft co-ligands, using halide abstractors. Further
nvestigations in this area are likely to emerge.
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