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bstract
Developments in the chemistry of stibine and bismuthine ligands in the period 1991–2005 are reviewed. The article describes in turn, new ligand
yntheses, ligand properties including bonding and steric effects, trans influence and trans effects. The recent identification of monostibines as
ridging ligands is also discussed. This is followed by sequential review of the metal complexes of tertiary monostibines, distibines, polydentates
nd bismuthines; compounds containing direct Sb Sb or Bi Bi bonds are excluded.
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. Introduction

Studies of the coordination chemistry of stibine ligands began
ver 80 years ago, but stibines have always received much less
ttention than phosphorus or arsenic analogues. In part this may
e traced to their more difficult syntheses (except for the simplest
3Sb), weak binding power to 3d metals in positive oxidation

tates, and to the perception that their complexes differed from
hose of phosphines only “by degree”, i.e. poorer ligands but not
undamentally different [1]. (A similar perception also applied
o group 16 ligands and similarly delayed the development of
elenoether and telluroether coordination chemistry for many
ears [2].) Although early studies of stibine complexes utilised
rialkylstibines [1], work in the period post 1960 often used only
bPh3 as a “token” stibine in work focused on phosphine and
rsine complexes. This was unfortunate in that SbPh3 is among
he weaker donor stibines and was not particularly suited to
he spectroscopic techniques available. X-ray structural studies
ere also rare in this period, less than 10 structures of stib-

ne complexes had been reported by 1980. The studies which
ncorporated cursory examination of SbPh3 complexes in larger
orks focused on the lighter analogues, inevitably tended to see

imilarities and rarely explored the differences in any detail.
Bismuthines remain the Cinderellas among group 15/16 lig-

nds, weakly coordinating and containing reactive Bi C bonds,
hich are easily broken. Whilst an extensive coordination chem-

stry is unlikely, it should be pointed out that almost all the work
as been with BiPh3 and studies are mostly even more cursory
hat with stibines [1]; only one bismuthine complex had been
haracterised by an X-ray study by 1990.

In the last 15 years or so a number of detailed studies have
emonstrated that stibines are not simply “weakly coordinating
hosphines”, but that they have significantly different electronic
roperties, and as a result, a markedly different coordination
hemistry. The most important single development in group
5 coordination chemistry in this period was the discovery by
erner and co-workers [3] that SbR3 can behave as a bridging

igand between two rhodium centres, a bonding mode subse-
uently extended to PR3 and AsR3, but in these latter cases the
yntheses require metathesis of the lighter ligands into the stib-
ne complexes.

Distibine ligands have been known for over 30 years, but
heir study has been restricted to a few research groups, none
re commercially available and their often difficult syntheses
eem to have limited studies. Recent studies (below) show that
hey have sufficient differences to lighter analogues to warrant
he effort. At the time of writing only one tristibine is known,
4] and antimony and bismuth are the only donor atoms in group
5 or 16 yet to be incorporated into macrocycles.

One of us co-authored a review of stibine and bismuthine
oordination chemistry [1], which covered the literature up to
a. 1991 and the present article updates literature coverage to
ork published up to mid-2005. We have reviewed recently the
ynthesis of (As), Sb and Bi ligands elsewhere [5] and only
over in Section 2 work which has appeared in the last 4 years.
revious reviews of stibine and bismuthine complexes are listed

n these earlier works [1,5]. We have excluded discussion of

o
y
C
(

stry Reviews 250 (2006) 2565–2594

he ligand properties of species with direct Sb Sb bonds such
s R2Sb SbR2 or (RSb)n, of R2Sb− anions and their bismuth
quivalents: recent coverage of this chemistry is available in
everal articles by Breunig and co-workers [6–9].

. Stibine and bismuthine ligands

The two main routes for introducing antimony groups into
igands utilise either electrophilic (halostibines) or nucleophilic
stibide anions) reagents [1,5]. Due to their thermal instability
nd oxygen sensitivity, primary (RSbH2) or secondary (R2SbH)
tibines have been little used as synthons. The synthesis, isola-
ion and X-ray structures of [R2SbLi(thf)3] (R = Ph or mesityl)

ade from R2SbH and BuLi) and [tBu2SbK(pentamethyl-
iethylenetriamine)] (cyclo-(tBuSb)4 + K) have been described
10]. However, metallation of primary stibines is less clear-
ut. The 2,4,6-triisopropylphenylstibine, (iPr3C6H2)SbH2 was
btained as colourless needles by reduction of the corresponding
ichlorostibine with LiAlH4, and is metallated cleanly by BuLi
o form (iPr3C6H2)SbHLi as a yellow powder [11]. The primary
tibine is indefinitely stable under nitrogen and decomposed on
eating only at 195 ◦C. In contrast, PhSbH2 reacts with BuLi in
he presence of Me2NCH2CH2NMe2 (temen) to give the Zintl
nion [Sb7Li3(temen)3] [10]. The synthesis and structure of the
ery crowded (2,4,6-iPr3C6H2)3Sb (<C Sb C = 106.7◦) have
een reported [12].

The usual route to �,�-distibinoalkanes is via reaction of
tibide nucleophiles with the appropriate dihaloalkane [1,5].
he reaction of C(CH2Cl)4 with NaSbPh2 in liquid ammonia
ields C(CH2Cl2)2(CH2SbPh2)2 which has been the subject of
n X-ray structure determination; substitution of the remaining
hlorine does not appear to be possible [13]. Notably only three
f the chlorines of C(CH2Cl)4 are replaced by reaction with
aAsMe2 in thf [14]. The 1,3-(PhC C)2Sb(CH2)3Sb(C CPh)2
as been prepared from PhC CLi and Cl2Sb(CH2)3SbCl2 and
he X-ray structure reported [15].

For distibines with other than (CH2)n backbones, the
ields are often very poor (o-C6H4(SbMe2)2 is a notable exam-
le [5]), and the reaction conditions are crucial to obtaining
iable quantities of ligand. The reaction of o-C6H4(CH2Br)2
ith NaSbMe2 in liquid ammonia gave only 6% yield of o-
6H4(CH2SbMe2)2, however using o-C6H4(CH2MgCl)2 and
e2SbCl in thf resulted in an 88% yield of the distibine

Scheme 1) which usually does not require distillation [16].
In concentrated thf solution the diGrignard undergoes C C

oupling, and the new distibine { CH2-o-C6H4CH2SbMe2}2
I) has been obtained by kugelröhr distillation from the result-
ng mixture in high vacuum. (I) was structurally characterised
s the [Me3PtI{{ CH2-o-C6H4CH2SbMe2}2}] complex [17].
he reaction of NaSbPh2 with o-C6H4(CH2Br)2 failed to give
ny of the distibine, but the reaction of Ph2SbCl with o-
6H4(CH2MgCl)2 gave o-C6H4(CH2SbPh2)2 as a waxy solid

15%). High yields of m- and p-C6H4(CH2SbMe2)2 were

btained via the appropriate diGrignard reagent [16]. Good
ields (>50%) of the m- and p-phenylene distibines (m- or p-
6H4(SbMe2)2) are also obtainable via the a diGrignard route

Scheme 1) [16] but unfortunately this approach cannot be
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Scheme 1. Xylyl a

xtended to o-C6H4(SbMe2)2 for which a high yield synthesis
emains elusive.

Although inversion barriers at the heteroatom increase as
roup 15 is descended, studies of chiral stibines are rare.

he racemic Sb-chiral (±)-1-phenyl-2-trimethylsilylstibindole

II) has been been complexed with di-�-chlorobis[(S)-
-[1-(dimethylamino)ethyl]phenyl-C,N]dipalladium (III) and
he resulting diastereoisomeric palladium complexes sepa-

Scheme 2. Chiral distibines from ref. [2
enylene distibines.

ated by chromatography [18]. The structures of the two
somers have been determined [18]. A series of R[2-
S)-(1-dimethylaminoethyl)phenyl(p-tolyl)stibines (R = Ph, 1-
aphthyl, 9-phenanthryl) (IV) have been prepared and similarly
esolved via their palladium complexes [19].
0] by permission of Elsevier S.A.
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Chiral distibines based upon the binaphthyl backbone (V)
ave been obtained recently (Scheme 2) [20,21]. These are read-
ly made from the dilithiated binaphthyl and the appropriate

2SbBr and resolved via their palladium complexes, with sub-
equent demetallation by Ph2PCH2CH2PPh2. The related P, Sb
igand (VI) has been prepared and resolved [22].

Attempted reduction of (2,4,6-iPr3C6H2)BiCl2 with LiAlH4
ave (2,4,6-iPr3C6H2)Bi Bi(2,4,6-iPr3C6H2) rather than the
rimary bismuthine [11]. The chiral dibismuthine (VII) has been
btained as a racemic mixture by a similar route to the anti-
ony analogue, but attempts to resolve it via the usual palladium

eagent failed [22].

. Spectroscopic and structural data

The application of spectroscopic techniques to the study
f stibine and bismuthine complexes mostly resembles that
n many other areas of coordination chemistry. This sec-
ion deals with a limited number of aspects specific to these
ystems.

.1. NMR

Although all naturally occurring antimony and bismuth iso-
opes have nuclear spins I > 0, reasonable absolute frequencies,
nd good sensitivities,1 they also have substantial quadrupole
oments, and in the low symmetry environments found in stib-

nes and bismuthines and their complexes, fast quadrupolar
elaxation results in unobservably broad resonances. The appli-
ation of NMR spectroscopy in this area therefore devolves onto
H, 13C or metal nuclei and many examples will be found in Sec-
ions 6 and 7. The fast quadrupolar relaxation of the antimony
nd bismuth nuclei also removes any spin–spin couplings to
eteronuclei. One notable feature of the 13C NMR data is that
lkyl-carbon atoms directly bonded to Sb or Bi have low fre-
uency chemical shifts, often to low frequency of TMS, a “heavy
tom effect” also seen with neighbouring elements including Pb,
e and I [23]. For arylstibines, the ipso-C is typically found in the

egion ca. δ 133–140, but there has been some confusion about
he ipso-C resonance in arylbismuthines, values ranging from ca.
130–155 having been quoted. Re-examination of the 13C{1H}
pectrum of purified BiPh3 found the ipso-C resonance at 155.5

1 121Sb I = 3/2 57.3%, Ξ = 23.93 MHz, Q = −0.53 × 10−28 m2,

c = 5.2 × 102; 123Sb I = 3/2 42.7%, Ξ 12.96 MHz, Q = −0.68 × 10−28 m2,

c = 1.11 × 102; 209Bi I = 9/2, 100%, Ξ = 16.07 MHz Q = −0.4 × 10−28 m2,

c = 7.7 × 102. J. Emsley, The Elements, Oxford, 1989.

s
t

4

4

e
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hich shifts only slightly on coordination of the bismuthine
24]. The ready decomposition in solution of many stibine and
specially bismuthine complexes, means that often resonances
re present from decomposition products and this can be highly
isleading.

.2. Mass spectrometry

The relatively weak C Sb and C Bi bonds often result
n extensive fragmentation, although the problems have been
educed for the complexes by the introduction of softer ionisa-
ion methods like FAB, APCI or ES+. Bismuth is monoisotopic
209Bi), but for antimony the presence of two abundant iso-
opes differing by 2 a.m.u. (121Sb 57.3%, 123Sb 42.7%) produces
haracteristic isotope patterns, which are extremely useful in
dentifying fragment ions and unequivocally deducing the num-
er of antimony atoms present.

.3. Mőssbauer spectroscopy

The application of the 37.2 keV transition 7/2 → 5/2 of 121Sb
o study the antimony environment in stibine complexes was dis-
ussed in a previous review [1]. Although a few more examples
f the application of this technique have been described (Sec-
ion 6), the broad lines, the limited stereochemical information
btainable, and the sophisticated equipment required, means that
se of the technique has been restricted to a few groups.

.4. X-ray crystallography

As in other areas of molecular chemistry, the last 15 years
ave seen a great increase in the quantity of X-ray crystallo-
raphic work. At the time of the previous review [1] ca. 40
xamples of stibine complexes (almost all containing SbPh3)
nd two bismuthine complexes had been characterised by single
rystal X-ray studies. The much greater number of examples
ow reported, and the often higher precision has made it pos-
ible to look in some detail at systematic trends. The results of
his are discussed in Section 4.

. Ligand properties
.1. Bonding and steric effects

The last 50 years have seen an enormous amount of work
xploring the nature of the transition metal-phosphorus bond in
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ertiary phosphine complexes, and the models that have resulted
re then carried over to M AsR3 or M SbR3 bonds with minor
odifications. It is not appropriate to review all this work here,
e merely summarise the current view which is that the M PR3
ond has a � component involving donation of the lone pair to
he metal and a � component involving transfer of metal elec-
ron density into an orbital with P C �* character or a symmetry
llowed combination of P C �* and 3d orbitals [25]. A conse-
uence of this model is that increased � acceptance leads to a
horter M P but a longer P C bond and some small increase in
he C P C angle. The successful test of this model is via X-ray
rystallographic data on redox pairs [MLnXy]0/+ [25], although
he differences are small, and only slighter greater than experi-

ental uncertainty in the bond lengths. For main group metals or
0 transition metals only the � component is present. The bond-
ng models developed for phosphines are carried over to the
eavier analogues with some modifications. For example, the
s/np orbitals become more separated in energy as group 15 is
escended, most obviously demonstrated in the C E C angles
long the series PPh3 103◦, AsPh3 100◦, SbPh3 96◦, BiPh3 94◦;
s the E C bonds have a higher p character. The weaker bonding
s the series is descended was attributed to higher s character
n the lone pair, which has less directional properties and is less
vailable. Reduced � acceptance by the heavier analogues is
sually attributed to lower electronegativity of E and more dif-
use orbitals.

A detailed study of M-PPh3 fragments by Orpen [26] utilising
ome 1860 examples taken from the CSD, found a correla-
ion of the P C distance with <C P C, but concluded that on
oordination to a transition metal the geometry of PPh3 was
ittle changed. During studies of distibinomethane complexes,
here X-ray structures of a number of complexes containing
(�1-Ph2SbCH2SbPh2) units were determined, it was notable

hat whilst the geometry of the “free” SbPh2 group was little
hanged from that of the uncoordinated distibine, the coor-
inated groups uniformly showed an increase in C Sb C of
8◦ [27]. This is rationalised in terms of greater Sb p char-

cter in the M Sb bond and correspondingly, less p and more
character in the Sb C bonds (on a hybridisation model the

onding in the SbC3 group in the free molecule which is pre-
ominently antimony p3 changes on coordination towards sp3).

survey of a much larger number of M SbPh3 complexes
rom the CSD showed this effect was characteristic of stibine
omplexes, in that on coordination the C Sb C angles widen,
nd also the Sb C bonds shorten [28]. The results are shown
raphically in Fig. 1 [28]. Note that the last point potentially
onflicts with predictions that increased M Sb �-bonding would
engthen Sb C. Often the quoted Sb C bond lengths are not of
igh precision, and we know of no studies of the structures of
edox pairs containing stibines. The effects are even more pro-
ounced in M-BiR3 (although examples are even fewer) [24].
ecently, structural data have become available on [R3M-ER3]

M = Ga or In; E = Sb or Bi) (see Section 6.7) which also show

n increase in <C E C on coordination, and since these have
o � component to the bonding, this is strong support for the
ffect being due to changes in the orbital composition of the
-bonds.

m
s
m
V

ig. 1. (a) Histogram showing the average C Sb C angle (◦) for Ph3Sb E
E = transition element); (b) scattergram plot of d(Sb C) versus average

Sb C angle. From ref. [28] by permission of the Royal Society of Chemistry.

Methods of experimentally ranking the electronic properties
f group 15 ligands are well known, e.g. Tolman’s electronic
arameter based upon observation of the υ(CO) (a1) stretch-
ng mode in [Ni(CO)3L] [29], or the δ(13C) NMR resonance
f the carbonyl groups in the same complexes [30]. Both cri-
eria applied to a variety of stibines and distibines show that
uch ligands place less electron density into the �*(CO) orbitals
han phosphine analogues, and the experimental values also
how the usual trends with R group [16,31]. The failure of
ome bismuthines to form nickel carbonyl complexes rules out
his approach, but similar data from [W(CO)5(ER3)] place bis-
uthines lower in ability than stibines to transfer electron den-
ity to the carbonyls [32]. The high toxicity of nickel carbonyl
akes its routine use unattractive, and it has been suggested that
aska type complexes trans-[Rh(CO)(ER3)2Cl] could be used
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nstead to rank the properties of the ER3 ligands [33,34], but
hilst this seems to work well for phosphines, there are anoma-

ies in the data with AsR3 and SbR3 complexes.
Steric effects of group 15 ligands are usually treated via

olman’s cone angle model [35]. Tolman’s original work was
ased only upon the effects of R groups upon the cone angles in
hosphines, but subsequently cone angles for arsines and stib-
nes were calculated, and the listing [36] shows that as group
5 is descended the cone angles decrease by a few degrees.
ypically the rather smaller cone angles inferred for stibines
as often been used to explain higher coordination numbers in
heir complexes. There are two questions related to this assump-
ion: firstly the quoted cone angles are only slightly smaller,
ut more significantly, given the widening of the <C Sb C on
oordination, the magnitude of which varies from complex to
omplex (see above), it is unclear that the “real cone angle” of
stibine is smaller, or even what value should be taken as the

orm.
Whilst the dominance of steric factors with very bulky ligands

nd of electronic factors with small ligands in low coordination
umber environments is usually clear, the debate continues about
ow to separate electronic and steric effects and their relative
ignificance in most complexes between these extremes.

Among the observed differences noted in stibine complexes
ompared to lighter analogues are:

. Higher coordination numbers.

. Less dissociation in solution.

. More labile ligands.

. Different cis–trans isomer distributions.

Whilst one cannot rule steric effects contributing to the
bserved differences, most of these can be rationalised in terms
lectronic effects, i.e. stibines placing less electron density
n the metal centres than the phosphine or arsine analogues,
hich in turn can be related to both reduced � donation and

educed � acceptance. These quite different electronic proper-
ies would account for the points above and for the very different
rganometallic chemistry promoted by stibines [3]. How the
ecent observation of bridging stibines fits into these bonding
odels must await data on a larger number of systems.

.2. Trans effect and trans influence

There has been recent interest in the relative position of group
5 ligands in these two series. The trans effect (the effect of a
oordinated ligand on the rate of substitution of the ligand trans
o it in a molecule) has been mostly studied for planar Pt(II)
omplexes. The kinetics of iodide displacement in [PtI3L]−
L = PPh3, AsPh3, SbPh3) by pyridine or substituted pyridines
ave been studied by stopped-flow spectrophotometry [37,38]
nd result in a trans effect series SbPh3 > PPh3 > AsPh3.

Detailed rationalisation of this series needs data on a larger

ange of systems, and we note that a study of the rate of water
isplacement in trans-[Ru(NH3)4L(H2O)]2+ by imidazole gave
trans effect series PPh3 > AsPh3 > SbPh3 [39] suggesting that

he metal centre plays a significant role.

b
s
b
a
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The trans influence (the effect of a coordinated ligand on the
L bond strength/length trans to it) has been explored in the

ast using IR/Raman or NMR data and it was usually concluded
hat the trans influence decreased down group 15. The increasing
vailability of high quality X-ray data allows direct comparison
f a common M L bond as a function of varying trans ligands.
teric effects and interactions between cis ligands are hard to
liminate from comparisons and when only small differences are
pparent in the experimental data, these qualifications should be
emembered. It is generally accepted that group 15 ligands are
igher in the trans influence series that thioethers or halides, and
urrent interest has revolved around disputes of the order within
roup 15. To limit data to the best studied systems, square pla-
ar Pt(II), one can compare Pt I bonds trans to EPh3 in the
hree compounds [PtI3(EPh3)]− which are E = P (2.662(3) Å),
= As (2.6585(8) Å), E = Sb (2.637(2) Å) [37,38], giving the

eries of increasing trans influence as PPh3 > AsPh3 > SbPh3.
n cis-[PtBr2(PPh3)(SbPh3)] the Pt Brtrans Sb is 2.573(3) Å and
t Brtrans P 2.583(3) Å, which are barely different within the 3σ

riteria [40], and it notable that in this complex the angles about
t are distorted <P Pt Br = 177◦, but Sb Pt Br = 171◦. Com-
arison of a wider range of systems often shows little difference
n M Ltrans E as ER3 is varied, probably indicating how difficult
t is to separate out a single effect in real systems.

The [M(CO)5(EPh3)] (M = Cr, Mo, W, E = P, As, Sb, Bi) have
een studied in great detail and X-ray structures have been deter-
ined for all 12 complexes which are isomorphous ([32,41,42]

nd refs therein). Comparison of the distances M Ctrans E for
xed M show small and erratic changes and no clear pattern
merges. Similarly comparing the A1 υ(CO) frequency for the
O group trans to EPh3 shows values which differ by ≤5 cm−1

or fixed M, and an irregular pattern as E is varied [32,41]. It
eems that the electron distribution within the M(CO)5 unit is
ittle changed, possibly since both � donation and � acceptance
re believed to diminish down group 15 it may be that the effects
pproximately cancel out in these compounds. However, if one
xamines the 13C NMR spectra, specifically the 1J(13C–183W)
oupling constants in [M(CO)5(EPh3)], one finds that whilst the
alues on the cis-CO’s are invariant (∼126 Hz), those on the
Otrans E diminish Bi (183 Hz) > Sb (162 Hz) > As (155 Hz) > P

140 Hz) which are consistent with a clear trans influence dimin-
shing as group 15 is descended ([32] and references therein).

. Bridging stibines, the unique Rh–(�-SbR3)–Rh
ystems

Standard textbooks usually contain a list of �-acids, the com-
on examples including CO, NO, RNC, PR3, AsR3 and SbR3,
hich coordinate as �-donors and �-acceptors to a wide vari-

ty of metal centres. In addition to binding as a terminal ligand,
arbon monoxide has been known for many years to be able
o bridge two (or more) metal centres, and both symmetric and
symmetric (semi-bridging) linkage modes have been identified

y X-ray crystallography. In marked contrast, despite the thou-
ands of phosphine complexes characterised (and a significant
ut smaller number of arsines and stibines), group 15 donor lig-
nds were only found in terminal positions. The view naturally
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oordination modes of stibines.
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Scheme 3. The bridging c

ecame accepted (although never theoretically justified) that
ridging by neutral ER3 ligands did not happen. This view has
een changed by the initially serendipitous discovery by Werner
nd co-workers, who found that on heating, the green rhodium(I)
arbene trans-[RhCl(SbiPr3)2( CPh2)] (Rh Sb = 2.5843(5),
.5633(5) Å) turned red, forming [Rh2Cl2(SbiPr3)( CPh2)2]
Scheme 3), and a subsequent X-ray study showed that the
atter contained both bridging carbene and bridging stibine lig-
nds (Fig. 2) (Rh Sb = 2.6868(5), 2.6695(5) Å) [43,44]. Subse-
uent work showed the SbiPr3 could be exchanged for SbMe3,
bEt3 or SbBz3, which also entered the bridging position
44,45]. Treatment of [Rh2Cl2(�-SbiPr3)(�- CPh2)2] with one
quivalent of Tl(acac) gave [Rh2Cl(acac)(�SbiPr3)(�- CPh2)2]
Fig. 3) in which the stibine (and the carbene) bridges are asym-
etric (Rh1 Sb = 2.498(1) Å, Rh2 Sb = 2.846(1) Å) [46]. The

urther elegant work of Werner’s group is described in detail in
very recent review [3], which also records how routes were

ound [47–51] to introduce bridging PR3 and recently AsMe3
roups via displacement of the SbR3. In view of this detailed
ccount by the author [3], we will not describe the work further
n the present article.

All the examples of complexes with bridging ER3 ligands

hus far are of rhodium and also have carbene bridges. It remains
o be established if this coordination mode can be extended to
ther metal systems (Pd and Ir seem the most likely targets), and
hether ER3 ligands alone (or with a M M bond) can link two

ig. 2. Structure of [Rh2Cl2( CPh2)2(SbiPr3)] from ref. [44] by permission of
CH-Wiley.
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ig. 3. Structure of [Rh2Cl(acac)( CPh2)2(SbiPr3)] from ref. [44] by permis-
ion of VCH-Wiley.

etal centres. The fact that bridging group 15 ligands proved
lusive for so long, probably indicates that a large number of
xamples will not be found, but the remarkably robust rhodium
ystems, suggest that other examples should be forthcoming if
he right synthetic strategy can be found.

. Tertiary monostibine complexes

.1. Groups 3–5

The stibine complexes of these elements remain very little
xplored. There are no compounds with group 3 metals, and
part from a few substituted vanadium carbonyl complexes,
roups 4 and 5 are represented by some ill-defined halide adducts
entioned in the older literature [1]. An example of the latter is

he purple complex formulated TiCl4(SbPh3), recently used to
oderate the Lewis acidity of TiCl4 in some organic transfor-
ations [52]. No characterisation of the complex was given in
he report.
Orange [Et4N][Ta(CO)5(SbPh3)] is formed by displacement

f the ammonia from [Et4N][Ta(CO)5(NH3)] with SbPh3 in liq-
id ammonia [53].



2572 W. Levason, G. Reid / Coordination Chemistry Reviews 250 (2006) 2565–2594

Table 1
Seven coordinate Mo(II) or W(II) complexes

Compound Comment Ref.

[{Mo(�-I)Br(CO)3(SbPh3)}2] [58]
[MoIBr(CO)3(SbPh3)L] L = PPh3, AsPh3,

SC(NMe2)2, MeCN
[58]

[MoCl(GeCl3)(CO)3(SbPh3)L] L = SbPh3, MeCN, [59]
[MoCl(GeCl3)(CO)2(SbPh3)L2] L = PPh3, MeCN, [59]
[MI2(CO)3(imidazole)(SbPh3)] M = Mo, W [60]
[WCl(ICl2)(CO)3(SbPh3)(MeCN)] [61]
[{W(�-Cl)(ICl2)(CO)3(SbPh3)}2] [61]
[M2I4(CO)6(SbPh3){MeC(CH2PPh2)3}] M = Mo, W [62]
[WI2(CO)3(L)(SbPh3)] L = MeCN, EtCN,

BuCN, PhCH2CN,
1,2-C6H4(CH2CN)2

[63,64,69]

[MI2(CO)3(4,4′-bipy)(SbPh3)] M = Mo, W [65]
[MI2(CO)3(pyrazole)(SbPh3)] [66]
[MoClI(CO)3(SbPh3)2] [67]
[
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WI(CO)3(S2PCy3)(SbPh3)] [68]
MBr2(CO)3(MeCN)(SbPh3)] M = Mo, W [69]

.2. Groups 6–7

The complexes of group 6 metals are mostly substituted car-
onyl derivatives in oxidation states 0 (Cr, Mo or W) or II (Mo or
), and as in earlier groups the halide complexes remain little

nvestigated. The [M(CO)5(SbMe3)] (M = Cr, Mo or W) have
een prepared, the first two from [M(CO)5(thf)] and SbMe3 in
hf, the last from W(CO)6 and SbMe3 in diglyme [54]. The
21Sb Mőssbauer spectra of [M(CO)5(SbR3)] (R = Me or Ph)
ave been recorded and the trends in isomer shift correlated
ith the relative � donation from antimony, which appears to
ary with the Allred-Rochow electronegativity of the metal cen-
re [54]. The X-ray structures of [M(CO)5(SbPh3)] (M = Mo or

) have been determined [41]. The structures of (Me3Si)3Sb
nd [Cr(CO)5{Me3Si)3Sb}] have been compared [55]: notably
he Si Sb Si angles open up by ca. 4◦ on coordination (see also
ection 4).

A rare example of a Cr(III) stibine is [CpCrCl2(SbEt3)]
ncluded in a larger study of the synthesis and spectroscopic
roperties of a series of such compounds with a wide variety of
ewis bases [56]. The [CpMo(CO)2(SbPh3)2]BF4 complex is
btained by oxidation of [{CpMo(CO)3}2] with [Fe(Cp)2]BF4
n the presence of SbPh3 [57].

There are a large number of seven-coordinate mixed lig-
nd complexes of Mo(II) and W(II) reported by Baker
nd co-workers containing one or rarely two SbPh3
roups. The interest from the point of view of the stib-
ne is small but for completeness the new examples are
isted in Table 1. Some triphosphine bridged dimers, for
xample [WI2(CO)(RC CR){PhP(CH2CH2PPh2)2}L′] (L′ =
I2(CO)3(SbPh3) M = W or Mo) have also been described

70]. The structures of [WX2(CO)3(MeCN)(SbPh3)] (X = Br
r I) are best described as distorted capped trigonal prisms with

ne halide providing the cap on a rectangular face [69].

The reaction of [Mn2(CO)10] with SbPh3 and Me3NO gave
range-brown [Mn2(CO)9(SbPh3)] shown by an X-ray struc-
ural study to be axially substituted (Fig. 4) [71]. Photolysis

t
[
P
p

ig. 4. Structure of [Mn2(CO)9(SbPh3)] from ref. [71] by permission of Elsevier
cience S.A.

f a mixture of [Mn2(CO)10] and SbPh3 in toluene, followed by
hromatography on silica gave [Mn2(CO)9(SbPh3)] and orange-
ellow [Mn2(CO)8(SbPh3)2]. The latter was identified as an ax,
x isomer since it showed only a single CO stretch in the IR
pectrum. Heating [Mn2(CO)10] with SbPh3 in boiling xylene
ave little reaction [71], and old reports of a paramagnetic
Mn(CO)4(SbPh3)] formed in this way appear erroneous [1].

Photolysis of a mixture of [Re2(CO)10] and SbPh3 gave
nly ax-[Re2(CO)9(SbPh3)] consistent with the greater diffi-
ulty of displacing CO groups from the 5d metal centre [71].
he carbonyl cation [Mn(CO)5(SbPh3)]CF3SO3 is formed from

Mn(CO)5Cl], AgCF3SO3 and SbPh3 in dichloromethane, and
n X-ray study revealed a pseudo-octahedral cation. A detailed
tudy of the [Mn(CO)5Cl]-SbPh3 reactions showed that when
he reactants are stirred together in a 1:1 ratio in CHCl3 at room
emperature the product is cis-[Mn(CO)4Cl(SbPh3)], whilst a
:2 ratio refluxed in CHCl3 gives fac-[Mn(CO)3Cl(SbPh3)2].
rolonged reflux of the latter partially converts it into the mer-

rans-[Mn(CO)3Cl(SbPh3)2]: no other isomers were observed.
he identity of the isomers follows from their IR spectra and
as confirmed for mer-trans-[Mn(CO)3Cl(SbPh3)2] by an X-

ay structure, although there is disorder between the Cl and one
O group [71]. The corresponding reactions of [Re(CO)5Cl]
ith SbPh3 are much slower and gave cis-[Re(CO)4Cl(SbPh3)]

nd fac-[Re(CO)3Cl(SbPh3)2], although the latter does not iso-
erise on heating. The structure of fac-[Re(CO)3Cl(SbPh3)2]

Fig. 5) was also reported [71]. The dimer [Re2(�-Br)(�-
Cy2)(CO)7(SbPh3)] was the unexpected product from reac-

ion of Li[Re2(�-H)(�-PCy2)(CO)7(PhCO)] with [Ph4Sb]Br: in
ontrast Ph4P+ or Ph4As+ cations are metallated by the rhenium
o give zwitterionic compounds [72].

The reaction of [NBu4][Re(NO)X5] (X = Cl or Br) with
bPh3 gave mer-[Re(NO)X2(SbPh3)3]; recrystallisation of
he bromocomplex from CHCl3 produced a small yield of
ReClBr2(SbPh3)3] [73]. The corresponding reactions with
Ph3 and AsPh3 yield [ReCl3(NO)L2] (L = PPh3, AsPh3) com-
ounds, the tri-substitution of the stibine being attributed by the
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ig. 5. Structure of fac-[Re(CO)3Cl(SbPh3)2] from ref. [71] by permission of
lsevier Science S.A.

uthors to the reduced steric demands of SbPh3. It seems more
ikely to be due to the lower ability of the stibine to stabilise the
igher oxidation state with nitrosyl co-ligands. The mer-trans-
ReCl2Br(SbPh3)3] complex is also known [74].

.3. Group 8

The reaction of Me3SbBr2 with [Fe(CO)3(PPh3)]2− gave
rans-[Fe(CO)3(PPh3)(SbMe3)] [75], whilst [Fe4(CO)13]2−
ave a low yield of the known complex [Fe(CO)4(SbMe3)]

76]. The 57Fe and 121Sb Mőssbauer spectra of [Fe(CO)4L]
L = SbMe3 SbPh3) have been reported [54].

A number of organo-iron complexes have been described,
ost as parts of large compilations containing other group

c
c

[

able 2
reanoruthenium complexes

Complex Comment

[Ru(C10H16)(SbPh3)Cl2] C10H16 is a
[(�6-C6Me6)Ru(SbPh3)Cl2]
[{(�5-C5H5)Ru(SbPh3)2}2 �-pyrazine][PF6]2

[(�6-p-cymene)Ru(SbPh3)Cl2]
[(�6-p-cymene)Ru(SbCy3)Cl2]
[(�5-C5H5)Ru(NO)(SbPh3)Cl]
[(�5-C5H5)Ru(SbR3)(MeCN)2]PF6 R = Ph, nBu
[(�5-C5H5)Ru(SbPh3)2Cl] Reaction wit
[(�5-C5H5)Ru(SbPh3)L] L = N-cyano
[(�5-C5H5)Ru(SbPh3)L]BF4 L = various d
[(�5-C5H5)Ru(SbPh3)L]BF4 L = pyridyl-a
[(�5-C5H5)Ru(SbPh3)3−n(MeCN)n]PF6 n = 1, 2
[(�6-p-cymene)Ru(SbPh3)2Cl]BF4

[(�6-arene)Ru(SbPh3)(L)Cl]BF4 Arene = C6H
[(�5-C5H5)Ru(SbPh3)L]PF6 L = maleonit
[Ru(CO)2(SbPh3)(�5-7,8-C2B9H11)]
[(�6-arene)Ru(SbPh3)2H]BF4 Arene = C6H
[(�5-C5Me5)Ru(SbPh3)(H2)2]BF4

[(�5-C5Me5)Ru(SbPh3)2H2]BAr4

[(�5-C5Me5)Ru(SbPh3)2H]
[RuH(CO)(SbPh3){S2C2(CN)2}Ru(SbPh3)(�5-C5H5)]
stry Reviews 250 (2006) 2565–2594 2573

5 ligands: [(�5-C9H7)Fe(CO)2(SbPh3)]BF4 [77], [(�5-
Bu2C5H3)Fe(CO)(SbPh3)(SCOR)], [(�5-tBuC5H4)Fe(CO)
SbPh3)(SCOR)], [(�5-C5H5)Fe(CO)(SbPh3)(SCOR)] [78],
(�5-C5H5)Fe(CO)(SbPh3)(SeCOR)] [79], [(�5-C5H5)Fe
P(OMe)3}2(SbPh3)]PF6 (X-ray structure) [80].

Orange [Ru(CO)4(SbMe3)] is conveniently made by pho-
olysis of a mixture of Ru3(CO)12 and SbMe3 in hexane
54]. One product from the reaction of Ru3(CO)12 and SbPh3
t room temperature was [(Ph2Sb)Ru3(CO)10(PhCO)] iden-
ified by a crystal structure determination [81]. In contrast,
Ru3(CO)10(Ph2PCH2PPh2)] and SbPh3 give the simple sub-
titution product [Ru3(CO)9(Ph2PCH2PPh2)(SbPh3)] [81]. The
ixed metal tetrahedral core cluster anion [H2Ru3Ir(CO)12]−

ndergoes loss of one carbonyl group from Ru on reaction with
bPh3; the product is readily protonated to the neutral trihydride
H3Ru3Ir(CO)11(SbPh3)] [82]. Other stibine clusters include
Ru4Se2(CO)10(SbPh3)] [83] and the alkylidyne [H3Ru3(�3-
NMeBz)(CO)7(SbPh3)2] [84].

There are many studies of organo-ruthenium complexes, most
ased upon (�5-C5H5)Ru or (�6-arene)Ru cores which contain
bPh3, often as one in a series of neutral donor types. In many
f these the stibine plays a minor spectator role or fills a coordi-
ation site, and the chemical interest in the complexes is located
lsewhere. A range of such complexes is listed in Table 2 for
ompleteness.

The [(�5-C5H5)Ru(SbPh3)(MeCN)2]PF6, on heating in
itromethane solution, rearranges into a number of prod-
cts, two of which contain �6-Ph coordination of the stib-
ne, [(�5-C5H5)Ru(�6-C6H5SbPh2)]+ and [(�5-C5H5)Ru(�6-

6H5SbPh2)Ru(�5-C5H5) (SbPh3)(MeCN)]2+; in the latter, one
uthenium is bonded to the Cp ring, the MeCN and Sb-

oordinated stibine, whilst the second has a sandwich structure
omposed of the Cp and the phenyl group of the stibine [96].

The [(�5-C5Me5)Ru(SbiPr3)Cl2] is made by reaction of
{(�5-C5Me5)RuCl2}2] with SbiPr3 (Fig. 6) and is reduced by

Ref.

bis(allyl) [85]
[86]
[87]
[88]
[89]
[90]
[91,92]

h alkynes [93]
dithiocarbimate(2-) [94]
iamines [95]
zine type ligand [96]

[97]
[98]

6, C6Me6, p-cymene, L = 1-(4-cyanophenyl)imidazole [99]
riledithiolate [100]

[101]
6, C6Me6, p-cymene [102]

[103]
[103]
[103]
[104]
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ig. 6. Structure of [(�5-C5Me5)RuCl2(SbiPr3)] from ref. [105] by permission
f VCH.

g/Hg to the 16e [(�5-C5Me5)Ru(SbiPr3)Cl] [105]. The latter is
etter made from [{(�5-C5Me5)RuCl}4] and four equivalents of
biPr3, and adds CO to form [(�5-C5Me5)Ru(SbiPr3)(CO)Cl].
sing only two equivalents of SbiPr3 in the first reaction

ffords the unsymmetrical dimer, [(�5-C5Me5)Ru(SbiPr3)(�-
l)2Ru(�5-C5Me5)] [105].

i i
Treatment of [{RuCl2(COD)}n] with Sb Pr3 in PrOH
n the presence of Na2CO3 gives [RuH2(H2)(SbiPr3)3],
hich is converted to [RuHCl(H2)(SbiPr3)3] by HCl [106].

RuH2(H2)(SbiPr3)3] reacts with CO to give the monocar-

a
w
h
r

Scheme 4. Some Ru stibine complexes from r
stry Reviews 250 (2006) 2565–2594

onyl [Ru(CO)(H)2(SbiPr3)3] and with C2H4 a mixture
f [RuH2(C2H4)2(SbiPr3)2] and [RuH2(C2H4)(SbiPr3)3]
hich cannot be separated, although under an argon

tmosphere the latter is the only product [107]. Propene
nd [RuH2(H2)(SbiPr3)3], form the bis(allyl) [Ru(�3-
3H5)2(SbiPr3)2] the structure of which shows an essentially

etrahedral geometry at Ru. From [{Ru(p-cymene)Cl2}2]
nd SbiPr3 the [Ru(p-cymene)(SbiPr3)Cl2] forms, converted
y more ligand in the presence of NH4PF6 to [Ru(p-
ymene)(SbiPr3)2Cl]PF6, but all attempts to displace the
-cymene were unsuccessful [106]. From RuCl3·3H2O and
biPr3 in ethanol it is possible to isolate [Ru(CO)HCl(SbiPr3)3],
Ru(CO)2Cl2(SbiPr3)2] or [Ru(CO)Cl2(SbiPr3)3] depend-
ng upon the reaction conditions (Scheme 4) [106], the
tructure of the last being determined by an X-ray study.
Ru(CO)HCl(SbiPr3)3] gives the stibine substitution product
Ru(CO)HClL(SbiPr3)2] (L = MeO2CC CCO2Me) with the
ster, and with NaBH4 the dihydride, [Ru(CO)H2L(SbiPr3)2].
he products with PhC CH and HC CCPh2OH are the alkynyl
nd allenylidene complexes [Ru(CO)(C CPh)Cl(SbiPr3)3]
Ru(CO)(CCCPh2)Cl2(SbiPr3)2], respectively [106].

A number of acetylacetonate complexes have been described
y Bennett et al., including cis-[Ru(acac)2(cyclooctene)
SbPh3)], cis-[Ru(acac)2(SbPh3)2], [108] cis-[Ru(acac)2
C2H4)(SbPh3)] [109]; AgPF6 oxidises cis-[Ru(acac)2
cyclooctene)(SbPh3)] to the blue Ru(III) analogue cis-
Ru(acac)2(cyclooctene)(SbPh3)]PF6.

The reaction of [Ru(�3-C3H5)2(SbiPr3)2] with MeCO2H
roduces the binuclear [Ru2(MeCO2)4((SbiPr3)4(H2O)], whilst
eaction with acacH gave cis-[Ru(acac)2(SbiPr3)2] [110]. The
biPr3 in the latter is easily displaced even by bulky phos-
hines to form cis-[Ru(acac)2(SbiPr3)2−n(PiPr3)n] (n = 1, 2) and
ith PhC CH the vinylidene cis-[Ru(acac)2(SbiPr3)( C CPh)]

110]. The mixed ligand [RuHCl{Sb(CH2Ph)3}(PCy3)2] is also
nown [111].

The formation of 6-coordinate [Ru(SbPh3)4Cl2], and the

bsence of any evidence for the existence of [Ru(SbPh3)3Cl2],
hich contrasts with the ready formation of [Ru(PPh3)3Cl2]
as been demonstrated [112]. The iodoruthenium(II) systems
eplicate this difference in that reaction of [Ru(H2O)6]2+ with

ef. [106] by permission of Wiley-VCH.
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Fig. 7. Structure of trans-[Ru(SbPhMe2)4Br2] from ref. [114] by permission of
the Royal Society of Chemistry.
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affords the fawn Os(II) complex trans-[Os(SbPh3)4I2] [129],

2−
ig. 8. Structure of [Ru2Br5(SbPhMe2)4] from ref. [114] by permission of the
oyal Society of Chemistry.

bPh3 and NaI gives trans-[Ru(SbPh3)4I2], whereas PPh3
roduces [Ru(PPh3)3I2] which from its low temperature 31P
MR spectrum appears to be square pyramidal [113]. The

rans-[Ru(SbPh3)4I2] is oxidised to trans-[Ru(SbPh3)4I2]BF4
y HNO3/HBF4. In contrast, SbMe2Ph and RuCl3·nH2O (in
he presence of KX for X = Br or I) in ethanol give trans-
Ru(SbMe2Ph)4X2] (Fig. 7) [114]. These undergo reversible
e oxidations at rather more positive potentials than phosphine
r arsine analogues, and chemical oxidation with HNO3/HBF4
ed to the isolation of the solid trans-[Ru(SbMe2Ph)4X2]BF4
114]. A few purple rhomb crystals obtained during crystal
rowing attempts from solutions of trans-[Ru(SbMe2Ph)4Br2]
roved to be [Ru2Br5(SbMe2Ph)4] (Fig. 8) the only known stib-
ne member of the 11e (formal bond order = 1/2) series of mixed
alence dimers [Ru2X5(ER3)4] [114]. The structure of trans-
Ru(NO)Cl3(SbPh3)2] (disordered NO/Cl) was reported [115].
t has been claimed that photochemical degradation of this com-

lex yields trans-[Ru(NO)Cl3(OSbPh3)2] [116] but the evidence
or a stibine oxide is tenuous and seems to rely upon (the erro-
eous) analogy with phosphine or arsine oxide compounds.

w
(
i
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Medicinal applications of ruthenium complexes have been
eveloped in recent years. Examples of mixed ligand complexes
eveloped for medicinal purposes include [Ru(SbPh3)2Cl2(N,S-
,9-dimethylpurine-6-thione)] whose structure consists of trans
hlorines with the N,S coordinated thione trans to SbPh3 [117].
ther complexes studied include trans-[RuCl2(SbPh3)2(L)2]

L = 1,4-pyrazine, 3,5-dimethylpyridine, 4-methylpyrimidine,
-methylimidazole) [117,118].

Group 15 substituted osmium carbonyl clusters remain
n active area of cluster chemistry. Bromination of the
riangular [Os3(CO)11(SbPh3)] results in M M ring open-
ng to give two isomers of linear [Os3(CO)11Br2(SbPh3)]
119]. One isomer was structurally characterised as
Br2Os(CO)3Os(CO)4Os(CO)4(SbPh3)], whilst the second
orm is [BrOs(CO)4Os(CO)4Os(CO)3Br(SbPh3)] established
y spectrosocopic comparison with the structurally charac-
erised PPh3 analogue [119]; in both the SbPh3 occupies an
xial position on the terminal osmium.

The reaction of [Os3(CO)10(�-H)(�-SbPh2)] with EPh3
E = P, As, Sb) leads to [Os3(CO)10H(�-SbPh2)(EPh3)] in which
he Os Os bond bridged by the stibide has broken with the H
onding to one osmium and the EPh3 to the other [120]. NMR
tudies indicate a second isomer is present in solution, probably
eflecting a different site for the incoming neutral ligand. Ther-
olysis of [Os3(CO)11(SbPh3)] in refluxing hydrocarbons gave
variety of more complex clusters containing fragmentation

roducts of the stibine. Crystallographically identified exam-
les included [Os3(�-SbPh2)(�-H)(�-C6H4)(CO)9] [Os6(�3-
bPh)(�-C6H4)(CO)20] and [Os6(�4-Sb)(�-SbPh2)(�-H)(�-
6H4)2(C6H5)(CO)16]. Further reaction of some of these

pecies with SbPh3 or alkenes has been described [121,122].
he syntheses and structures of the naphthol substituted clusters

Os3(CO)7(�-H)2(�3-OC10H6)(SbPh3)2] and [Os3(CO)8(�-
)(�2-OC10H7)(SbPh3)2] have been reported [123].
Pentafluoronitrosobenzene (C6H5NO), reacts with the cluster

Os3(CO)10H2(SbPh3)] to give [Os3(CO)10H(SbPh3)(ONC6

4O)] in which the pentafluorophenyl group has been
pecifically oxidised at the para position to give a quinone-
ike product [124]. The bis(trifluormethyl)nitroxide radical
dds to [Os3(CO)10H2(SbPh3)] to form [Os3(CO)10H
SbPh3){ON(CF3)2}]; protonic acids (HX) cleave the
N(CF3)2 (as HON(CF3)2) to leave [Os3(CO)10H(SbPh3)X]

125,126].
The dimeric [Os2(�-Cl)2Cl2(�6-1,3,5-C6H3Me3)2] is

leaved by SbiPr3 to [OsCl2(�6-1,3,5-C6H3Me3)(SbiPr3)]
hich reacts with propargyl alcohols to form allenylidenes

OsCl(�6-1,3,5-C6H3Me3)(SbiPr3)( C C CR2)]PF6 [127].
he [OsCl2(�6-1,3,5-C6H3Me3)(SbiPr3)] is also formed from
biPr3 and the carbene [OsCl2(�6-1,3,5-C6H3Me3)( CPh2)]
128].

The reaction of OsCl3·3H2O with SbiPr3 gives a variety
f formally Os(II), (III) or (IV) derivatives (Scheme 5) [106].
he reduction of [OsI6]2− with SbPh3 in refluxing ethanol
hich contrasts with the corresponding reactions with [OsX6]
X = Cl, Br) where reduction stops at Os(III). However nitric acid
n aqueous HBF4 oxidises trans-[Os(SbPh3)4I2] to chocolate
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cheme 5. Some Os stibine complexes from ref. [106] by permission of Wiley-
CH.

rown trans-[Os(SbPh3)4I2][BF4]. K[OsCl4(acac)] and SbPh3
n ethanol gave trans-[OsCl2(acac)(SbPh3)2] (the trans groups
re the stibines) [130].

The osmium(VI) nitrido complex [OsNCl3(SbPh3)2]
eacts with [{Rh(COD)Cl}2] to form the bimetallic
Cl3(SbPh3)2OsNRhCl(COD)] which was structurally charac-
erised and has a linear nitrido-bridge [131]. A green Os(VI)
OsO2Cl2(SbPh3)2] complex has been reportedly obtained
rom OsO4/Ph3Sb in EtOH/HCl [132], but it seems from
he preparative route and the properties that this substance is
robably the well known mer-[OsCl3(Ph3Sb)3] [133].

.4. Group 9

In contrast to the preceding 3d metals, the new chem-
stry of tertiary stibines with cobalt is mostly in the
igher oxidation state Co(III) rather than in substituted car-
onyl derivatives. Three new carbonyl complexes are [(�3-
Ph)Co3(CO)7(SbPh3)2] [134], [BuOC(O)Co(CO)3(SbPh3)]

135] and [(�3-CPh)Co3(CO)8(SbPh3)] [136].
Cobalt(II) isonitrile complexes yellow-green [Co(RNC)4

SbPh3)2][ClO4]2 (R = Bu or N-hexyl) with magnetic moments
orresponding to one unpaired electron (and hence low-spin
etragonal d7 species) are formed from [Co(RNC)5]2+ and
bPh3 in EtOH [137]. On standing in solution it is claimed

hat they transform into paramagnetic complexes formulated
s [Co(RNC)4(OSbPh3)2][ClO4)3, containing Co(III) with an
ntermediate spin state (ca. 3.3–3.7 µB). There is no direct

vidence for the presence of OSbPh3 and since in the ‘free’
tate all stibine oxides are oxygen bridged oligomers, the
ormulations are highly speculative. The “OSbPh3” is dis-
laced by R3P to form diamagnetic [Co(RNC)4(PR3)2]3+ [138].

t
p
r
t

ig. 9. Structure of [Co(SbPh3)2I3] from ref. [143] by permission of the Royal
ociety of Chemistry.

obaloxime complexes include [Co(HDMG)2{Sb(p-tolyl)3}X]
H2DMG = dimethylglyoxime; X = Cl or NCS) both of which
ere characterised by X-ray studies [139]. The kinetics of water

ubstitution in [Co(HDMG)2(H2O)R] by SbPh3 and the dis-
lacement of SbPh3 from [Co(L)2(SbPh3)] (L = 4,5-dichloro-
,2-benzodiiminato) have been reported [140,141].

The most interesting new cobalt stibines are [Ph3SbI]
Co(SbPh3)I3] [142] and [Co(SbPh3)2I3] [143]. The former
reen cobalt(II) complex is formed by reaction of cobalt powder
ith Ph3SbI2 in diethyl ether and probably contains a tetrahe-
ral anion by analogy with the crystallographically characterised
Ph3 complex. On standing for two weeks the reaction mix-

ure containing [Ph3SbI][Co(SbPh3)I3] deposits green-black
rystals with the structure in Fig. 9, a trigonal bipyramidal
o(III) complex. The magnetic moment of this complex (4.4 µB)

s not understood. Notably [Co(PR3)2X3] (X = Cl or Br) are
ormed by NOX oxidation of [Co(PR3)2X2] (PR3 = PMe3, PEt3,
PPh3) but not by halogen oxidation and no iodo-complexes

re known [144], which makes the [Co(SbPh3)2I3] extremely
nusual.

There is a substantial stibine chemistry of rhodium. The
nique chemistry of Rh(�-SbR3)Rh systems is described in Sec-
ion 5, while the chemistry of terminally coordinated stibines is
escribed here.

The chemistry of Vaska analogues trans-[Rh(CO)(ER3)2X]
s extensive, but the older literature on trans-[Rh(CO)
SbPh3)2Cl] is confused and contradictory [1]. A reinves-
igation [145] shows that reaction of [{Rh(CO)2Cl}2] with

◦
he stibine in a 2:1 SbPh3:Rh ratio in diethyl ether at 0 C
roduces yellow trans-[Rh(CO)(SbPh3)2Cl], whilst a 4:1
atio in acetone affords red [Rh(CO)(SbPh3)3Cl]. The struc-
ures of both complexes have been determined (Fig. 10).
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ig. 10. (a and b) Structures of [Rh(CO)Cl(SbPh3)3] and [Rh(CO)Cl(SbPh3)2]
rom ref. [145] by permission of Elsevier S.A.

or the C3 symmetric planar complex Rh Cl = 2.315(3) Å,
h C(O) = 1.797(3) Å, Rh Sb = 2.5655(2) Å which can be
ompared with the corresponding values in the trigonal bipyra-
idal complex Rh Cl = 2.410(2) Å, Rh C(O) = 1.875(7) Å,
h Sb = 2.5981(5) Å [145]. In solution, solvent dependent equi-

ibria are present. The structure of the tbp [Rh(CO)(SbPh3)3I]
as also been determined [146] Rh I = 2.7159(8) Å,
h C(O) = 1.825(6) Å, Rh Sb = 2.5962(4) Å. The trans-

Rh(CO)(SbMePh2)2Cl] has also been prepared [147].
Oxidative addition of MeI to [Rh(CO)(SbPh3)3Cl]

ave [Rh(CO)(SbPh3)2I2(Me)], the structure of which
hows trans-stibines and cis-iodines [145]. The reaction of
Rh(CO)(SbPh3)3Cl] with propargyl halides (RC CCH2X,

= Cl or Br) produces [Rh(CO)(SbPh3)2ClX(CH2C CR)],
ut with HC CCH2X (X = PhSO3, p-tolSO3) the products
re allenyl species [Rh(CO)(SbPh3)2ClX(CH C CH2)];

nder other reaction conditions rhodiacyclopentene-2-
nes form [148–150]. Sulfur dioxide adducts, [Rh2(CO)2
SO2)(SbPh3)2Br2] and [Rh2(CO)2(SO2)3(SbPh3)2I2], have
een reported [151].

c
i

p
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An extensive organometallic chemistry of rhodium sup-
orted by tri(isopropyl)stibine has been developed by Werner
t al. and provides many examples of differing reactivi-
ies or products compared to those obtained in the phos-
hine systems, reflecting the very different electronic prop-
rties of the stibine. In a review focused on stibines it is
ot possible to describe the detailed organometallic chem-
stry, rather we attempt to describe the types of compounds
eported and illustrate some of the differences from lighter
roup 15 ligand examples. The reaction of [{Rh(C2H4)2Cl}2]
ith SbiPr3 forms trans-[Rh(C2H4)(SbiPr3)2Cl] or trans-

Rh2(C2H4)2(SbiPr3)2(�-Cl)2] depending on the molar ratio
f reagents [152,153]. The ethene is easily displaced
rom the former by CO, CNR, RC CR, etc. (L) to
ive corresponding trans-[Rh(L)(SbiPr3)2Cl], whilst dihy-
rogen gives 5-coordinate [RhH2(SbiPr3)2Cl], and the
tructure of trans-[Rh(CNMe)(SbiPr3)2Cl] was determined.

hilst trans-[Rh(C2H4)(AsiPr3)2Cl] reacts with RC CH
o give trans-[Rh(RC CH)(AsiPr3)2Cl] which isomerise
o the vinylidenes trans-[Rh(RHC C )(AsiPr3)2Cl], trans-
Rh(C2H4)(SbiPr3)2Cl] does not afford vinylidenes but catal-
ses the formation of E-enynes RC CHC CR [153].

Diazoalkanes RR′CN2 (R,R′ = Ph2, PhCF3, Ph(C6H4X), etc.)
eact with trans-[Rh(C2H4)(L)2Cl] (L = PR3, AsiPr3) to give
Rh(RR′CN2)(L)2Cl] which on heating or photolysis produce
initrogen complexes trans-[Rh(N2)(L)2Cl]. However reaction
f the diazoalkanes with trans-[Rh(C2H4)(SbiPr3)2Cl] at low
emperatures followed by warming leads to the carbene com-
lexes trans-[Rh( CRR′)(SbiPr3)2Cl] from which the SbiPr3
s easily displaced by PR3, AsiPr3, or SbEt3 (L′) or diphos-
hines (L′)2 to form the corresponding [Rh(RR′C )(L′)2Cl].
he structures of trans-[Rh( CRR′)(L′′)2Cl] (L′′ = PiPr3 and
biPr3) were determined and compared (Fig. 11) [154,155]. The
eometric differences are small, suggesting that the different
hemistries supported by the two ligands is largely a response
o different electronic properties.

The trans-[Rh( CRR′)(SbiPr3)2Cl] react with NaCp to form
he half-sandwich complexes [Rh(�5-C5H5)( CRR′)(SbiPr3)]
rom which the stibine is readily displaced by PR3, CO CNR,
tc. to form the corresponding adducts [156]. The formation
f related half-sandwich compounds [157], complexes where
he arene is functionalised with a pendant donor group for
xample, as in C6H5(CH2)nPR2 [158–160], and the reaction of
hese complexes with electrophiles [161] have been described.
he trans-[Rh( CPh2)(L)2Cl] (L = PiPr3, SbiPr3) react with
F3 to cleave the carbene, forming trans-[Rh(PF3)(L)2Cl], but
ith [Rh(�5-C5H5)( CRR′)(L)], for L = PiPr3 the carbene is
isplaced giving the insertion product [Rh(�5-C5H4CHPh2)
PF3)(PiPr3)], but for L = SbiPr3 simple displacement gives
Rh(�5-C5H5)( CPh2)(PF3)][162]. Some �5-indenyl com-
lexes [Rh(�5-C9H7)(Ph2C )(L)] (L = PR3, SbiPr3) have been
repared from the trans-[Rh( CPh2)(L)2Cl] and C9H7K and the
tructure of the stibine determined; on treatment with CO, the

arbene inserts into one the the CH bonds in the 5-membered
ndenyl ring [163].

The [Rh(�5C5Me5)Cl(SbPh3)(L)]PF6 (L = 1-(4-cyano-
henyl)-imidazole) and [Rh(�5C5Me5)(SbPh3)(L)]BPh4 (L =
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Fig. 11. Structures of [RhCl(Ph2C )(iPr3Sb)2] and [RhCl(Ph2C )(iPr3P)2]
from ref. [154] by permission of VCH.
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arious thiourea monoanions)have been described [164,165].
he complex trans-[Rh{�1-OSO2(CF3)}(C2H4)(SbiPr3)2] has
een prepared [166].

The [RhCl2(�-Ph)(SbPh3)3] has proved a useful synthon
or a variety of Rh(III) complexes. An X-ray structure of
RhCl2(�-Ph)(SbPh3)3] (EtOAc) showed slight conformational
ifferences in the substituent groups compared with the structure
ound previously in an acetone solvate [167]. When the complex
eacts with PPh3 the stibines are displaced, but the product
s an unusual 5-coordinate complex [RhCl2(�-Ph)(PPh3)2]
168]. Other complexes made by displacement of stibine lig-
nds from this compound and structurally characterised
nclude [RhCl2(�-Ph)(pyrazine)2(SbPh3)], [RhCl2(�-
h)(cyanoethylpyrrole)(SbPh3)2], [RhCl2(�-Ph)(purine-6-

hione)(SbPh3)], [RhCl2(�-Ph)(1,3-thiazole)n(SbPh3)3−n]
n = 1 or 2) [169,170].

The Vaska analogue trans-[IrCl(CO)(SbPh3)2] is con-
eniently made from nBu4N[Ir(CO)2Cl2] and the stibine
n thf under an atmosphere of CO [171]. One entry
nto the iridium chemistry of SbiPr3 is by reaction with
{Ir(C8H14)2Cl}2] in hexane under hydrogen which pro-
uces mer-cis-[Ir(H)2Cl(SbiPr3)3] [172]. Further reaction with
O or terminal alkynes yield [Ir(H)2Cl(CO)(SbiPr3)2] and

IrHCl(C CR)(SbiPr3)2], respectively. From [{Ir(C2H4)2Cl}2]
nd SbR3 the products are [IrCl(C2H4)(SbR3)2] (R = Me,
h, iPr) which have distorted trigonal bipyramidal structures
Fig. 12) [172].

Further substitution with NaCp, PhC CPh or tolylC
H afford [Ir(�5-C5H5)(C2H4)(SbiPr3)], [IrCl(PhC CPh)

SbiPr3)2] and [IrHCl(C2H4)(�-C Ctolyl)(SbiPr3)2], respec-
ively [172]. Bridge-splitting in [{IrCl(C2H4)(PiPr3)}2]
ith SbiPr3 gives a near quantitative yield of trans-

IrCl(C2H4)(SbiPr3)(PiPr3)], which reacts with R2CN2

o give the carbene trans-[IrCl( CR2)(SbiPr3)(PiPr3)]
173,174]. The stibine is selectively replaced by AsiPr3 to
ive trans-[IrCl(C2H4)(AsiPr3)(PiPr3)] [175]. The trans-

ig. 12. Structure of [IrCl(C2H4)2(iPr3Sb)2] from ref. [172] by permission of
CH.
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ig. 13. Structure of [Ir2(�-O2CMe)2Cl2(CO)2(SbPh3)2] from ref. [178] by
ermission of Elsevier S.A.

IrCl(C2H4)(SbiPr3)(PiPr3)] reacts with CO, H2, RC CR to
ive substitution or oxidative addition products, but reacts with
2CN2 to give the carbenes trans-[IrCl( CR2)(SbiPr3)(PiPr3)]

173,174]. In contrast, trans-[IrCl(C8H14)(SbiPr3)(PiPr3)]
nd diazoalkanes give the trans-[IrCl(N2CR2)(SbiPr3)(PiPr3)]
ithout nitrogen loss [176]. The different ease of dis-
lacement of the group 15 ligands is used in reaction of
rans-[IrCl( CR2)(SbiPr3)(PiPr3)] with NaCp which cleanly
ields the [Ir(�5-C5H5)( CR2)(PiPr3)] [176].

[IrCl(C8H14)(SbiPr3)2] rearranges rapidly in hexane solu-
ion into the hydrido(allyl) [IrHCl(�3-C8H13)(SbiPr3)2], and
reatment of this complex with propene or 1-hexene result in
eneration of the appropriate allyl [176]. The preparations of
IrCl(CO)2(SbiPr3)2] and [IrHCl2(SbiPr3)2] were also described
176]. Bis(butadiene)iridium(I) complexes [Ir(C4H6)2(L)]+

L = PiPr3, AsiPr3, SbiPr3) were obtained by displacement of
yclooctene from [Ir(C4H6)2(C8H14)]+ by the group 15 ligand
177].

A series of Ir(II) dimers [Ir2(�-O2CMe)2Cl2(CO)2(L)2]
L = PPh3, PCy3, P(OPh)3, AsPh3, SbPh3) have been
btained by reaction of the group 15 ligands with [Ir2(�-
2CMe)2Cl2(CO)2] [178]. The structure of the stibine complex

s shown in Fig. 13 and comparison with structures of other
embers of the series shows that the Ir–Ir distance depends on

he group 15 ligand. The complexes undergo reversible 1e oxida-
ions at potentials, which vary inversely with the �-donor power
f the neutral ligand.

Formally Ir(V) cations [Ir(�5-C5Me5)Me3L]OSO2CF3
L = PMe3, PPh3, AsPh3, SbPh3, etc.) are formed from [Ir(�5-
5Me5)Me3(OSO2CF3)] and the ligands [179].

.5. Group 10

The synthesis of [Ni(SbPh3)4] from SbPh3 and either [Ni(1,5-
yclooctadiene)2] [180] or a mixture of NiCl2·6H2O and NaBH4
n ethanol [181] have been described. The latter reaction con-
ucted under a CO atmosphere affords a convenient synthesis

or [Ni(CO)2(SbPh3)2] [181]. The electronic absorption and
mission spectra of a series of [NiL4] (L = AsPh3, SbPh3, etc.)
omplexes have been recorded and assignments proposed [181].
he reaction of [Ni(2-methylallyl)(1,5-cyclooctadiene)][B(3,5-

r
[
m
o

ig. 14. Structure of [Ni(�3-CH2C(Me)CH2)(SbPh3)3]+ from ref. [182] by per-
ission of the Royal Society of Chemistry.

6H3(CF3)2)4] with excess SbPh3 in CH2Cl2 produces the 5-
oordinate [Ni(2-methylallyl)(SbPh3)3][B(3,5-C6H3(CF3)2)4]
182] (Fig. 14), which contrasts with the complexes formed by
Ph3 or AsPh3 which are 4-coordinate bis(ligand) species. The
omplexes are extremely efficient styrene oligomerisation cat-
lysts, the degree of oligomerisation varying with the group 15
igand, with the stibine producing the highest yield of dimer.

A moderate amount of new work on palladium and platinum
tibines has been reported, almost all of which involves
he divalent metal centres. A preliminary account of plat-
num(II) trimethylstibine complexes reported the synthesis
nd some characterisation of [Pt(SbMe3)2(H2O)2](NO3)2,
Pt(SbMe3)2(NO3)2], [Pt(SbMe3)4](NO3)2, and [Pt2(�-
H)2(SbMe3)4](NO3)2 [183]. An X-ray determination showed

he tetrakis cation to be planar but limited details were provided.
he [PdX2(SbiPr3)2] (X = Cl, Br or I) and [PtCl2(SbiPr3)2] were
repared from [MCl2(RCN)2] or by metathesis; only one isomer
ppears to be present in each; for the chlorides, the palladium
omplex is trans, the platinum cis [184]. As would be expected
iven the bulk of the ligand, the [PdX2{Sb(o-tolyl)3}2] (X = Cl
r Br) prepared from [PdX2(COD)] and the ligand have trans
tructures [185]. Several X-ray structures of previously known
lanar Pd(II) and Pt(II) complexes have been determined in
onnection with studies of the trans influence and trans effect
f stibines. These results are discussed in Section 4.2 and the
tructural data is listed in Table 3. The cis-[PtBr2(SbPh3)2] was
ade by the unusual reaction of PtCl2 in thf with [Ph2SbBr2]−;

onger reactions times gave a mixture of [PtBr(Ph)(SbPh3)2]
nd [PtBr3(SbPh3)]− [187].

The cleavage of Sb C bonds in SbPh3 appears to be
articularly easy with Pd(II) chloro-compounds [187]. Thus

eaction of SbPh3 with [PdCl2(COD)] or PdCl2 gave trans-
PdCl(�-Ph)(SbPh3)2]. The reaction using Na2PdCl4 gave
ostly cis-[PdCl2(SbPh3)2] contaminated with small amounts

f the chloro �-phenyl complex [187]. Curiously, using
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Table 3
X-ray structural data on Pd(II) and Pt(II) complexs

Complex d(M Sb) (Å) d(M X) (Å) Ref.

[Pt(SbMe3)4](NO3)2 2.5579(6)–2.5619(9) [183]
trans-[PdX2(SbiPr3)2] 2.5721(7) 2.289(2) [184]
trans-[PdCl2{Sb(o-tolyl)3}2] 2.5658(3) 2.3037(8) [185]
trans-[PdBr2{Sb(o-tolyl)3}2] 2.5685(5) 2.4177(5) [185]
cis-[PtCl2(SbPh3)2] 2.491(1), 2.510(1) 2.354(3), 2.326(4) [186]
trans-[PtI2(SbPh3)2] 2.550(1), 2.554(1) 2.607(1), 2.597(1) [186]
[PtI3(SbPh3)]− 2.507(2) 2.596(2) (x2), 2.637(2) [37]
cis-[PtBr2(SbPh3)2] 2.513(1), 2.497(1) 2.470(2), 2.442(2) [40]
trans-[PtBr(Ph)(SbPh3)2] 2.548(1), 2.496(2) [40]
cis-[PtBr2(SbPh3)(PPh3)] 2.463(2) 2.573(3), 2.583(2) [40]
[PtBr3(SbPh3)]− 2.496(2) 2.392(3), 2.431(4), 2.471(4) [40]
trans-[PdBr(Ph)(SbPh ) ] 2.5421(5) 2.491(4) [187]
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rans-[PdCl(Ph)(SbPh3)2] 2.5568(5)

PdBr2(COD)] gave trans-[PdBr(�-Ph)(SbPh3)2] but PdBr2
ave only cis-[PdBr2(SbPh3)2]. The SbPh3 ligands can be
xchanged with PPh3, AsPh3, 2,2′-bipy, 1,10-phen in reflux-
ng CH2Cl2 which provides a convenient route to other
henylpalladium complexes [188]. Whilst Pd(II) and Pt(II)
omplexes of tris(allyl)arsine or tris(methylallyl)arsine form
eadily, the reaction of [PdCl2(RCN)2] with the corre-
ponding stibines results in fragmentation with [Pd2Cl2(L)2]
ormed (L = allyl, 2-methylallyl) and the fate of the stib-
ne residue is unknown [189]. Rather similar differences are
bserved on the reaction of tris(thienyl)-arsine and –stibine
ith Pd or Pt halides [190]. Whilst the arsine affords nor-
al planar (As-coordinated ligand) complexes, the stibine is

ecomposed.
There are a number of mixed ligand complexes reported con-

aining SbPh3, usually as part of larger studies incorporating
hosphines, arsines, N-heterocycles, etc. For completeness these
re listed here: (those marked * include a X-ray crystal struc-
ure of the stibine complex) [Pd2(SC6F5)2(Ph2PCH2PPh2)
SbPh3)2]CF3SO3 [191]; cis-[Pt(SC6F5)2(PhCCPh)(SbPh3)]
192]; the salicylhydroxamates [Pt{OC6H4C(O)NOH(SbPh3)2]
nd [Pt{OC6H4C(O)NOH(SbPh3)(4-MeC6H4N)]* [193]; [Pd-
l(Me2NCH2C6H4)(SbPh3)]* [194]; [PtCl2(C4Me4)(Sb-
h3)]* [195]; [PtCl2(C4R4)(SbPh3)] [196]; [PtCl{(mesityl)2
C6H2Me2CH2}(SbPh3)] [197].

Complexes of the racemic Sb-chiral (±)-1-phenyl-2-
rimethylsilylstibindole (II) with di-�-chlorobis[(S)-2-[1-
dimethylamino)ethyl]phenyl-C,N]dipalladium (III) have been
entioned in Section 2 and diastereoisomers separated by

hromatography [17]. The structures of the two isomers have
een determined [18].

Platinum(IV) halide complexes of stibines are very unstable
1], but much more stable complexes result with alkylplat-
num(IV) acceptors. The reaction of [Me3PtI]4 with SbR3
R3 = Ph3, Me2Ph, MePh2) in CHCl3 produced yellow fac-
PtMe3I(SbR3)2] which are stable at room temperature both as

olids and in solution, but decompose with (mostly) elimina-
ion of ethane on heating. The complexes are characterised by
95Pt NMR shifts in the region of δ −4300, and the structure of
ac-[PtMe3I(SbPh3)2] was determined [198].

C
r
a
M

2.373(2) [187]

.6. Group 11

Homoleptic [Cu(SbR3)4]Y (R3 = Me3, Et3, Ph3, Me2Ph,
ePh2, Me2(2-BrC6H4); Y = BF4 or PF6) have been prepared

rom [Cu(MeCN)4]Y and the appropriate ligand in CH2Cl2
199,200]. All the complexes show sharp singlets in the 63Cu
olution NMR spectra, unaffected by addition of free ligand
o the solutions [199]. Since resonances from the quadrupo-
ar (I = 3/2) 63Cu are only seen in cubic symmetry environ-
ents, this is compelling evidence for the presence of tetrahedral
uSb4 species in solution, and is in marked contrast to the
ehaviour of phosphine analogues which show varying degrees
f dissociation to lower coordination number species depend-
ng upon the particular phosphine present. ES+ mass spectra
f a solution of [Cu(MeCN)4]BF4 + SbPh3 show the tetrakis-
tibine cation is the dominant species irrespective of the ratio of
eagents used [201]. X-ray crystal structures have been reported
or Cu(I)–SbPh3 complexes with M:L ratio’s of 1:4, 1:3 and
:2 [202–204]. The [Cu(SbPh3)4]ClO4 contains the expected
etrahedral cation, but with two slightly different Cu–Sb dis-
ances 2.552(1), 2.577(1) Å. The structures of [Cu(SbPh3)3I],
Cu(SbPh3)3Br] CHCl3, [Cu(SbPh3)3(ONO2)] 1.5MeOH, also
ontain pseudo-tetrahedral coordination about the copper, the
(Cu Sb) at ∼2.55 Å is invariant within the series of complexes.
he [Cu(SbPh3)2X] (X = Cl, Br, I), which crystallised from mix-

ures of CuX and SbPh3 (1:2 ratio) in MeCN are dimers with
ridging X groups completing a distorted tetrahedral geometry
t the copper (Fig. 15).

The [Cu(BH4)(PPh3)2] complex reacts with CO2 and SbPh3
o produce the formate [Cu(PPh3)(SbPh3)(O2CH)] [205]. Mixed
igand [Cu(SbPh3)(thione)2X] have been reported [206].

The silylstibine, Sb(SiMe3)3 functions as a source of
bSiMe3 or Sb units in the large copper clusters such as
Cu12(SbSiMe3)6(PR3)6] or [Cu45Sb16(PR3)16] formed from
uX, various PR3 and Sb(SiMe3)3 [207].

Silver(I) stibine complexes are generally very similar to their

u(I) analogues, apart from a tendency to light sensitivity, which

esults in many blackening over a period of days–weeks even
s solids. The [Ag(SbR3)4]BF4 (R3 = Me3, Et3, Ph3, Me2Ph,
ePh2, Me2(2-BrC6H4)) were made by combining the ligands
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Fig. 15. Structure of [Cu(SbPh3)2I] from ref. [20

ith AgBF4 in acetone [200]. The 109Ag NMR spectra were
harp singlets and unchanged in the presence of added ligand,
ndicating that the tetrakis-stibine cations are the only species
resent in significant amounts. ES+ mass spectrometry of solu-
ions of AgNO3/SbPh3 in MeCN show [Ag(SbPh3)4]+ is the
redominant species at high Ag:ligand ratios, but with less stib-
ne present [Ag(MeCN)(SbPh3)]+ is the major ion [201].

A considerable amount of structural data is available for Ag(I)
tibines. The [Ag(SbPh3)4]BF4 has the expected tetrahedral
ation with Ag Sb = 2.720(1)–2.730(1) Å, marginally smaller
han in the corresponding gold cation [200]. Very similar tetra-
edral cations are present in the [Ag(SbPh3)4]Y (Y = ClO4,
O3, 1/2SiF6 salts), although some disorder problems pre-
ent very detailed comparisons [202]. Structures have also
een reported for the [Ag(SbPh3)3Y] (Y = Cl, I, SCN, NCS
both linkage isomers characterised), CN, ONO2) [208], and
(SbPh3)2Ag(�-X)2Ag(SbPh3)2] (X = Cl, Br, I) [209]. The 1:1
omplex [Ag(SbPh3)(NO3)] also contains 4-coordinate silver in
chain polymer, each silver being coordinated to a stibine, one
identate and one monodentate nitrate group (Fig. 16) [210].

Silver(I) nitrite forms two complexes with SbPh3,
Ag(SbPh3)(NO2)] and [Ag(SbPh3)3(NO2)], the former is a
hain polymer with each silver chelated (O,O′) by a nitrite
hich is N-coordinated to the next Ag along the chain, each

ilver carrying one terminal stibine. The tris(stibine) is molec-
lar with 5-coordinate silver (Sb3O2) [211]. A detailed re-
xamination of the AgCN–SbPh3 system [212] found in addi-

ion to the reported [208] [Ag(SbPh3)3CN], a new structural
ype in [Ag(SbPh3)2CN] which contains an infinite 1D poly-
er with Ag(SbPh3)2 units bridged by cyanide groups. Silver

romate complexes [Ag(SbPh3)x(BrO3)] (X = 1–4) have been

[
n
T
t

permission of the Australian Chemical Society.

solated [213]. The complex with x = 4 has been shown by a
rystallographic study to contain the expected tetrahedral AgSb4
ation; the other three complexes have not been examined by X-
ay methods, but are assumed to contain coordinated bromate,
lthough the structural units are unclear.

A number of new mixed ligand Ag(I) systems containing
bPh3 have been structurally and/or spectroscopically char-
cterised, including those with cyanoximates [214], bis(1,2,3-
riazol-1-yl)methane [215], tetrazoles [216] and carboranes
217]. The complexes of tris(2-thienyl)stibine and tris(2-
uryl)stibine, [AgL2(NO3)] contain the ligands bonded only via
ntimony to 3-coordinate silver centres [218].

.7. Groups 12–15

Little new work is reported from group 12. This
ncludes the synthesis of [Cd(SbPh3)2(ClO4)2] [219],
Hg{Sb(mesityl)3}X2] and [Hg{Sb(p-EtOC6H4)3}xI2] (x = 1,
) [220].

At the time of the last review [1] knowledge of the reactions of
tibines with p-block metals was limited to early studies which
eported substituent scrambling or sometimes halogenation (to
3SbX2) but with no well characterised Lewis base complexes.
he desire to develop single source precursors to III–V mate-

ials has resulted in some recent work in this area, which is
ummarised in two reviews [221,222].

Boron halide adducts of Sb(SiMe3)3 of type

BX3{Sb(SiMe3)3}] (X = Cl, Br, I) were made by combi-
ation of the constituents in pentane at low temperature [223].
he structures of all three were determined and contain a

etrahedral boron centre with B Sb not significantly different
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Weak adducts [Me3In(EH3)] (E = P, As or Sb) were identified
by matrix-isolation IR spectroscopy at low temperatures [236].
Less is known about trialkylindium-group 15 base adducts than
for their gallium analogues, but [(Me3SiCH2)3In{Sb(SiMe3)3}]
Fig. 16. Structure of [AgNO3(SbPh3)] from ref. [2

etween the three adducts at ∼2.26 Å. The combination of
3Al and the silylstibine, Sb(SiMe3)3 in a 1:1 ratio in the
bsence of a solvent formed colourless [R3Al{Sb(SiMe3)3}]
R = Me, Et, tBu) [224]. Adducts [R2AlCl{Sb(SiMe3)3}] are
lso formed with R2AlCl (R = Et, tBu), but reaction of Me2AlCl
nd Sb(SiMe3)3 resulted in elimination of SiMe4 and formation
f a 6-membered ring cyclo-[MeAlCl{Sb(SiMe3)2}]3 [224].
he Al Si bonds are 2.841(1) in [Et3Al{Sb(SiMe3)3}] and
.821(1), 2.798(1) Å in [tBu2AlCl{Sb(SiMe3)3}] (there are
wo slightly different molecules in the unit cell). The com-
ination of trialkylstibines and trialkylaluminiums produces
(R3Al(SbR′

3)] (R = Me, Et, tBu, R′ = Et, nPr, iPr, sBu, tBu)
225]. Structures were determined for [(R3Al(SbR′

3)] (R = Me,
t, R′ = tBu; R = tBu, Et, R′ = tBu, iPr) (Fig. 17) and comparison
f the Al Sb bond lengths suggest steric factors are mainly
esponsible for slightly elongated bonds in the most crowded
xamples [225]. Comparisons of the structural and NMR data
ithin a series of [R3Al(ER′

3)] (E = P–Sb) and DFT calcula-
ions have been used to explore the factors which determine the
elative stability of the adducts [226].

Matrix-isolation IR spectroscopy was used to identify
Me3Ga(SbH3)], the strength of the interaction between the
omponents appears to be weaker than with PH3 [227]. Trialkyl-
alliums and Sb(SiMe3)3 form [R3Ga{Sb(SiMe3)3}] (R = Me,
t, tBu) [228–231]. Two examples have been characterised by
-ray studies (R = Et, tBu) and the Ga Sb bond length is much

onger in the tBu complex (3.027(2) Å) compared to the Et
2.846(5) Å) attributed to steric crowding. In contrast to some
f the aluminium systems where adducts are formed, reaction
f Me2GaCl, Et2GaCl or tBu2GaCl with Sb(SiMe3)3 results in

limination of Me3SiCl and formation of [{R2GaSb(SiMe3)2}n]
r [{R2Ga{Sb(SiMe3)2}GaR2Cl}n]; for R = Me or Et the com-
lexes are dimers, but the molecularity of the tBu complexes
as not established.

F
S

y permission of the Australian Chemical Society.

Adducts of R3Ga and R′
3Sb, [R3GaSbR′

3] (R = nBu, tBu,
′ = Et, nPr, iPr, tBu) are made by combination of the com-
onents and their NMR spectra and the structures of [tBu3
a(SbEt3)] and [tBu3Ga(SbiPr3)] have been reported [232].
yrolysis of [R3Ga{Sb(SiMe3)3}], [{R2GaSb(SiMe3)2}n] and
R3GaSbR′

3] produce GaSb films the form depending on the
emperature [229,233–235].
ig. 17. Structure of [Et3Al(SbtBu3)] from ref. [226] by permission of Elsevier
.A.
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ig. 18. Structure of [{SbI3(thf)(SbMe3)}2] from ref. [237] by permission of
iley Interscience.

nd [(Me3SiCH2)2In{Sb(SiMe3)2}]2 were made by reaction
f the silylstibine with (Me3SiCH2)3In and (Me3SiCH2)2InCl,
espectively, and both have been structurally characterised [228].
he corresponding [tBu3In{Sb(SiMe3)3}] is made by combina-

ion of the constituents and [tBu2In{Sb(SiMe3)2}]2 from the
igand as tBu2InCl [235].

There appears to be no new work on group 14–stibine com-
lexes. In group 15 the reaction of Me3Sb with SbI3 in thf solu-
ion forms yellow rods of [{SbI (SbMe )(thf)} ] which have the
3 3 2
tructure shown in Fig. 18 [237]. The adduct [MeI2Sb(SbMe3)]
Fig. 19) forms spontaneously by rearrangement of Me2SbI at
20 ◦C in the absence of a solvent [238]. The structure may

ig. 19. Structure of [MeI2Sb(SbMe3)] from ref. [238] by permission of the
oyal Society of Chemistry.
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e described as containing a pyramidal Me3Sb and a T-shaped
eSbI2 (or a pseudo-tbp MeSbI2 with axial iodines, the stib-

ne, a Me and a lone pair equatorially disposed). The Sb Sb
istance 2.859(1), 2.868(1) Å (there are two slightly different
olecules in the cell) approximates to a normal single bond. A

elated species is [Me3Sb SbMe2][{SbMeBr3}2] formed from
e2SbBr [239].

. Ditertiary stibine complexes

.1. Distibinomethanes and related ligands

In this section the unique coordination chemistry of ligands
f type R2SbYSbR2 (Y = CH2, O, S) is described. The short
nterdonor linkage and the large size and weaker binding of
he antimony atoms disfavour chelation to give a strained 4-

embered ring, and monodentate or bridging bidentate are the
ommon coordination modes. This contrasts with the much stud-
ed diphosphinomethanes where chelate formation is often found
240].

Some complexes of Ph2SbCH2SbPh2 with group 6 carbonyls
ere described earlier [1], but with very limited data. A detailed

e-examination prepared four types of complex, [M(CO)5(�1-
h2SbCH2SbPh2)], [(CO)5M(�-Ph2SbCH2SbPh2)M(CO)5],
is-[(CO)4M(�-Ph2SbCH2SbPh2)2M(CO)4], and fac-[M(CO)3
�1-Ph2SbCH2SbPh2)3] (M = Cr, Mo, W) [27]. The
M(CO)5(�1-Ph2SbCH2SbPh2)] type result from combi-
ation of [M(CO)5(thf)] with the ligand in a 1:1 ratio, whilst
2:1 ratio produces [(CO)5M(�-Ph2SbCH2SbPh2)M(CO)5]

M = Cr,W inexplicably Mo forms only the 1:1 complex).
he traditional route to cis-tetracarbonyls by reaction
f the ligand with cis-[M(CO)4(L)] (L = norbornadiene,
e2N(CH2)3NMe2, etc.) gives disubstituted metal cen-

res, but in contrast to ligands with longer backbones, for
he distibinomethane, the complexes are ligand bridged
imers cis-[(CO)4M(�-Ph2SbCH2SbPh2)2M(CO)4]. The
ac-[Mo(CO)3(�1-Ph2SbCH2SbPh2)3] was made from the
igand and Mo(CO)6 in ethanol containing NaBH4, fac-
W(CO)3(�1-Ph2SbCH2SbPh2)3] from [W(CO)3(MeCN)3]
nd fac-[Cr(CO)3(�1-Ph2SbCH2SbPh2)3] unexpectedly from
is-[Cr(CO)4(norbornadiene)] and the ligand in ethanol. All
omplexes were characterised by IR, 1H, 13C{1H} NMR and
AB MS, and structures of representative types are shown in
igs. 20–22 [27].

Attempts to confirm reports of molybdenum complexes
ontaining chelating distibine [1] were unsuccessful. The
yrophoric Me2SbCH2SbMe2 forms generally similar com-
lexes, although pure examples with �1-Me2SbCH2SbMe2
roved very unstable, due both to the stronger donor power
nd the air-sensitivity of the “free” Me2Sb-group [27]. Related
omplexes [M(CO)5(�1-L)], [(CO)5M(�-L)M(CO)5] and cis-
(CO)4M(�-L)2M(CO)4] (L = Ph2SbOSbPh2, Ph2SbSSbPh2)
ave been reported and structures of [Cr(CO)5(�1-

h2SbSSbPh2] and cis-[(CO)4Cr(�-Ph2SbOSbPh2)2Cr(CO)4]
etermined [241]. The Me2SbOSbMe2 straightforwardly
ave cis-[(CO)4Cr(�-Me2SbOSbMe2)2Cr(CO)4], but Me2
bSSbMe2 reacts with [Cr(CO)4(norbornadiene)] to give
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ig. 20. Structure of [W(CO)5(Ph2SbCH2SbPh2)] from ref. [27] by permission
f the Royal Society of Chemistry.

is-[(CO)4Cr(�-Me2SbSSbMe2)2Cr(CO)4] and [Cr(CO)4
MeSb(SSbMe2)2}] (Fig. 23) [242]. The last complex contains

tristibine, MeSb(SSbMe2)2, formed in a rearrangement
hich eliminates SbMe3. Comparisons of the IR spectra of

heir carbonyl complexes suggest that the R2SbCH2SbR2 are

tronger �-donors than the O or S bridged ligands.

[Mn2(CO)8(�-R2SbCH2SbR2)] (R = Me or Ph) were made
n modest yield from Mn2(CO)10 and the ligands in toluene
n the presence of [{(Cp)Fe(CO)2}2] [243] whilst photoly-

[
B

u

Fig. 21. Structure of [(CO)5W(Ph2SbCH2SbPh2)W(CO)5] from
ig. 22. Structure of [(CO)4W(Ph2SbCH2SbPh2)2W(CO)4] from ref. [27] by
ermission of the Royal Society of Chemistry.

is of a mixture of Mn2(CO)10 and the ligand in toluene
ives [Mn2(CO)8(�-Me2SbCH2SbMe2)] and [Mn2(CO)6(�-
h2SbCH2SbPh2)2] respectively [244]. The latter has struc-

ure shown in Fig. 24. Carbonyl groups are less easily dis-
laced from rhenium carbonyl and even photolysis gives
nly ax-[Re2(CO)9(�1-R2SbCH2SbR2)] [244]. Photolysis of
(MeC5H4)Mn(CO)3] in thf, followed by addition of the
ppropriate ligand gave [(MeC5H4)Mn(CO)2(�1-R2SbYSbR2)]
nd [{(MeC5H4)Mn(CO)2}2(�-R2SbYSbR2)] (Y = CH2, O, S)

245]. Reaction of Ph2SbCH2SbPh2 with [Mn(CO)5X] (X = Cl,
r, I) gave cis-[Mn(CO)4(�1-Ph2SbCH2SbPh2)X] [243].

Direct reaction of Fe(CO)5 with Ph2SbCH2SbPh2
sing various catalysts gives poor yields of [Fe(CO)4(�1-

ref. [27] by permission of the Royal Society of Chemistry.
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ig. 23. Structure of [Cr(CO)4{MeSb(SSbMe2)2}] from ref. [242] by permis-
ion of Wiley-VCH.

h2SbCH2SbPh2)] and the complex is best made from
e2(CO)9/thf and the ligand [243]. The structure reveals an
xially substituted trigonal bipyramidal molecule. Attempts
o attach a second-Fe(CO)4 gave very unstable products,
ut with the stronger donor methyl ligand the product is
(CO)4Fe(�-Me2SbCH2SbMe2)Fe(CO)4] [243]. The dimers
{P(OPh)3}2(CO)2Fe(�-Ph2SbYSbPh2)Fe(CO)2{P(OPh)3}2]

Y = CH2, O, S) are also known [245].

The combination of Ph2SbCH2SbPh2, [Ru(dmf)6]
CF3SO3]2, and LiX (X = Cl or Br) in refluxing ethanol
ave pink or brown trans-[RuX2(�1-Ph2SbCH2SbPh2)4],

ig. 24. Structure of [Mn2(CO)6(Ph2SbCH2SbPh2)2] from ref. [244] by per-
ission of Elsevier S.A.
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ig. 25. Core geometry of [RuI2(Ph2SbCH2SbPh2)3] with phenyl groups omit-
ed, from ref. [246] by permission of the Royal Society of Chemistry.

hilst [OsCl2(dmso)4] formed yellow trans-[OsCl2(�1-
h2SbCH2SbPh2)4] [246]. However the complexes

solated from related systems had a different stoichiome-
ry [RuI2(Ph2SbCH2SbPh2)3] and [OsBr2(Ph2SbCH2SbPh2)3],
nd the structure of the former showed it to contain the first
xample of a chelating distibinomethane ligand (Fig. 25)
246]. As can be seen the complex contains two monodentate
nd one chelate distibine, the latter in a strained 4-membered
ing, <Sb C Sb = 93.5◦ (compared with ∼118◦ in the �1-
oordinated ligands), and the Ru Sb is also longer in the ring
2.611 Å (av)) versus 2.581 Å (av)). The presence of the two
ifferent coordination modes of the ligands is also evident in
he 1H or 13C NMR spectra, where the ring CH2 resonances are
ubstantially to high frequency of that in the �1-coordinated
igands [246].

Dicobalt octacarbonyl and R2SbCH2SbR2 form
nstable [Co2(CO)6(�-R2SbCH2SbR2)] [243]. Dimeric
{Rh(CO)Cl}2(�-R2SbCH2SbR2)2] are also formed on
eaction of R2SbCH2SbR2 with [{Rh(CO)2Cl}2] [246]. The
hosphino(stibino)methanes R2PCH2SbR′

2 (R = iPr R′ = iPr,
Bu; R = Cy, R′ = tBu) cleave [{Rh(COD)Cl}2] to form
Rh(COD)Cl(�1-R2PCH2SbR′

2)] with the ligands coordi-
ated only via the phosphorus; treatment with a large anion
Y = BPh4

− or PF6
−) converts them to chelate complexes

Rh(COD)(R2PCH2SbR′
2)]Y [247]. The cations react with

F3CO2H to give hydrido-dimers [Rh2(R2PCH2SbR′
2)2H2(�-

)(�-CF3CO2)2]Y, and with CH2N2 insert a methylene group
nto the Rh Sb bond to give Sb-ylide ligands [247,248].

Rhodium(III) halides and Ph2SbCH2SbPh2 were reported
ome years ago to give mononuclear non-electrolytes

RhX3(Ph2SbCH2SbPh2)2] of unknown structure [1]. Re-
xamination by 1H and 13C{1H} NMR shows that similar to
he Ru(II) complex above they contain both chelated and mon-
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terised [250]. The [MCl2(Me2SbCH2SbMe2)] (M = Pd or Pt)
show dimer ions in the FAB MS, but were too poorly soluble
in common solvents for any solution measurements, a property
Fig. 26. Structure of [{PdCl(�-Ph)(Ph2SbCH2SbPh2)}2] fr

dentate distibine groups, the major isomer being the meridional
orm, although for X = Br or I there is evidence for a second
inor isomer presumably with a facial geometry [246].
Excess tetracarbonylnickel and R2SbCH2SbR2 produce
waxy solids [Ni2(CO)6(R2SbCH2SbR2)] which have IR

nd 13C{1H} NMR spectra consistent with the ligand bridg-
ng two tricarbonylnickel moieties [243]. On standing in
olution these partially decompose forming Ni(CO)4, some
lack solid and [Ni(CO)3(�1-R2SbCH2SbR2)]. Palladium(II)
nd platinum(II) halides form two types of complex with
h2SbCH2SbPh2, mononuclear [MX2(Ph2SbCH2SbPh2)2]
nd dimers [M2X4(Ph2SbCH2SbPh2)2] [1]. The
MX2(Ph2SbCH2SbPh2)2] are unstable in solution decom-
osing into the dimers (and other products) on standing, but
ultinuclear NMR data on freshly prepared solutions shows
mixture of cis- and trans-isomers with �1-Ph2SbCH2SbPh2

or M = Pt, and single isomers for M = Pd [246]. The
PdCl2(Ph2SbCH2SbPh2)2] is very prone to Sb Ph bond
leavage in solution, cleanly forming the structurally char-
cterised �-Ph complex [{PdCl(�-Ph)(Ph2SbCH2SbPh2)}2]
Fig. 26); the process being promoted photochemically [249].
he decomposition is minimal with the bromide or iodide
ystems and does not occur for the platinum systems.

The structures of the dimers [M2X4(Ph2SbCH2SbPh2)2]
how them to be distibine-bridged, but whilst
Pd2I4(Ph2SbCH2SbPh2)2] has trans-geometry at each Pd,
he [Pd2Br4(Ph2SbCH2SbPh2)2], [Pt2Cl4(Ph2SbCH2SbPh2)2]
nd [Pt2Br4(Ph2SbCH2SbPh2)2] all have the cis–trans-dimer

tructure shown in Fig. 27, and multinuclear NMR studies
uggest these are the major (only) form in solution [246].
he reasons underlying the preference for this structure
re unclear, none of the very many Ph2PCH2PPh2 [240]

F
f

f. [249] by permission of the American Chemical Society.

ompounds has been shown to have this structure, but
ery recently both trans–trans- and cis–trans-isomers of
Pt Cl (Ph AsCH AsPh ) ] have been structurally charac-
ig. 27. Structure of [{PdBr2(Ph2SbCH2SbPh2)}2] with phenyl groups omitted
rom ref. [246] by permission of the Royal Society of Chemistry.
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Fig. 28. Structure of [(Me3PtI)2(Ph2SbCH2SbPh2)] from ref. [198].

hared by Me2PCH2PMe2 and Me2AsCH2AsMe2 analogues
251], and their structures are unclear [246].

In contrast to longer backboned ligands (q.v.) the
2SbCH2SbR2 react with [PtMe3I]4 to form dimers of the type
{Me3Pt}2(�-I)2(�-R2SbCH2SbR2)] shown in Fig. 28 [198].

Copper(I), silver(I) and gold(I) form complexes
M(R2SbCH2SbR2)]Y (R = Me or Ph, Y = BF4, PF6)
hich are labile in solution and presumably ligand bridged
ligomers in the solid state [246]. A red-brown [(AuCl)2(Ph2
bCH2SbPh2)] was made from [AuCl(tetrahydrothiophen)] and
h2SbCH2SbPh2, and was the unexpected product of reaction of
PdCl2(Ph2SbCH2SbPh2)2] with [AuCl(tetrahydrothiophen)]
251].

.2. Other distibines

Although distibines with long alkyl backbones have been
repared [1] there is no study of their complexes, and since
either C2 distibino-alkanes, R2SbCH2CH2SbR2, or alkenes,
is-R2SbCH = CHSbR2, have been prepared [1,2], the ligands
apable of chelation are o-C6H4(SbR2)2, R2Sb(CH2)3SbR2 and
-C6H4(CH2SbR2)2 which afford 5, 6 or 7 membered rings,
espectively. Ligands incapable of chelation are the m- or p-
6H4(SbR2)2 and m- or p-C6H4(CH2SbR2)2 for which a few
xamples of monodentate or bridging bidentate behaviour are
eported.

The complexes of R2Sb(CH2)3SbR2 (R = Me or Ph)
ith group 6 carbonyls have been reinvestigated (some
ere reported in the 1970’s but with little data). The

M(CO)4{R2Sb(CH2)3SbR2}] (M = Cr, Mo, W) are best made
rom [M(CO)4(L–L)] (L–L = norbornadiene or (piperidine)2)
31]. They were fully characterised by IR, 1H, 13C{1H}
MR and APCI MS and comparison of the IR and NMR

ata with those in corresponding group 16 ligands sug-
ested that the distibines are better donors towards these
ow valent metal centres than dithio- or diseleno-ethers
nd similar to ditelluroethers. The o-C6H4(CH2SbMe2)2

w
p
o
f

ig. 29. Structure of [{Fe(CO)4}2{m-C6H4(CH2SbMe2)2}] from ref. [16] by
ermission of the Royal Society of Chemistry.

ormed similar complexes [M(CO)4{o-C6H4(CH2SbMe2)2}]
M = Mo, W) [16]. The p-C6H4(CH2SbMe2)2 reacted with
xcess [W(CO)5(thf)] to form the ligand bridged dimer
(CO)5W{p-C6H4(CH2SbMe2)2}W(CO)5], but curiously the
-C6H4(CH2SbMe2)2 only attached one tungsten centre on

eaction with excess of [W(CO)5(thf)] to form [W(CO)5{�1-
-C6H4(CH2SbMe2)2}] [16].
Photolysis of a mixture of [Mn2(CO)10] with Ph2Sb(CH2)3

bPh2 in toluene, or reaction in the presence of [{CpFe(CO)2}2],
ave [Mn2(CO)8{Ph2Sb(CH2)3SbPh2}] which was assigned
tructure (VIII) on the basis of its IR spectrum [35].
he fac-[Mn(CO)3Cl{R2Sb(CH2)3SbR2}] were formed from
n(CO)5Cl and the distibines in CHCl3, and are much less

table than diphosphine or diarsine analogues, decomposing
uite rapidly in solution [252]. The reaction of Fe2(CO)9 in
hf (essentially “Fe(CO)4(thf)”) with R2Sb(CH2)3SbR2, or o-,
-, or p-C6H4(CH2SbMe2)2 gave red-brown oils or waxy solids

(CO)4Fe(�-distibine)Fe(CO)4], identified by IR spectroscopy
nd APCI MS as ligand bridged dimers with the antimony in
xial sites on trigonal bipyramidal iron centres, and confirmed
n the case of the m-C6H4(CH2SbMe2)2 complex by an X-ray
tructure (Fig. 29) [16,31].

The [RuX2{Ph2Sb(CH2)3SbPh2}2] (X = Cl, Br or I) were
btained from [Ru(dmf)6][CF3SO3]2, LiX and the ligand
n ethanol as pale pink-brown powders, very poorly sol-
ble in most organic solvents [28]. They are easily oxi-
ised by HNO3/HBF4 to soluble intensely coloured cations
RuX2{Ph2Sb(CH2)3SbPh2}2]BF4, and cyclic voltammetry
tudies on these reveal reversible Ru(II)/Ru(III) couples at
omewhat more positive potentials than diarsine or diphos-
hine analogues. Crystals of [RuBr2{Ph2Sb(CH2)3SbPh2}2]
ere obtained by decomposition of a solution of the Ru(III) com-

lex and revealed a trans-octahedral geometry [28]. The orange
smium(II) analogue [OsCl2{Ph2Sb(CH2)3SbPh2}2] was made
rom [OsCl2(dmso)4] and has an identical structure [253].
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been briefly described [20,21]. Platinum(IV) halide complexes
of stibine ligands have been described but decompose very
rapidly in solution with halogenation of the stibine[1]. In marked
contrast, [PtMe3I(distibine)] (distibine = o-C6H4(CH2SbMe2)2,
588 W. Levason, G. Reid / Coordination C

Cobalt carbonyl–stibine complexes are often unstable and
hat is true of the complexes formed from [Co2(CO)8] and

2Sb(CH2)3SbR2, both of which decomposed in a few days
n the solid state and rapidly in solution. For R = Ph the
omplex formed, [Co2(CO)6{Ph2Sb(CH2)3SbPh2}]n, appears
o be oligomeric with unbridged hexacarbonyldicobalt units
inked by distibine molecules, whilst for R = Me, the prod-
ct was [Co2(CO)4{Me2Sb(CH2)3SbMe2}3][Co(CO)4]2 con-
aining 5-coordinate cobalt cations linked by a bridging dis-
ibine [31]. Rare cobalt(III) distibine cations trans-[CoX2{o-

6H4(CH2SbMe2)2}2]BPh4 were formed by air-oxidation of
oX2 (X = Br, I, �=Cl) NaBPh4 and o-C6H4(CH2SbMe2)2

n nitromethane [254]. The complexes are unstable in solu-
ion and decompose slowly in the solid state, but were iden-
ified by comparison of their spectroscopic properties with
hose of the more robust [CoX2{o-C6H4(SbMe2)2]+ reported
ome years ago [1]. The formation of complexes with the
mall hard Co(III) cation with 7-membered chelate rings
n the xylyl distibine was unexpected [254]. The orange
Rh(CO){Ph2Sb(CH2)3SbPh2}2][Rh(CO)2Cl2] is formed from
{Rh(CO)2Cl}2] and the ligand, and converted by excess
igand into [Rh(CO){Ph2Sb(CH2)3SbPh2}2]Cl [147]. trans-
RhX2(L-L)2]BF4 (L-L = Ph2Sb(CH2)3SbPh2, o-C6H4(SbMe2,

= Cl, Br, I) were formed by reaction of RhX3·nH2O or
Rh(H2O)6]3+/LiX and the distibines in ethanol [255]. In con-
rast to many similar reactions with diphosphines or diarsines
hich yield a mixture of cis and trans isomers, only trans iso-
ers were observed with the distibines, and attempts to convert

hese to the cis via the carbonates caused decomposition. The X-
ay structure of trans-[RhCl2{Ph2Sb(CH2)3SbPh2}2]ClO4 was
eported, and 103Rh NMR data recorded; the latter show δ(Rh)
o high frequency of phosphorus or arsenic analogues, and a
ow frequency shift with halide Cl → Br → I. The [RhCl2{o-

6H4(CH2SbMe2)2}2]BF4 has also been characterised [254].
Substituted nickel carbonyl complexes have been made for

arious distibines, mostly to establish the electronic prop-
rties of the ligands via the a1 IR stretch of Ni(CO)3
roups and the 13C NMR resonance of the same, which
an be compared with similar data on a wide range of
roup 15 ligands. The stibine complexes are oils or waxy
olids, which decompose in a few hours–days deposit-
ng elemental nickel. The complexes identified by a com-
ination of IR, 1H and 13C{1H} NMR spectroscopy are
(CO)3Ni(�-distibine)Ni(CO)3] (distibine = R2Sb(CH2)3SbR2

= Me or Ph), [(CO)3Ni(�1-distibine)] (distibine = m- or p-
6H4(CH2SbMe2)2, Me2Sb(CH2)3SbMe2), whilst m- or p-
6H4(SbMe2)2 give inseparable mixtures of [(CO)3Ni(�-
istibine)Ni(CO)3], [(CO)3Ni(�1-distibine)], and some dicar-
onyl species, probably [(CO)2Ni(�-distibine)2Ni(CO)2], since
hey cannot chelate [16,31]. Only o-C6H4(CH2SbMe2)2
leanly forms a dicarbonyl monomer in [Ni(CO)2{o-
6H4(CH2SbMe2)2}] [16].

The reaction of “NiXClO4” with o-C6H4(CH2SbMe2)2 in

BuOH gave deep blue (X = Br) or dark green (X = I) complexes
NiX{o-C6H4(CH2SbMe2)2}2]ClO4, with UV-vis spectra con-
istent with low-spin trigonal bipyramidal Ni(II) [254], and the
tructure was confirmed by an X-ray study of the iodide (Fig. 30).

F
s

ig. 30. Structure of the cation [NiI{o-C6H4(CH2SbMe2)2}2]+ from ref. [254]
y permission of the Royal Society of Chemistry.

he formation of Ni(II) complexes of the xylyl distibine was
nexpected and clearly shows that the ligand, despite form-
ng a 7-membered chelate ring is pre-organised for chelation;
he “flexibility” is evident in that the chelate bite in the iodide,
(Sb· · ·Sb), was ∼3.46 Å, whereas in the Cu(I) complex (below)
t is ∼4 Å, the difference being accommodated by different con-
ormations of the xylyl backbone [254].

The o-C6H4(CH2SbMe2)2 forms only 1:1 complexes with
tCl2 or PdCl2, which have planar geometries, but in the pres-
nce of TlPF6 and 2 equiv. of ligand, the planar bis(ligand) com-
lexes [M{o-C6H4(CH2SbMe2)2}2][PF6]2 (M = Pd or Pt) are
ormed; both have been characterised by X-ray studies (Fig. 31)
254]. Palladium(II) complexes of chiral distibines or an Sb,P
helate based upon the binaphthyl backbone (Section 2) have
ig. 31. Structure of [Pt{o-C6H4(CH2SbMe2)2}2]2+ from ref. [254] by permis-
ion of the Royal Society of Chemistry.
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2Sb(CH2)3SbR2), made from the ligands and [PtMe3I]4 are
table both in the solid state or in solution, although on
oderate heating they decompose predominantly by reductive

limination of ethane [198]. All three complexes were char-
cterised by X-ray crystal structures and multinuclear NMR
pectroscopy. The Pt(II) analogues [PtMe2(distibine)] (distib-
ne = R2Sb(CH)3SbR2, R = Me or Ph, o-C6H4(CH2SbMe2)2)
nd the ligand bridged dimers [Me2Pt(R2SbCH2SbR2)2PtMe2]
ere made from [PtMe2(SMe2)2] and the distibines in benzene

olution [198].
Pseudo-tetrahedral copper(I) complexes [Cu(distibine)2]BF4

distibine = o-C6H4(CH2SbMe2)2, o-C6H4(SbMe2)2,
2Sb(CH2)3SbR2) are obtained from [Cu(MeCN)4]BF4
nd the ligand in chlorocarbons and are air-stable colourless
olids [199,200]. Their pseudo-tetrahedral structure follows
rom the presence of sharp 63Cu NMR resonances which
how the presence of near cubic symmetry, and was con-
rmed for [Cu{o-C6H4(CH2SbMe2)2}2]BF4 by an X-ray
tructure [254]. The silver(I) complexes [Ag(distibine)2]Y
distibine = o-C6H4(CH2SbMe2)2, R2Sb(CH2)3SbR2; Y = BF4
r CF3SO3) made directly from the silver(I) salt and the ligands
n dichloromethane, exhibit varying degrees of light sensitivity,
he xylyl ligand complex being particularly sensitive [200,254].

The reaction of o-C6H4(CH2SbMe2)2 with 2 equiv. of
AuCl(tht)] (tht = tetrahydrothiophen) gives yellow [{o-
6H4(CH2SbMe2)2}(AuCl)2] but this turns black in a few
ours even in a freezer in the dark [254].
The hybrid ligands Ph2SbCH2CH(Me)ZH (Z = O or S) elim-
nate propane on reaction with GaiPr3 or IniPr3 to form
MiPr2(Ph2SbCH2CH(Me)Z)], formulated as monomers on the
asis of their 1H NMR spectra [256].

a
“
n
c

Fig. 32. Structure of [Mo(CO)3{MeC(CH2SbPh2)2}] from re
stry Reviews 250 (2006) 2565–2594 2589

. Polydentates

Only one tritertiary stibine has been characterised,
eC(CH2SbPh2)3 and a selection of its complexes have been

escribed [4]. The ligand behaves as a tridentate chelate in fac-
M(CO)3{MeC(CH2SbPh2}3)] (M = Cr, Mo, W) made directly
rom the ligand and [M(CO)6] in refluxing ethanol in the
resence of NaBH4. The structure of the molybdenum com-
lex was determined (Fig. 32). The ligand did not react with
o(II) or Ni(II) salts, but with [Cu(MeCN)4]BF4 it formed

he white [Cu{MeC(CH2SbPh2)3}(MeCN)]BF4 probably with
tetrahedral CuNSb3 core, and with RhCl3·3H2O gave the

hodium(III) complex fac-[Rh{MeC(CH2SbPh2)3}Cl3]. In con-
rast, the ligand is bidentate in [M{MeC(CH2SbPh2)3}Cl2]
M = Pd or Pt) on the basis of NMR studies, and although the
TNMR data indicated the absence of exchange between coor-
inated and ‘free’ SbPh2 groups, attempts to coordinate an
uCl group to the free arm was unsuccessful. This contrasts
ith the behaviour of the phosphine or arsine analogues, where

MCl2{MeC(CH2EPh2)3}AuCl] are readily formed [251].

. Bismuthine complexes

The number of bismuthine complexes remains small. Of the
apers surveyed for this article approximately half of those men-
ioning bismuthines reported the failure to isolate complexes
rom systems successfully incorporating other group 15 lig-

nds. In several more, BiPh3 appeared in the list of ligands
complexed” along with its lighter analogues, but with little or
o data provided to substantiate the formation of a bismuthine
omplex. Whilst the new complexes described below show that

f. [4] by permission of the American Chemical Society.
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ismuthine complexes can be made for at least a limited range
f systems, it is clearly necessary for new compounds to be thor-
ughly characterised, assumed identification by “analogy” with
ighter analogues is unreliable.

Included in the systems investigated for BiPh3 which failed to
ive complexes, in almost all cases using routes successful with
bPh3 were reactions with Ni(CO)4, Fe(CO)5, Fe(CO)4(thf),
o2(CO)8 and Mn2(CO)10 [24]. The ES+ mass spectra obtained

rom MeCN solutions of [Cu(MeCN)4]+ or AgNO3 containing
iPh3 gave spectra mostly indicative of decomposition prod-
cts (some unidentified) [201]. Attempts to make Au(I)–BiR3
pecies using a range of gold reagents and BiMe3, BiPh3,
iMePh2 and Bi(o-tolyl)3 failed; in all cases the bismuthine

ransferred R groups to the gold [257].
Slightly more successful were the spectroscopic identifi-

ation in solution of [(C5H5)Mo(CO)(BiPh3)2]BF4 [57] and
Fe(C9H7)(CO)2(BiPh3)]BF4 [77]. Although neither complex
ould be isolated, the trends in the spectroscopic data relative to
haracterised analogues with lighter group 15 ligands support
he formulations.

Three examples of Cu thione/BiPh3 mixed ligand complexes
ave been reported, however no evidence for Cu Bi bonding
as presented [206].
The previously known [M(CO)5(BiPh3)] (M = Cr, Mo W)

ere re-examined in detail [32] and the structures of M = Mo
nd W determined ([Cr(CO)5(BiPh3)] was structurally char-
cterised in 1979 [258]). The complexes were prepared from
M(CO)5(thf)] and BiPh3, and appear air-stable in the solid state,
lthough solutions in common solvents deposit black solids in a
ew hours. The points of interest are the 1J(183W 13C) coupling
onstant (183 Hz) on the resonance of the carbonyl group trans
o BiPh3 in [W(CO)5(BiPh3)] which places BiPh3 very low in
he trans influence series, and the opening of the C Bi C angles
n the ligand upon coordination (Section 4).

The dibismuthine p-C6H4(BiPh2)2 was succesfully com-
lexed with Cr and W pentacarbonyl residues, but all
ttempts to isolate the Mo analogue resulted in rapid decom-
osition even at low temperatures [24]. The reaction of
W(CO)5(thf)] with one or 0.5 molar equivalents of p-
6H4(BiPh2)2 gave yellow [W(CO)5{p-C6H4(BiPh2)2}] or

W(CO)5{p-C6H4(BiPh2)2}W(CO)5] respectively, which were
haracterised by analysis, IR and 13C{1H} NMR spectroscopy.
imilar reactions using [Cr(CO)5(thf)] gave the greenish-yellow
Cr(CO)5{p-C6H4(BiPh2)2}Cr(CO)5] and yellow [Cr(CO)5{p-
6H4(BiPh2)2}]. Although stable in the solid state, the 2:1
hromium complex decomposes rapidly in solution to the 1:1
omplex, Cr(CO)6 and unidentified products.

The reaction of [Fe(C5H5)(CO)2(thf)]BF4 with p-
6H4(BiPh2)2 in CH2Cl2 gave orange crystals identified
y an X-ray crystal structure as the known complex
Fe(C5H5)(CO)2(BiPh3)]BF4 which must result from Bi C
ond fission in the dibismuthine [24].

A completely different mode of coordination of BiPh3 was

dentified in some half-sandwich ruthenium complexes. Whilst
reatment of [Ru(C5H5)(MeCN)3]PF6 with PPh3, AsPh3 or
bPh3 (L) gave [Ru(C5H5)(MeCN)2 L]+ with the ligands func-

ioning a monodentates coordinated through the group 15 atom,

e
a
h
a

ig. 33. Structure of [Ru2(�5-C5H5)2(�6,�6-Ph2BiPh)][PF6]2 from ref. [97] by
ermission of Elsevier S.A.

he product using BiPh3 was a mixture of compounds with the
igand coordinated via an �6-phenyl group [97]. The 1:1 com-
lex [Ru(C5H5)(BiPh3)]+ was characterised spectroscopically
n solution, but a 2:1 Ru:Bi species [Ru2(C5H5)2(BiPh3)][PF6]2
as isolated as a yellow solid and its X-ray structure

Fig. 33) revealed two Ru(C5H5) moities bridged by the bis-
uthine, each Ru being coordinated �6 to a different phenyl

roup.
The first main group bismuthine complexes have been

haracterised recently [259]. The combination of R3Ga
R = Me, Et, tBu) with BiR′

3 (R′ = iPr, SiMe3) produced
olid or liquid adducts [R3Ga(BiR′

3)] which NMR studies
how are extensively dissociated in solution. Structures of
Et3Ga{Bi(SiMe3)3}] and [tBu3Ga(BiiPr3)] (Fig. 34) were
etermined and show very long Ga Bi bonds (2.966(1),
.135(1) Å, respectively) which are consistent with the weak-
ess of the adducts. Whilst distibines R4Sb2 react with Me3Ga
r Me3In to give heterocycles [{Me2Ga(In)SbR2}3], the dibis-
uthine Et4Bi2 gives simple adducts, [tBu3Al(BiEt3)] and

tBu3Ga(BiEt3)], on reaction with tBu3Al or tBu3Ga, eliminat-
ng elemental bismuth in the process [260].

The hybrid ligand Ph2BiCH2CHMeOH reacts with
Pr3Ga or iPr3In with elimination of propane, forming
iPr2Ga(In)(Ph2BiCH2CHMeO)] which are Bi, O chelates
haracterised, by 1H and 13C{1H} NMR spectroscopy [256].

0. Applications

The vast transition metal and organometallic chemistry sup-
orted by phosphine, and to a lesser extent arsine ligands, and
he widespread use of such ligands in catalyst systems has up to
ow found few analogues in stibine systems. The search for
ew synthons and more specific catalysts systems continues
nabated, and the quite different chemistry in platinum metal
tibine systems developed by Werner and co-workers, surely will
rompt much further effort in this area. The first chiral distibines
ave recently been obtained, and their catalytic applications are

xpected to follow. The very recent reports of the first well char-
cterised stibine and bismuthine complexes of p-block metals,
ave resulted from the need for routes to III–V semi-conductors,
nd since the band gaps are dependent upon the element combi-
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Fig. 34. Structure of [tBu3Ga(BiiPr3)] from ref. [2

ation(s) present, this area is also expected to be very active in
he future.

1. Conclusions

The results detailed in previous sections show that stibine
hemistry has come of age in the last few years, and the pro-
oundly different electronic properties of these ligands compared
ith lighter analogues, should result in much new research

ocusing on stibines and distibines in their own right, rather
han as small components of work on group 15 ligands in gen-
ral. The synthesis of new di- and poly-stibine ligands remains
ynthetically challenging, but here too, the quite different ligand
roperties expected compared to lighter analogues, will promote
ore effort. Incorporation of stibine donors into macrocycles is

ow also a feasible target, although the reactivity of the Sb C
ond will make the development of high yield routes very diffi-
ult. The search for bridging stibine ligand systems with metals
ther than Rh is also very timely, although the success will
ikely be serendipitous in the first few examples, since present
nderstanding of the chemistry does not indicate clear synthetic
trategies. The chemistry of stibines with early transition metal
entres in positive oxidation states remains largely unexplored.
he soft–hard ligand combination in such systems, probably

equires that the strongest binding stibines will be required, those
ith alkyl substituents, small ring size chelates in this context a
igh yielding synthesis for o-C6H4(SbR2)2, would be extremely
seful. Although it is difficult to predict chemistry in this area,
he very different electronic properties of stibines compared with
heir lighter analogues, are likely to be particularly evident in
uch demanding systems.

Bismuthine complex chemistry will no doubt remain rather

imited, but the characterisation of the first p-block examples,
hows that in appropriate systems and with the carefully consid-
red approaches, complexes can be formed. One should not take
he poorly coordinating BiPh3 as the archetypal bismuthine, and
y permission of the American Chemical Society.

uch work remains to be done with trialkyl bismuthines. Cur-
ently almost nothing is known about dibismuthine ligands and
oth polydentates and macrocycles are unknown.
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[56] B. Braenlein, F.H. Kőhler, W. Strauss, H. Zeh, Z. Naturforsch., Teil B

50 (1995) 1739.
[57] H. Schumann, J.H. Enemark, M.J. Labarre, M. Bruck, P. Wexler, Poly-

hedron 10 (1991) 665.
[58] P.K. Baker, K.R. Flower, H.M. Naylor, K. Voigt, Polyhedron 12 (1993)

357.

[59] P.K. Baker, D. Kendrick, J. Organometal. Chem. 466 (1994) 139.
[60] P.K. Baker, M. van Kampen, Inorg. Chim. Acta 204 (1993) 247.
[61] P.K. Baker, C.T. Brown, Polyhedron 20 (2001) 2559.
[62] P.K. Baker, M. Al-Jahdali, M.M. Meehan, J. Organometal. Chem. 648

(2002) 99.
istry Reviews 250 (2006) 2565–2594

[63] P.K. Baker, M.E. Harman, M.B. Hursthouse, A.I. Karaulov, A.J. Lav-
ery, K.M.A. Malik, D.J. Muldoon, A. Shawcross, J. Organometal.
Chem. 494 (1995) 205.

[64] P.K. Baker, E. Samson, P.L. Veale, Polyhedron 19 (2000) 147.
[65] P.K. Baker, P.L. Veale, Trans. Met. Chem. 28 (2003) 418.
[66] P.K. Baker, M. van Kampen, C. Roos, J. Spaeth, Trans. Met. Chem.

19 (1994) 165.
[67] P.K. Baker, K.R. Flower, M.H. Naylor, K. Voigt, Polyhedron 12 (1993)

357.
[68] P.K. Baker, D. Kendrick, J. Organometal. Chem. 411 (1991) 215.
[69] P.K. Baker, M.B. Hursthouse, A.I. Karaulov, A.J. Lavery, K.M.A.

Malik, D.J. Muldoon, A. Shawcross, J. Chem. Soc., Dalton Trans.
(1994) 3493.

[70] P.K. Baker, S.J. Coles, D.E. Hibbs, M.M. Meehan, M.B. Hursthouse,
J. Chem. Soc., Dalton Trans. (1996) 3995.

[71] N.J. Holmes, W. Levason, M. Webster, J. Organometal. Chem. 568
(1998) 213.

[72] H. Egold, M. Schraa, U. Florke, J. Organometal. Chem. 582 (1999)
345.

[73] B. Machura, R. Kruszynski, M. Jaworska, Polyhedron 24 (2005) 419.
[74] B. Machura, J.O. Dziegeilewski, J. Kusz, Inorg. Chem. Commun. 6

(2003) 859.
[75] I.-P. Lorenz, S. Rudolph, H. Piotrowski, K. Polborn, Eur. J. Inorg.

Chem. (2005) 82.
[76] W. Deck, H. Vahrenkamp, Z. Anorg. Allgem. Chem. 598–599 (1991)

83.
[77] D.A. Brown, N.J. Fitzpatrick, W.K. Glass, H.A. Ahmed, D. Cunning-

ham, P. McArdle, J. Organometal. Chem. 455 (1993) 157.
[78] I. Jibril, M. El-Hinnawi, M. El-Khatib, Polyhedron 18 (1991) 2095.
[79] M. Al-Khatib, A. Lataifeh, I. Jibril, Trans. Met. Chem. 28 (2003)

85.
[80] H. Schumann, L. Eguren, J.W. Ziller, J. Organometal. Chem. 408

(1991) 361.
[81] O. bin Shawkataly, K. Ramalingam, H.K. Fun, A.A. Rahman, I.A.

Razak, J. Cluster Sc. 15 (2004) 387.
[82] G. Suss-Fink, S. Haak, V. Ferrand, A. Neels, H. Stoekli-Evans, J.

Organometal. Chem. 580 (1999) 225.
[83] T.M. Layer, J. Lewis, A. Martin, P.R. Raithby, W.-T. Wong, J. Chem.

Soc., Dalton Trans. (1992) 3411.
[84] W.G. Feighery, H. Yao, A.F. Hollenkamp, R.D. Allendoerfer, J.B. Keis-

ter, Organometallics 17 (1998) 872.
[85] S. Wache, W.A. Herrmann, G. Artus, O. Nuyken, D. Wolf, J.

Organometal. Chem. 491 (1995) 181.
[86] S. Pathak, D.K. Gupta, A.N. Sahay, D.S. Pandey, Ind. J. Chem. Sect.

A. 37 (1998) 165.
[87] D.S. Pandey, A.N. Sahay, O.S. Sisodiya, D.K. Gupta, U.C. Agarwala,

Ind. J. Chem. Sect. A. 37 (1998) 63.
[88] D.K. Gupta, A.N. Sahay, D.S. Pandey, N.K. Jha, J. Organometal.

Chem. 568 (1998) 13.
[89] D. Jan, L. Delaude, F. Simal, A. Deonceau, A.F. Noels, J. Organometal.

Chem. 606 (2000) 55.
[90] S. Kumar, J. Ind. Council Chem. 17 (2000) 19 (Chem. Abs. 136 (2001)

167483).
[91] E. Becker, E. Rueba, K. Mereiter, R. Schmid, K. Kirchner,

Organometallics 20 (2001) 3851.
[92] E. Becker, K. Mereiter, M. Puchberger, R. Schmid, K. Kirchner,

Organometallics 22 (2003) 2124.
[93] K.M. Rao, U.C. Agarwala, Proc. Ind. Acad. Sci 108 (1996) 351 (Chem.

Abs. 126 (1996) 713931).
[94] R. Prasad, U.C. Agarwala, Polyhedron 11 (1992) 1117.
[95] R. Prasad, L. Mishra, U.C. Agarwala, Ind. J. Chem. Sect. A 30 (1991)

162.
[96] S.K. Singh, M. Chandra, D.S. Pandey, M.C. Puerta, P. Valerga, J.
Organometal. Chem. 689 (2004) 3612.
[97] E. Becker, C. Slugovc, E. Ruba, C. Standfest-Hauser, K. Mereiter, R.

Schmid, K. Kirchner, J. Organometal. Chem. 649 (2002) 55.
[98] R. Lalrempuia, P.J. Carroll, M.R. Kollipara, J. Coord. Chem. 56 (2003)

1499.



hem
W. Levason, G. Reid / Coordination C

[99] S.K. Singh, M. Trivedi, M. Chandra, A.N. Sahay, D.S. Pandey, Inorg.
Chem. 43 (2004) 8600.

[100] R. Prasad, Synth. React. Inorg. Met. Org. Chem. 25 (1995) 1493.
[101] J.C. Jeffrey, P.A. Jellis, E. Psillakis, G.E.A. Rudd, F.G.A. Stone, J.

Organometal. Chem. 562 (1998) 17.
[102] O.S. Sisodia, A.N. Sahay, D.S. Pandey, U.C. Agarwala, N.K. Jha, P.

Sharma, A. Toscano, A. Cabrera, J. Organometal. Chem. 560 (1998)
35.

[103] H. Aneetha, M.J. Tenorio, M.C. Puerta, P. Valerga, J. Organometal.
Chem. 663 (2002) 151.

[104] D.K. Gupta, O.S. Sisodia, A.N. Sahey, D.S. Pandey, Syn. React. Inorg.
Met. Org. Chem. 28 (1998) 355.

[105] T. Braun, M. Laubender, O. Gevert, H. Werner, Chem. Ber./Recueil
130 (1997) 559.

[106] H. Werner, C. Grünwald, P. Steinert, O. Gevert, J. Wolf, J.
Organometal. Chem. 565 (1998) 231.

[107] H. Werner, C. Grünwald, M. Laubender, O. Gevert, Chem. Ber. 129
(1996) 1191.

[108] M.A. Bennett, G. Chung, D.C.R. Hockless, H. Neumann, A.C. Willis,
J. Chem. Soc., Dalton Trans. (1999) 3451.

[109] M.A. Bennett, M.J. Byrnes, A.C. Willis, Organometallics 22 (2003)
1018.

[110] C. Grünwald, M. Laubender, J. Wolf, H. Werner, J. Chem. Soc., Dalton
Trans. (1998) 833.

[111] S. Jung, C.D. Brandt, J. Wolf, H. Werner, Dalton Trans. (2004) 375.
[112] N.R. Champness, W. Levason, M. Webster, Inorg. Chim. Acta 208

(1993) 189.
[113] N.R. Champness, W. Levason, S.R. Preece, M. Webster, C.S. Frampton,

Inorg. Chim. Acta 244 (1996) 65.
[114] N.J. Holmes, W. Levason, M. Webster, J. Chem. Soc., Dalton Trans.

(1997) 4223.
[115] S. Chand, R.K. Coll, J.S. McIndoe, Polyhedron 17 (1998) 507.
[116] J.E. Fergusson, R.K. Coll, Inorg. Chim. Acta 207 (1993) 191.
[117] C. Bellucci, R. Chini, J. Inorg. Biochem. 76 (1999) 243.
[118] R. Chini, C. Bellucci, G. Tamasi, M. Corsini, M. Fontani, P. Zanello,

Inorg. Chim. Acta 339 (2002) 89.
[119] Y. Liu, W.K. Leong, R.K. Pomeroy, Organometallics 17 (1998)

3387.
[120] G. Chen, W.K. Leong, J. Chem. Soc., Dalton Trans. (1998) 2489.
[121] W.K. Leong, G. Chen, Organometallics 20 (2001) 2280.
[122] M. Deng, W.K. Leong, J. Chem. Soc., Dalton Trans. (2002) 1020.
[123] M.W. Lum, W.K. Leong, Inorg. Chim. Acta 357 (2004) 769.
[124] H.G. Ang, W.L. Kwik, K.K. Ong, J. Organometal. Chem. 474 (1994)

149.
[125] H.G. Ang, C.H. Koh, L.I. Koh, W.L. Kwik, J. Organometal. Chem.

452 (1993) 181.
[126] H.G. Ang, S.G. Ang, W.Y. Leong, J. Winfield, J. Fluor. Chem. 88

(1998) 5.
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