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bstract

This review provides an overview of the synthetic pathways, structure, reactivity and applications of platinum based ruthenium and osmium
arbonyl clusters of the types PtnRum(CO)xLy and PtnOsm(CO)xLy (where m + n = 2 to 10 and Ly = other ligands). Some important binuclear
omplexes are also included. The structural aspects of the clusters are briefly discussed. The application of these clusters in organic transformations
nd catalysis is reviewed and the future prospects are also highlighted.

2007 Elsevier B.V. All rights reserved.

eywords: Platinum–ruthenium; Platinum–osmium; Carbonyl clusters; Synthetic routes; Structural aspects; Catalytic applications

. Introduction

Carbon monoxide is one of the most important ligands in
ransition metal chemistry. The synthesis and the catalytic appli-
ations of metal carbonyl clusters with hetero or homonuclear
etal centres are pioneering research areas in chemistry [1].
uch cluster compounds are useful as high performance catalysts

n various catalytic reactions [1].
In the last three decades, numerous carbonyl clusters with

any interesting structural features have been prepared and
haracterized by various techniques [2]. A variety of ligand sys-
ems such as tertiary phosphine (PR3) [2], ene-yne [3], diyne [3],
namine [4], and bridging thietane [5] have also been used to
ubstitute some of the labile CO ligands in order to make other
nteresting cluster compounds [6].

Considerable attention has also been paid towards theoretical
odels to rationalize the structures of clusters in the solid state

s well as in solution. Studies on the relative stabilities of metal
lusters and the strengths of their metal–metal and metal–ligand
onds have also been carried out [7].

A vast amount of literature on the synthesis and catalytic
pplications of a wide range of metal carbonyl clusters has been
eviewed by various authors [1–10]. These clusters are known for
heir reactivity with a variety of substrates to undergo pyrolysis,
hotolysis, oxidation, double exchange reactions, electron redis-
ribution, and halogen and ligand abstraction [11]. The bonding
nd stereochemistry of these clusters have also been discussed
ncluding edge-and-face bridging, conformational effects, back-
onding and coordination, metal–metal, and localized bonds
11].

Multi-centred metal clusters have been shown to be useful
atalysts in petroleum industry and as precursors in supported
ano-catalysts [12–14]. A systematic study of the catalytic
ehaviour of supported bimetallic clusters to determine the
ffects of changes in the metal frame-work on the catalytic
ctivity has been reported [12–16].

There has been a significant increase in the interest of dis-
overing and developing synthesis, reactivity and applications
f new platinum based cluster compounds (see Fig. 1). There
ave been relatively few groups contributing to the synthesis
nd chemistry of the Pt–Ru and Pt–Os clusters in particular.
dams and his group have developed elegant synthetic routes

and co-workers who have carried out a variety of synthesis of
high nuclearity Pt–Ru clusters. These cluster derived bimetallic
nanoparticles have been successfully deposited onto multi-wall
carbon nanotubes [15]. Farrugia and co-workers also synthe-
sized a variety of clusters involving many interesting reactivity
aspects.

In particular, clusters that combine platinum with other metals
have received considerable attention because they can model
some of the structural and reactivity properties of the important
bimetallic platinum alloy catalysts that are used in petroleum
reforming [17].

The main objective of this review is to survey the syn-
thetic procedures, structures, reactivity patterns and catalytic
applications of platinum based mixed metal carbonyl cluster
compounds of the type PtnRum(CO)xLy and PtnOsm(CO)xLy

(where n + m = 2–10). This is a growing field (see Fig. 1) and
to the best of our knowledge, this is the first review article
devoted exclusively to these platinum based heterobimetallic
metal carbonyl clusters.

In this article we will cover bimetallic and polynuclear mixed-
metal carbonyl complexes from 2 up to a total of 10 metals,
with at least one platinum atom while the others are osmium or
ruthenium, i.e. PtnRum(CO)xLy and PtnOsm(CO)xLy.

2. Synthesis and reactivity

The development of systematic routes for the synthesis of
mixed-metal cluster compounds has been one of the foremost
challenges of modern inorganic chemistry [18]. Despite their
or the preparation of a wide range of platinum based ruthe-
ium and osmium clusters, some of which have been used
s the model catalysts for hydrogenation reactions [13]. The
pplications of these clusters have been extended by Johnson

F
c

ig. 1. Histogram of the number of papers reporting Pt–Ru and Pt–Os carbonyl
lusters (data obtained from Scifinder).



1 n Che

s
c
s
n
w
m
p
s
t
c

p
a
d
t
t

a
t
c
s

p
a
s
a
t
n
s
n

2

2
d

C
u
a

462 A. Sivaramakrishna et al. / Coordinatio

ignificance and importance in various catalytic reactions, metal
arbonyl cluster compounds have proved remarkably difficult to
ynthesize in good yields. Therefore there is a need to develop
ovel synthetic procedures for the selective preparation of a
ide range of metal cluster compounds. In this section, we sum-
arize and assess key synthetic routes that have been used to

repare various Pt–Ru and Pt–Os cluster compounds. Reactivity
tudies of mixed metal carbonyl clusters have led to the isola-
ion and characterization of a variety of interesting new cluster
ompounds of both low and high nuclearity.

The main methods used for the synthesis of these com-
ounds are (i) reaction of either Pt(0)L4 or L2Pt(II)Cl2 (L = PPh3
nd other ligands), with various M3(CO)12 complexes or their
erivatives (where M = Os or Ru), (ii) by splitting the larger clus-
ers to smaller ones and, (iii) aggregating small clusters to give
he multi nuclear heterobimetallic clusters.

Generally these cluster compounds react by: (i) the cleav-

ge of metal–metal bonds in the larger clusters to form
he smaller clusters, (ii) condensation of two mixed metal
lusters thus forming higher nuclearity clusters, (iii) ligand
ubstitution and/or addition (including: phosphine, diphos-

[
[
[
c

Scheme 1
mistry Reviews 252 (2008) 1460–1485

hine, thioether, carbonyl, 1,5-cyclooctadiene (COD), alkynyl
nd vinylidene ligands, (iv) the reaction with different sub-
trates, and (v) intramolecular M–M rearrangement of ligands
nd/or dynamical fluxionality within clusters. In this review,
he synthesis and reactivity sections are inseparable as a
umber of reactions of these clusters with various sub-
trates yield a variety of novel cluster compounds of high
uclearity.

.1. Pt–Ru carbonyl clusters

.1.1. Reactions of platinum(0) compounds with
erivatives of Ru3(CO)12

The reaction between [Ru3(CO)11(CNBut)] and [Pt(�-
2H4)(PPh3)2] at −30 ◦C affords [19,20] a thermally
nstable intermediate complex (1), which decomposes
t room temperature affording the trinuclear clusters:

PtRu2(CO)7(PPh3)3] (1a), [Pt2Ru(CO)5(PPh3)3] (1b), and
Pt2Ru(CO)6(CNBut)(PPh3)] (1c); the tetranuclear cluster
Pt2Ru2(CO)9(CNBut)(PPh3)] (1d) as well as the hexanuclear
lusters, [Pt4Ru2(CO)5−n(CNBut)(PPh3)4+n (2, n = 0 and 3,

.
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= 1) (see Scheme 1 and Eq. (1)).

The reaction of Pt[COD]2 with Ru(CO)5 at 25 ◦C produced
he hexanuclear dimeric complex, Pt2Ru4(CO)18 (4a, M = Ru),
hich has been used to synthesize many other known trinuclear
t–Ru cluster derivatives with various ligand systems [21] (Eq.
2)). The reaction of Pt(COD)2 with the pentacarbonyl complex
f osmium also yielded a new mixed-metal carbonyl clusters of
he type Pt2M4(CO)18 (4b, M = Os).
(2)

o
(

mistry Reviews 252 (2008) 1460–1485 1463

(1)

.1.2. Reactions with a variety of ligands
The reaction of 4a with cyclooctadiene under UV irradiation

esulted in the formation of two new mixed metal clusters 5 and
(Eq. (3)) [22].
(3)

However, reaction under similar conditions in the presence
f dppe or CO resulted in the formation of PtM2(CO)8L2
7) (where L2 = dppe or 2 CO). These clusters can undergo
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egradation on reaction with dppe and CO at 50 atm/25 ◦C
Eq. (4)) [21]. The reaction of 4 with Pt(PBut

3)2 allowed the
solation of [Pt3Ru4(CO)17(PBut

3)] in good yields [23]. Also
he reaction of Pt(PBut

3)2 with Ru(CO)5 yielded the prod-
cts such as [PtRu2(CO)9(PBut

3)] and [PtRu2(CO)9(PBut
3)2].

he latter complex reacts with molecular hydrogen at
atm in hexane at 68 ◦C to afford the tetranuclear cluster
Pt2Ru2(CO)8(PBut

3)2(�-H)2] [24].

The reaction of [RuH(CO)4]− with [Pt(dppm)2]2+ has been
eported to occur in a stepwise manner to give [PtRuH(CO)3(�-
ppm)2]+ and then [PtRu2(CO)6(�-dppm)2]. These products
ave also been used as precursors to prepare further Pt–Ru
onded complexes such as [PtRuHCl(CO)2(�-dppm)2] and
PtRuHCl(CO)3(�-dppm)2] [25].

The synthesis of [Pt3(�-H)(�-dppm)3{Ru(CO)4}]+ con-
aining the PtRu(�-H) unit is formed by reaction of
Pt3(�3-CO)(�-dppm)3]2+ with the anion [RuH(CO)4]−. In
olution, this complex rearranges to the cluster [Pt3Ru(�-
)(CO)2(�-CO)2(�-dppm)3]+. It is interesting to note that these

wo complexes exhibit fluxionality [26].

.1.3. Reactions with various unsaturated hydrocarbons
Formation of new clusters on irradiation with UV light in

he presence of alkynes as ligands has been reported [27–31].
or example the reaction of 8 with diphenylacetylene has been
eported to give a hexanuclear cluster 9 and the reverse reaction
as been observed in the presence of carbon monoxide (Eq. (5)).
mistry Reviews 252 (2008) 1460–1485

(4)

Interestingly, novel mixed–metal compounds such as
tRu3(�4-�1:�2:�3:�4-PhC CC CPh)(CO)10(dppe) with
ifferent isomers have been formed by reacting the cis-
ialkynyl platinum(II) complex, Pt(C CPh)2(dppe), with
u3(CO)12, via a C C bond coupling of the alkynyl

igands [27]. The trinuclear cluster [Pt2Ru(�3-�1:�1:�2-
hC CC CPh)(CO)5(PPh3)2] was obtained by treating
u3(CO)12 with [Pt(�3-PhC CC CPh)(PPh3)2] [27]. This

luster has been used for the synthesis of other Pt–Ru cluster
ompounds and their derivatives with PhC CH in good yields
28].

The rearrangement of the spiked triangular cluster [PtRu3(�-
)(�4-�2-CCBut)(CO)9(dppe)] (10) in solution into the
utterfly cluster [PtRu3(�4-�2-C = CHBut)(CO)9(dppe)] (11)
as been reported using EXAFS spectra (Eq. (6)) [29]. The reac-
ion of tetranuclear [PtRu3(�-H)(�4-�2-CCBut)(CO)9(dppe)]
omplex with Ph2PC CPPh2 affords the butterfly cluster
PtRu3((�-PPh2)(�4-�2-C CBut)(CO)7(dppe)] [29].

(6)
(5)
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The reaction of Pt(PPh3)2(PhC CPh) with Ru3(CO)12
ielded Pt2Ru(CO)5(PPh3)2(PhC CPh) (24%) and
tRu2(CO)7(PPh3)2(PhC CPh) (45%) [32]. The reaction
f 4a with various substituted alkynes yielded the correspond-
ng alkyne coupling products in low yields as a result of
ragmentation of the Pt2Ru4 cluster [33]. When Pt2Ru4(CO)18
as treated with 3 equivalents of PhC CPh, the new complex
t3Ru6(CO)14(�3-PhC2Ph)3 was formed [21] (Eq. (7)).

The elimination of a Pt atom and COD was demonstrated
n the reaction of the tetranuclear cluster PtRu3(�-H)(�4-�2-

C(But)(CO)9(COD) (13) to give the novel hexaruthenium
lkynyl cluster Pt[Ru3(�-H)(�4-�2-C C(But)(CO)9]2 (14),
howing that the linking of two trinuclear clusters by a Pt atom
s feasible (Eq. (8)). Fluxional behaviour of this Pt bridged
luster was also observed using variable temperature NMR spec-
roscopy [33].

(8)

In the reactions of Pt3Ru6(CO)14(�3-�2-PhC2Ph)3 (12)
ith CO at 25 ◦C new compounds Pt2Ru4(CO)14(�3-
2-PhC2Ph)(�4-�2-PhC2Ph) (15) and Pt3Ru6(CO)18(�3-�2-
hC2Ph)3 (16) were obtained (Scheme 2), with the reaction
athway leading to 12 being reversible, yielding the starting clus-
er quantitatively under reflux. In contrast, reaction with dppe
eads to the formation of a single product, PtRu4(CO)6(�3-�2-
hC2Ph)(dppe) (17) [34].
Displacement of the labile COD ligand was easily achieved
y reacting dppe with the tetranuclear alkynyl cluster PtRu3(�-
){�4-�2-C C(But)}(CO)9(COD) (18) to give two complexes,

he alkynyl cluster PtRu3(�-H){�4-�2-C C(But)}(CO)9(dppe)
[
t

Scheme 2
mistry Reviews 252 (2008) 1460–1485 1465

(7)

19) and the tautomeric vinylidene cluster Ru3(�-H){�4-�2-
C(H)(But)}(CO)9(dppe) (20). These two products were

ound to interconvert in solution through an intramolecular
echanism. Kinetic studies further revealed that the vinylidene

s the thermodynamically favoured isomer (Scheme 3) [35].
Protonation of both the alkynyl and vinylidene clusters

as carried out using HBF4 to give the alkyne complex

PtRu3(�-H){�4-�2-HC C(But)}(CO)9(dppe)]+BF4
− (21)

nd the cationic hydrido vinylidene cluster [PtRu3(�-H){�4-
2-C C(H)(But)}(CO)9(dppe)]+BF4

− (22) respectively. Thus
-carbon protonation was seen in the latter complex (Scheme 3)

35].
The synthesis and reaction chemistry of heterobinuclear and

rinuclear Pt–Ru allenyl complexes such as 23, 24 have been
eported by Wojcicki and co-workers [36]. The treatment of
he complexes 23 and 24 in organic solvents with deactivated
lumina or silica yielded the corresponding hydridoalkylidene
omplexes 25 and 26 (Eq. (9)) [37].

(9)
The complexes Pt(nb)3−n(PPri3)
n

(n = 1, 2; nb = bicyclo
2.2.1]hept-2-ene) prepared in situ from Pt(nb)3, have been used
o prepare novel Pt–Ru clusters such as PtRu3(CO)11(PPri3)2

.
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61%), PtRu3(�-H)(�-�3-MeCCHCMe)(CO)9(PPri3) (51%),
tRu3(�3-�2-PhCCPh)(CO)10(PPri3) (40%), PtRu3(�-H)
�4-N)(CO)10(PPri3) (15%) and PtRu3(�-H)(�4-�2-NO)
CO)10(PPri3) by adding Pt(PPri3)

n
fragments to saturated

riruthenium clusters [38].

.1.4. Synthesis of novel clusters with bridging phosphorus
roups

The preparation of [PtRu4(�4-PR)(CO)13(PPh3) where R =
Pri2 (27), F (29)] was carried out by capping the Ru3P

ace of the nido clusters [Ru4(CO)13(�3-PR)] with the labile
(�2-C2H4)Pt(PPh3)2]. Complex 27 undergoes acid hydroly-
is to yield the corresponding phosphorus monoxide complex,
Ru4(CO)12Pt(CO)PPh3(�4-PO)][H2NPri2] (28) and complex
9 reacts with ethanol to form the alkoxyphosphinidene com-
lex 30, [Ru4(CO)12Pt(CO)PPh3(�4-POEt)] (see Scheme 4)
39].

.1.5. Clusters with hydride and carbide bridging ligands
Heterobimetallic clusters with bridging hydride ligands have

lso been synthesized by the reaction of Ru4(CO)13(�-H)2
ith Pt(COD)2. From this reaction, PtRu4(CO)13(COD)(�-
)2 (37%) was obtained as a major product, while other
inor products such as PtRu3(CO)9(COD) (�-CO)(�-
)2 (10%), Pt2Ru4(CO)11(COD)2(�3-H)2 (2.5%) and
t5Ru5(CO)18(COD)2(�3-H)2 (1%) were also obtained
40].

Recently, the synthesis and reactivity of Pt–Ru mixed-
etal imido clusters without CO ligands have been reported

rom a diruthenium imido-methylene scaffold [(Cp*Ru)2(�2-
Ph)(�2-CH2)] [41].
Multi-site bound unsaturated hydrocarbyl ligands have

een given considerable attention in cluster chemistry [42].

number of studies with C1 fragments such as CH2, CH,

nd C as ligands have also been reported in transition metal
luster chemistry [43]. The platinum–ruthenium containing
lusters such as PtRu2(�-CH2)(�-CO)(CO)2(PR3)(�-C5H5)2],
.

t2Ru2(�-H)(�4-CH)(�-CO)(CO)2(PR3)2(�-C5H5)2] and
t2Ru2(�-H)2(�4-C)(�-CO)2(PR3)2(�-C5H5)2] were prepared
y reacting Ru2(�-CH2)(�-CO)(CO)(L)(�-C5H5)2] (where
= CO, NCMe) with Pt(C2H4)2(PR3) (where R = C6H11, Pri).
hese �4-methylidine and �4-carbido ligands may provide an

nsight into certain catalytic processes that occur on surfaces
44].

The hydride and carbide bridging cluster compound
tRu5(CO)14(PBu3

t)(�-H)2(�6-C) (32) was formed by the
eaction of PtRu5(CO)15(PBut

3)2(C) (31) with H2 at 97 ◦C.
he resulting product was observed to undergo addition
f Pt(But

3)2 to give the complex Pt2Ru5(CO)14(PBu3
t)2(�-

)2(�6-C) (33) (Scheme 5) [45]. Also, the reaction of
tRu5(CO)16((�6-C) with Pt(PBut

3)2 and Pd(PBut
3)2 produced

he mixed metal clusters, PtRu5(CO)16(�6-C)[Pt(PBut
3)],

tRu5(CO)16(�6-C)[Pt(PBut
3)]2, PtRu2(CO)16(�6-C)[Pd

PBut
3)] and PtRu5(CO)16(�6-C)[Pd(PBut

3)]2 [45].
The synthesis of new Sn and Ge containing PtRu5 clusters

34–37) was achieved by the reaction of PtRu5(CO)14(PBu3
t)(�-

)2(�6-C) with HGePh3 and HSnPh3 under reflux (Scheme 6)
45].

Observations of intramolecular exchange of phosphine
nd thioether ligands between the Ru and Pt atoms in
tRu5(CO)15(L)(�6-C) (L = PMe2Ph, PMe3, PBut

3 and SMe2)
ave also been reported [46].

PtRu5(CO)15(PMe2Ph)(�6-C) (39) has been shown to exhibit
acile intramolecular exchange of the phosphine ligand between

platinum and ruthenium atom (Eq. (10)) to give 40
46].
(10)
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A fluxional process involving CO exchange in solution
as observed for PtRu3(�-H)(�3-COMe)(CO)10(PPri3) using
ariable-temperature NMR spectroscopy. The lowest energy
rocess resulted in complete equilibration of all Ru-bound CO
igands while the higher energy process resulted in complete CO
crambling [47].

The reaction of Pt2Ru4(CO)18 (4) with Ru4(CO)13(�-
)2 at 97 ◦C yielded the new decanuclear bimetallic

luster Pt2Ru8(CO)23(�-H)2. This complex reacted with 1,2-
is(diphenylphosphino)ethane (dppe) to form the corresponding

ppe derivative, Pt2Ru8(CO)21(�-CO)2(�-H)(dppe). In a simi-
ar manner, the reaction of 4 with PtRu3(CO)10(�-H)2(COD)
o yield Pt3Ru7(CO)21(�-CO)(�3-H)2 was seen. The reac-
ion of Pt2Ru8(CO)23(�3-H)2 with Pt3Ru7(CO)21(�-CO)(�3-

t
t
t
c

.

)2 yielded Pt3Ru6(CO)21(�-CO)(�3-H)2 in 55% yield
47].

.1.6. Ionic clusters
The cluster [Pt3(�-H)(�-dppm)3{Ru(CO)4}]+ (41) was

bserved to rearrange to the isomeric cluster [Pt3Ru(�-
)(CO)2(�-CO)2(�-dppm)3]+ (42) quantitatively at room

emperature in solution (Eq. (11)) [26]. The cluster salt
Ru6C(CO)16]2−[Pt2(CO)2(dppm)2]2+ was obtained from the
eaction of [Ru6C(CO)17] with [Pt2(CO)3(dppm)2]. Heating of

his ion pair in an autoclave at 145 ◦C resulted in the fusion of
he metal frame works to give a nanonuclear mixed metal clus-
er [Pt3Ru6C(CO)16(dppm)2]. Also the coupling of two neutral
lusters [Ru5C(CO)15], and [Pt2Rh2(CO)6(dppm)2] yielded the
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rimetallic [Pt2Ru5CRh2(CO)16(dppm)2] [48].
The chemically activated nucleation and growth of nanoscale
aterials of Pt–Ru cluster compounds such as PtRu5C(CO)16

(
s

.

(11)

43) is of fundamental importance in heterogeneous cataly-
is, microelectronics and advanced materials synthesis [49,50].
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hese applications have been extended to the preparation of
arbon-supported molecular mixed-metal cluster compounds
51].

The synthesis of novel Pt–Ru mixed metal cluster com-
ounds has been reported starting from the neutral carbide
luster [PtRu5C(CO)16], which undergoes almost quantitative
eduction to the dianionic [PtRu5C(CO)15]2− (44) on reaction
ith KOH in methanol (Scheme 7). The reactivity of 44 with
etal halides yielded a variety of products 45–50 containing

latinum and gold metals as additives.
Interesting ligand exchange reactions involving Pt–Ru

lusters have been reported in the literature [52]. Treatment

f PtRu5C(CO)14(COD) (51) with CO gave the compound
tRu5C(CO)16 (43) cleanly, while reaction with PPh3 displaced
OD to afford Ru5C(CO)14Pt(PPh3)2 (52). Intramolecular
xchange of one phosphine between the Pt atom and an

c
l
P
(

djacent Ru atom was observed. Similarly the reaction with
ppe resulted in the direct substitution of the COD ligand to give
tRu5C(CO)14(dppe) (53). In contrast, reaction with dppm gave

hree products PtRu5C(CO)12(dppm)2 (54), PtRu5C(CO)16
43) and PtRu5C(CO)14(�-dppm) (55) (Scheme 8)
52].

The dianionic ruthenium cluster [Ru6C(CO)16]2− has been
sed as precursor in the preparation of novel heterobimetallic
lusters (56, 57) (see Scheme 9) [53]. The cluster 57 can react
ith various ligands such as PPh3, CO and dppm to yield the

orresponding clusters (58, 59).
Johnson and co-workers reported a new method, based on
hloride abstraction by silica from PtL2Cl2 complexes, fol-
owed by reaction with anionic ruthenium clusters, to produce
t–Ru clusters (60–63) with a chosen nuclearity in high yields
Scheme 10) [54,53].
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A useful synthetic approach has been reported for
he construction of Pt2Ru4 clusters such as [{Pt2(�-
ppm)2(C Cbpy)4}{Ru(bpy)2}4](PF6)8 using Ru(bpy)2Cl2
nd the diplatinum complex Pt2(�-dppm)2(C Cbpy)4 [55]. The
ynthesis of iodide bridging heterobimetallic complexes (for
.g. PtRuCp(CO)(�-I)(�-dppm)I2) have also been prepared with
p(CO)Ru(�1-dppm)I and Pt(COD)I2 [56].

Recently, we have also found a novel route to prepare a vari-
ty of known PtRu2 and Pt2Ru type carbonyl clusters by the
eaction of the platinum-alkenyl complexes of the type L2Pt(1-
lkenyl)2 (64) [where L = PPh3 (65) or L2 = dppe (7a) or dppp
66)] with Ru3(CO)12 (Eq. (12)). In solution, the PPh3 con-
aining PtRu2 cluster undergoes an irreversible reorganization
o the Pt2Ru cluster [RuPt2(CO)5(PPh3)3] (1b) where the PPh3
igand migrates from platinum to ruthenium while some of the
erminal CO ligands become bridging between the platinum and
uthenium centres. The reactivity of these clusters with several
ubstituted alkynes and elemental sulfur to give the respective
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ridging carbonyl clusters have been studied [57].

.2. Pt–Os carbonyl clusters

.2.1. Reactions of Pt2Os4(CO)18

The reaction of Pt[COD]2 with Os3(CO)12 produced
t2Os4(CO)18 (4b) [21,22]. The reaction of 4b with COD in

he presence of light has been carried out to produce the COD
erivatives of Pt–Os clusters (66–68). The synthesis of Pt–Os
luster 69 was reported from the carbonylation of Pt2Os4(CO)18

s shown in Scheme 11 [21,23].

The hydrogenation of 4b yielded several hydrogen-rich
latinum osmium clusters at room temperature such as
tOs5(CO)16(�-H)6, Pt2Os5(CO)17(�-H)6, Pt2Os7(CO)23(�-
)8 and PtOs6(CO)18((�-H)8 [58].
 Scheme 10.
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Recently, Adams et al. have reported [59] the synthesis
f new Pt–Os cluster compounds by the sequential addi-
ion of Pt(PBut

3) groups to the three Os–Os bonds of the
etal cluster of Os3(CO)12, which yielded PtOs3(CO)12(PBut

3),
t2Os3(CO)12(PBut

3)2, Pt3Os3(CO)12(PBut
3)3 as the products.

hen Pt2Os3(CO)12(PBut
3)2 is treated with PPh3, the elimi-

ation of the Pt(PBut
3) groups together with either one or two

O ligands was observed by forming the PPh3 derivatives of
s3(CO)12 such as Os3(CO)11(PPh3) and Os3(CO)10(PPh3)2.
Two new clusters Pt2Os4(CO)11(COD)2 (70) and

t2Os4(CO)12(COD)2 (71) were obtained from the reac-
ion of 4b with COD at 97 ◦C (Eq. (13)). It was also shown
hat the cluster 70 reacted reversibly with CO thus proving its
nsaturation (Eq. (14)) [60].

(13)

(14)

Aggregation of the cluster Pt2Os3(CO)10(COD)2 (72) in
efluxing hexane was described by Adams et al. to give
t4Os6(CO)22(COD) (73) and Pt4Os6(CO)21(COD)2 (74) (Eq.
15)) [22].

(15)
Conversely, symmetric splitting of the cluster 4 in the
resence of COD and promoted by UV has been reported
o afford the complex PtOs2(CO)8(COD) (75) together
ith three hexanuclear complexes Pt2Os4(CO)15(COD) (76),

h
O
O
a

1.

t2Os4(CO)12(COD)2 (77) and Pt2Os4(CO)17 (78) (Eq. (16))
61].

(16)

.2.2. Clusters with main-group metals
The mono(triphenylstannylane)triosmiumhydrido car-

onyl cluster Os3(CO)11(SnPh3)(�-H) and tris(diphenyl-
tannylene)triosmium carbonyl complex, Os3(CO)9(�-SnPh2)3
ave been shown to react with Pt(PBut

3)2 by adding a Pt(PBut
3)

roup across one of the Os–Sn bonds to give a bridging �3
nPh2 ligand in 79 (as shown in Scheme 12). However, a
imilar reaction of Pt(PPh3)4 with 80 leads instead to insertion
f a Pt(PPh3)2 group into Sn–C bonds of one of the phenyl
ings of one of the bridging SnPh2 groups and interestingly, this
nsertion is reversible [62].

The preparation of the Pt–Os complex (81) has been
eported by reaction of [OsH(CO)4(SnPh3)] with Pt(PBut

3)2 in
ichloromethane at room temperature for 30 min in 45% yield
Eq. (17)) [63].

(17)

Three new compounds, PtOs3(CO)12(PBut
3) (82),

t2Os3(CO)12(PBut
3) (83) and Pt3Os3(CO)12(PBut

3) (84)
2 3
ave been obtained from the reaction of Pt(PBut

3)2 with
s3(CO)12 by the sequential addition of Pt(PBut

3) groups to the
s3(CO)12 precursor. In solution, these compounds interconvert

mong themselves by intermolecular exchange of the Pt(PBut
3)
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Scheme 12.

Scheme 13.
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roups (Scheme 13). Also compound 85 was transformed into
new product Pt2Os3(CO)10(PBut

3)(PBut
2(Me2CH2)(�-H) on

eating [63].
The synthesis of high nuclearity clusters (85, 86) was reported

64] from the precursor, Pt2Os3(CO)10(COD)2 (72) (Eq. (18)).

(18)

.2.3. Sulfido bridging clusters
The reaction of Os3(CO)9(�3-S)2 with Pt(PPh3)2(C2H4)

nder N2 atm gave the products 87, 88 as shown in Eq. (19)
65].

Four platinum–osmium sulfide carbonyl cluster compounds
89–92) have also been isolated from the same reaction (Eq.
20)). The relative yields of the four products vary with

he reaction temperature and the reaction time [66]. Ther-
al decarbonylation reactions of the Pt–Os sulfido carbonyl

luster compounds PtOs3(CO)10(PMe2Ph)2(�3-S) (89) and
tOs3(CO)9(PMe2Ph)3(�3-S) (90) have been also shown to give
(19)

Scheme 14.

ew clusters by the loss of some carbonyl ligands (Eq. (21)) [67].

(20)
(21)
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Other sulfide ligand containing Pt–Os clusters (93–95) have
een also reported according to the following Scheme 14
67]. The sulfido-bridged cluster PtOs3(CO)9(PMe2Ph)2(�3-
)2 (96) is formed upon the treatment of the complex
tOs4(CO)11(PMe2Ph)2(�3-S)2 (93) in the presence of CO
t 25 ◦C (Eq. (22)), while a similar reaction with the
omplex PtOs5(CO)15(PPh3)2(�4-S) (97) gave two clusters
tOs4(CO)13(PPh3)2(�4-S) (98) and Os5(CO)14(PPh3)2(�4-S)
99) as products (Eq. (23)) [68].

(22)

(23)

.2.4. Reactions with hydride, carbide and iodide bridging
lusters

The hydrido complex Pt2Os5(CO)17(�-H)6 (100) has been
sed as a precursor for the synthesis of sulfido bridging cluster
tOs5(CO)15(�3-S)(�-H)6 (101) which was obtained in a good
ield (Eq. (24)) [68].

(24)

This compound was found to undergo a dynamic process
nvolving intramolecular rotation of the Os3 group relative to
he Os2S group at the Pt atom (Scheme 15) [68].
Reaction of the cluster Pt2Os5(CO)17(�-H)6 (102) with
s(CO)5 at 25 ◦C afforded the two products PtOs5(CO)18(�-
)4 (103) and PtOs4(CO)15(�-H)2 (104). The former complex

eacted sequentially with CO, yielding the homonuclear osmium

o
P
r
H

Scheme 1
mistry Reviews 252 (2008) 1460–1485 1475

luster H2Os2(CO)8 together with an unknown compound first,
hen PtOs2(CO)10 (105) and H2Os(CO)4 over time (Scheme 16)
68].

In addition to this, Pt–Os mixed metal clusters containing
ridging sulphide ligands including PtOs3(CO)8(PMe2Ph)3(�3-
) (26%) have been prepared [69] by the reaction of
s3(CO)9(�3-S) with Pt(PMe2Ph)4 under mild conditions in
HF.

The methylene- bridged cluster, Os3(CO)11(�-CH2) has
een used as a precursor in the preparation of PtOs3(�-
H2)(CO)11(PPh3)2 (106), where the methylene ligand bridges
n Os–Pt bond as shown in Eq. (25) [70].

(25)

A novel hydride bridging cluster Pt2Os3(CO)9(COD)2(�-
)2 (107) has been obtained from the reaction of Os3(CO)10(�-
)2 with two equivalents of Pt(COD)2 at 25 ◦C [71]. This

omplex has been transformed into the new decanuclear com-
lex, Pt4Os6(CO)21(COD)(�-H)2 (109) by the aggregation of
wo molecules of the intermediate product (108) (Scheme 17).

The decacarbonyldi- �-hydrido-triosmium complex reacts
ith [Pt(C2H4)(PR3)] to yield PtOs3(CO)10(PR3)(�-H)2 where
= C6H11 (25%) or Ph (61%) [72].
Hydrogen-rich Pt2Os5(CO)17(�-H)6 can be prepared from

ither the reaction of Pt2Os4(CO)18 with hydrogen [73]

r the reaction of dihydrido complex [H2Os3(CO)10] with
t(C2H4)2(R3P) (where R = C6H11 or Ph) [73]. Other hydrogen-
ich clusters PtOs5(CO)16(�-H)6 (110) and Pt2Os5(CO)17(�-
)6 (111) were obtained from the reaction of the complex 4 and

5.
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2 at 25 ◦C (Eq. (26)) [74].

(26)

The Pt2Os5(CO)17(�-H)6 complex can afford a new clus-
er with the formation of a sulfido bridging complex,
tOs5(CO)15(�3-S)(�-H)6 (83%) after the reaction with H2S
t room temperature [68]. Also, the reaction of Os(CO)5
ith Pt2Os5(CO)17(�-H)6 yielded new complexes such as
tOs5(CO)18(�-H)4 (38%) and PtOs4(CO)15(�-H)2 (25%) [63].
reatment of [PtOs3(�-H)2(CO)10(PCy3)] with either H2 or

O resulted in 1:1 adduct formation producing [PtOs3(�-
)4(CO)10(PCy3)] and [PtOs3(�-H)2(CO)11(PCy3)]. A variety
f hydride bridging Pt–Os clusters have been synthesized by
he reactions of the unsaturated cluster compound [PtOs3(�-
7.

)2(CO)10(PCy3)] with hydrogen and with diazomethane [75].
his group also reported the synthesis of various Pt–Os carbide
lusters (112, 113) from non-carbido precursors as shown in
q. (27) [76]. These types of complexes can react with vari-
us donor molecules such as CO, PPh3 or AsPh3 to afford their
orresponding adducts [77].
(27)
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The boron containing hydride bridging Pt-Os heterobimetal-
ic cluster (114) was prepared as shown in the Eq. (28) [78].

(28)

The complex PtOs3(CO)10(�-�2-dppm)[Si(OMe)3](�-H)
as obtained in 50% yield from the reaction of the substituted
smium carbonyl cluster with Pt(COD)2 at 68 ◦C through a novel
hotoinduced reorganization of the metastable isomer [79].

Two saturated platinum triosmium clusters
PtOs3H2(COD)(CH2)(CO)9] and [PtOs3H2(CH2)(CO)11]
ere isolated in 10-20% yields after refluxing the Os3H2(CO)10

omplex with PtMe2(COD) in toluene [80].
Reaction of the Pt–Os clusters PtOs3(�-H)2(CO)10(PR3)

115a, R = Cy and 115b, R = Ph) with SO2 was reported by
arrugia and co-workers. In this study the SO2 adducts of

he type PtOs3(�-H)2(�-SO2)(CO)10(PR3) (116a, R = Cy and
16b, R = Ph) were isolated (Eq. (29)). NMR data collected
or the cluster PtOs3(�-H)2(�-SO2)(CO)10(PCy3) suggested
he existence of two interconverting isomers in solution, with
he major isomer containing inequivalent hydrides bridging an
s–Pt and an Os–Os edge, while the minor isomer contained

quivalent hydrides bridging Os–Os edges [81]. The clus-

ers PtOs3(�-H)2(CO)9(Pt-PCy3)(Os-PR3) (R3 = Me2Ph, Me3,
h3, Pri

3, Cy2Pri) have been synthesized from the reaction of
tOs3(�-H)2(CO)9(PR3) with Pt(C2H4)2(PCy3). The structure
f the cluster was found to be dependent on the steric bulk of

y

o
P

Scheme 1
mistry Reviews 252 (2008) 1460–1485 1477

he phosphine ligand, PR3 [81].

(29)

Similar addition reactions were observed for the cluster
tOs3(�-H)2(CO)10(PCy3) (117) with RNC (R = Cy and But)

o give the clusters PtOs3(�-H)2(CO)10(PCy3)(RNC) (118a,
= Cy and 118b, R = But). Thermal decarbonylation was also

bserved allowing isolation of coordinatively unsaturated clus-
ers PtOs3(�-H)2(CO)9(PCy3)(RNC) (119a, R = Cy and 119b,

= But) in high yields (Scheme 18) [82a].
Further treatment of the cluster PtOs3(�-

)2(CO)9(PCy3)(RNC) where R = Cy with CH2N2 and
BF4·Et2O resulted in the methylene adduct PtOs3(�-
)2(�-CH2)(CO)9(PCy3)(CyNC) (120) and the cationic

PtOs3(�-H)3(CO)9(PCy3)(RNC)]+BF4
− (121) [82b]. Studies

n the fluxional behaviour of the hydride ligands in PtOs3
lusters of the type PtOs3(�-H)2(CO)9(PCy3)(CNCy) and
tOs3(�-H)2(�-CH2)(CO)9(PCy3)(CNCy) have been reported
82c]. In a similar way, PtOs3(�-H)2(CO)10(PCy3) showed three
istinct carbonyl exchange processes in variable-temperature
MR studies. Protonation of this product with HBF4 afforded

he trihydrido salt [PtOs3(�-H)3(CO)10(PCy3)]+BF4
− in high
ield [82c].
The reaction of Os2(CO)6(�-I)2 with Pt(dba)(PPh3)2

r Pt(PhCCPh)(PPh3)2 produced the novel iodo bridging
t2Os(CO)2(�-I)2(�-CO)(PPh3)3 [83].

8.
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Table 1
Geometries of PtnRum(CO)xLy clusters as determined by X-ray crystallography

N CVE Geometry Cluster Reference

2 34 Linear [PtRuH(CO)3(�-dppm)2]+ [25]

3 42 Linear PtRu2(CO)6(�-�2-C10H6C4Ph2)2 [33b]
44 Triangular Pt2Ru(CO)5(PPh3)3 [19]
44 Triangular Pt2Ru(CO)6(CNBut)(PPh3) [20]
46 Triangular PtRu2(CO)7(PPh3)3 [20]
46 Triangular PtRu2(CO)9(PBut

3) [24]
46 Triangular PtRu2(CO)5(�-CO)(�-dppm)2 [25]
46 Triangular Pt2Ru(CO)5(PPh3)2(PhC CPh) [32]
46 Triangular PtRu2(�-CH2)(�-CO)(CO)2(PPri3)(�-C5H5)2 [44]
48 Triangular PtRu2(CO)7(PPh3)2(PhC CPh) [32]
46 Triangular PtRu2(CO)6(�3-�2-PhC CPh)(dppe) [34]

4 54 Butterfly [Pt3Ru(�-H)(CO)2(�-CO)2(�-dppm)3]+ [26]
58 Butterfly Pt2Ru2(CO)9(PBut

3)2 [24]
58 Butterfly PtRu3(�-PPh2)(�4-�2-C CBut)(CO)7(dppe) [29a]
58 Butterfly [Pt3Ru(�-H)(CO)2(�-CO)2(�-dppm)3]+ [26a]
60 Butterfly PtRu3(�3 − �2 − PhC ≡ CPh)(CO)10(PPri3) [38]
62 Butterfly PtRu3(�-H){�4-�2-C C(H)(But)}(CO)9(dppe) [35]
58 Tetrahedron Pt2Ru2(CO)8(PBut

3)2(�-H)2 [24]
58 Tetrahedron Pt2Ru2(CO)8(PPh3)2(�-H)2 [32]
60 Tetrahedron PtRu3(�-H)(�3-COMe)(CO)10(PCy3) [47a]
60 Tetrahedron PtRu3(�-H)(�3-�3-MeCCHCMe)(CO)9(PPri3) [38]
60 Tetrahedron PtRu3(CO)10(PPh3)(�3-PNPri2) [39]
60 Tetrahedron PtRu3(CO)9(COD)(�-CO)(�-H)2 [40]
62 Spiked triangular PtRu3(�-H)(�4-�2-C CBut)(CO)9(dppe) [35]
62 Spiked triangular PtRu3(�-H)(�4-�2-C CBut)(CO)9(COD) [35]
62 Spiked triangular PtRu3(�-H)(�4-N)(CO)10(PPri3) [38]
62 Spiked triangular PtRu3(�-H)(�4-�2-NO)(CO)10(PPri3) [38]
60 Square Pt2Ru2(�-H)(�4-CH)(�-CO)(CO)2(PPri3)2(�-C5H5)2 [44]
60 Square Pt2Ru2(�-H)2(�4-C)(�-CO)2(PPri3)2(�-C5H5)2 [44]

5 74 Face-capped butterfly PtRu4(CO)13(COD)(�-H)2 [40]
74 Face-capped butterfly PtRu4(CO)12(�4-CO)(COD) [23]
72 Square pyramid Pt2Ru3(CO)8(�3-�2-PhC2Ph)2(�4-�2-PhC CPh) [34]
74 Square pyramid PtRu4(CO)12(CO)PPh3(�4-PNPri2) [39]
74 Square pyramid PtRu4(CO)12(CO)PPh3(�4-PF) [39]
74 Square pyramid PtRu4(CO)12(CO)PPh3(�4-POEt) [39]

6 86 Octahedron PtRu5(CO)16(�6-C) [45a]
86 Octahedron PtRu5(CO)14(PBut

3)(�-H)2(�6-C) [45a]
86 Octahedron PtRu5(CO)15(PMe2Ph)(�6-C) [46b]
86 Octahedron PtRu5(CO)15(PMe3)(�6-C) [46b]
86 Octahedron PtRu5(CO)15(SMe2)(�6-C) [46b]
86 Octahedron PtRu5(CO)15(PBut

3)(�6-C) [46c]
86 Octahedron PtRu5C(CO)14(dppm) [51]
86 Octahedron PtRu5C(CO)12(dppm)2 [51]
86 Octahedron PtRu5C(CO)14(PPh3)2 [54]
86 Octahedron PtRu5C(CO)15(PPh3) [54]
86 Octahedron PtRu5C(CO)14(COD) [54]
88 Raft Pt2Ru4(CO)18 [21,69]
84 Bi face-capped tetrahedron Pt2Ru4(CO)11(COD)2(�3-H)2 [40]
86 Face-capped square pyramid PtRu5(CO)12(�-H)2(�3-PhC2H)(PBut

3)(�5-C) [29b]
86 Edge-bridged square pyramid PtRu5(CO)15(PBut

3)(�5-C) [46c]
88 Edge-bridged square pyramid Pt2Ru4(CO)14(�3-�2-PhC2Ph)(�4-�2-PhC2Ph) [34]

7 98 Face-capped octahedron Pt2Ru5C(CO)15(PPh3)2 [54]
98 Face-capped octahedron PtRu6C(CO)16(COD) [54]

106 Two combined spiked triangular units Pt[Ru3(�-H)(�4-�2-C CBut)(CO)9]2 [33c]

9 118 Face-capped octahedron Pt3Ru6(CO)14(�3-�2-PhC2Ph)3 [21,34]
122 Octahedron faced-capped by a triangular Pt3 unit Pt3Ru6C(CO)16(dppm)2 [51]
124 Square pyramid fused to face-capped octahedron Pt4Ru5(CO)20(COD) [23]
124 Face-shared bioctahedron Pt3Ru6(CO)21(�-CO)(�3-H)2 [47b]
124 Face-shared bioctahedron Pt3Ru6(CO)21(�-CO)(�-H)2 [47b]
126 Triangular Pt3 centre with Ru2 units bridging each edge Pt3Ru6(CO)18(�3-�2-PhC2Ph)3 [34]

10 132 Edge-fused bioctahedron Pt2Ru8(CO)23(�3-H)2 [47b]
132 Edge-fused bioctahedron Pt3Ru7(CO)21(�-CO)(�3-H)2 [47b]
136 Face-shared bioctahedron Pt2Ru8(CO)21(�-CO)2(�3-H)2(dppe) [47b]
136 Face-shared bioctahedron Pt5Ru5(CO)18(COD)2(�3-H)2 [40]

N = nuclearity, CVE = cluster valance electrons.
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. Structure

The geometry of the metal framework of clusters can be pre-
icted using the polyhedral skeletal electron pair theory (PSEPT)
ormulated by Wade [84] and further developed by Mingos

85,86]. This theory effectively accounts for the structures of
ost transition metal carbonyl clusters however, heterobimetal-

ic platinum clusters do not obey these rules. This is due to the
bility of the Pt atom to have either a formal 18-electron count,

g
t
i
g

able 2
eometries of PtnOsm(CO)xLy clusters as determined by X-ray crystallography

CVE Geometry

2 28 Linear

46 Triangular
46 Triangular
46 Triangular

60 Butterfly
60 Butterfly
60 Butterfly
60 Butterfly
60 Butterfly
62 Butterfly
62 Butterfly
64 Spiked triangular
64 Spiked triangular
64 Spiked triangular
64 Spiked triangular
62 Tetrahedron
60 Tetrahedron
58 Tetrahedron
58 Tetrahedron
60 Tetrahedron
60 Tetrahedron
60 Tetrahedron
58 Tetrahedron
60 Tetrahedron

70 Edge-bridged tetrahedron
72 Edge-bridged tetrahedron
72 Truncated raft
74 Edge-bridged tetrahedron
74 Edge-bridged tetrahedron
76 Edge-bridged butterfly
74 Square pyramid
74 Square pyramid

84 Raft
86 Raft
82 Bicapped tetrahedron
84 Bicapped tetrahedron
88 Face-capped square pyramid
88 Vertex-fused tetrahedron and triangle
90 Vertex-fused tetrahedron and triangle
90 Vertex-fused tetrahedron and triangle

96 Bi-capped tetrahedron
100 Vertex-shared bitetrahedron
102 Vertex-shared bitetrahedron

9 130 Vertex-shared bitetrahedron and triangle

0 136 Triangular Pt3 unit sandwiched by two triangular Os3 un
136 Triangular Pt3 unit sandwiched by two triangular Os3 un

= nuclearity, CVE = cluster valance electrons.
mistry Reviews 252 (2008) 1460–1485 1479

iving a trigonal bipyramidal centre or the Pt atom may have a
6 electron count giving a square planar centre. In addition, for
lusters of the type PtxMy(CO)nLm that have the same electron
ount, various metal core geometries may be possible depend-
ng on the ligands L. Using these theories to predict the skeletal

eometry of a Pt containing cluster from the cluster valence elec-
ron count (CVE) would thus be exceedingly difficult, as there
s no direct correlation between the CVE count and the cluster
eometry as can be seen in Tables 1 and 2. However some ratio-

Cluster Reference

PtOs(CO)(PPh3)2(PMe2Ph3)ClB5H7 [78]

PtOs2(CO)10 [68]
PtOs2(CO)8(COD) [21,68]
Pt2Os(CO)2(�-I)2(�-CO)(PPh3)3 [83]

PtOs3(CO)12(PBut
3) [59]

PtOs3(CO)11(PCy3)(�-H)2 [75]
PtOs3(CO)10(�-�2-dppm)[Si(OMe)3](�-H) [80]
PtOs3(CO)10)(PCy3)(�-H)2(CyNC) [82]
PtOs3(CO)10)(PCy3)(�-H)2(ButNC) [82]
PtOs3(CO)10(PMe2Ph)2(�3-S) [66]
PtOs3(CO)10(PCy3)(�-H)2(�4-C) [76]
PtOs3(CO)10(PPh3)(�3-S)2 [65]
PtOs3(CO)9(PMe2Ph)2(�3-S)2 [67]
PtOs3(CO)11(PPh3)2(�-CH2)2 [70]
PtOs3(CO)9(PPh3)2(�3-S)2 [65]
PtOs3(CO)9(PMe2Ph)3(�3-S) [66]
PtOs3(CO)8(PMe2Ph)3(�3-S) [66,69]
PtOs3(CO)10(PPh3)(�-H)2 [72]
PtOs3(CO)10(PCy3)(�-H)2 [72]
PtOs3(CO)10(PCy3)(�-H)4 [75]
PtOs3(CO)9(COD)(�-H)2(�2-CH2) [80]
PtOs3(CO)10(PCy3)(�-H)2(�-SO2) [81]
PtOs3(CO)9(PCy3)(�-H)2(CyNC) [82]
PtOs3(CO)9(PCy3)(�-H)2(�-CH2)(CyNC) [82]

Pt2Os3(CO)10(PBut
3)(PBut

2CMe2CH2)(�-H) [59]
Pt2Os3(CO)9(COD)2(�-H)2 [71]
Pt2Os3(CO)12(PBut

3)2 [59,63]
PtOs4(CO)15(�-H)2 [68]
PtOs4(CO)11(COD)(�-H)2(�3-S) [61]
PtOs4(CO)11(PMe2Ph)2(�3-S)2 [67]
PtOs4(CO)13(PPh3)(�4-S) [67b]
Pt2Os3(CO)9(�-H)2(�5-C)(�-CO)(PCy3)2 [76]

Pt3Os3(CO)12(PBut
3)3 [59,63]

Pt2Os4(CO)15(COD) [21,22]
Pt2Os4(CO)11(COD)2 [60,61]
Pt2Os4(CO)12(COD)2 [60,61]
PtOs5(CO)15 (PPh3)2(�4-S) [67b]
PtOs5(CO)16(�-H)6 [58,61]
PtOs5(CO)15(�-H)6(�3-S) [68]
PtOs5(CO)18(�-H)4 [68]

Pt3Os4(CO)11(COD)3 [60,61]
Pt2Os5(CO)17(�-H)6 [58]
PtOs6(CO)18(�-H)8 [58]

Pt2Os7(CO)23(�-H)8 [58]

its Pt4Os6(CO)22(COD) [64]
its Pt4Os6(CO)21(�-H)2 (COD) [71]
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hart 1. Common skeletal geometries for Pt containing metal clusters.

alization of the geometry of the cluster as determined by X-ray
iffraction studies can be made.

In this section we will discuss the geometry described by the
etal framework of the cluster. Generally, the cluster complexes

ave metal atoms situated at the vertices of a polyhedron, and
ome common skeletal arrangements are shown in Chart 1. In
he discussion, we will start with binuclear complexes and then
iscuss complexes with increasing nuclearity.

.1. Binuclear complexes

Binuclear mixed metal complexes where there is a direct con-
ectivity between the metals are restricted to a linear framework.
review of the Cambridge Structural Database reveals that the

t–Ru bond ranges from 2.664 to 2.823 Å while the Pt–Os bond
anges from 2.688 to 2.959 Å in complexes of this type.

.2. Trinuclear clusters

Trinuclear mixed metal clusters may adopt either a two-
imensional linear (or bent) structure with two metal–metal
onds or a planar triangular structure containing three
etal–metal bonds.

It is well known that clusters in solution can undergo struc-

ural change. The change in structure may involve ligand
earrangement or metal–metal bond cleavage and formation.
he cluster PtOs2(CO)8(PPh3)2, which has a triangular geom-

l
i
l
P

Fig. 2. Rearrangement in triangular clusters.

try, has been shown to exist as three interconverting isomers.
ne of the proposed pathways for rearrangement of the metal

keleton involves cleavage of the Pt–Os bonds and rotation of the
iosmium fragment about an axis extending from the platinum
entre as shown in Fig. 2 [8].

.3. Tetranuclear clusters

Metal clusters containing four metal atoms may adopt a tetra-
edral, butterfly, spiked-triangular or square arrangement. The
ost common core geometries for tetranuclear clusters are the

piked-triangular and butterfly arrangements as these are formed
rom the readily available triangular clusters by coordination of
metal fragment to a vertex or edge of the trinuclear cluster. The
utterfly structure resembles the tetrahedron, however there are
nly five metal–metal bonds in this arrangement compared to
he six metal–metal bonds in the tetrahedral structure. Opening
f the metal framework from tetrahedral to butterfly structure
enerates a vacant coordination site. The butterfly arrangement
onsists of two equilateral triangles sharing an edge and may be
ither folded or planar.

Both butterfly to tetrahedral and spiked-triangular to
utterfly skeletal transformations have been observed in
latinum-containing tetranuclear clusters [87]. These structural
nterconversions, which involve metal–metal bond cleavage and
ond formation, are usually reversible providing evidence for the
exibility of the metal skeleton in platinum-containing clusters.

A square arrangement is adopted by the metal core in
tRu3(CO)6(�-CO)2(�2-P-P)(�4-S)2 (P–P = dppf or dppr) with
our metal–metal bonds [88]. This structure is stabilized by two
ridging �4-S ligands giving a compressed octahedral struc-
ure. A square arrangement where the metal ring is supported
y a central carbido carbon atom is also common for tetranu-
lear clusters, as found in the di-platinum di-ruthenium cluster
t2Ru2(�-H)2(�4-C)(�-CO)2(PPri3)2Cp2 reported by Davies et
l. [44].

.4. Pentanuclear clusters

Clusters containing five metal atoms typically adopt a square-
yramidal structure. In this arrangement the four basal metal
toms are generally not coplanar, giving the cluster a distorted
quare-pyramidal structure. An alternative skeletal arrangement
s formed when a metal fragment combines with a tetrahedral
luster to give a tetrahedron with either one edge or one triangu-

ar face of the tetrahedron capped. A less common configuration
s the truncated or incomplete raft structure, a planar triangu-
ated arrangement of metal atoms, which has been reported for
t2Os3(CO)14 [89].
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.5. Hexanuclear and larger clusters

Hexanuclear clusters typically adopt either an octahedral
tructure with 12 metal–metal bonds or an open puckered raft
ladder like) structure with nine metal–metal bonds. Other com-
on geometries for six metal clusters are based on a tetrahedral

nit that is edge or face capped by two additional metal frag-
ents, or a trigonal pyramidal unit that is mono-capped by an

dditional metal fragment.
In general clusters containing seven to ten metal atoms are

ased on a six metal octahedral arrangement that is edge or
ace capped by additional metal fragments. However, unusual
eometries are also possible such as that displayed by the nine-
embered Pt3Ru6(CO)18(�3-�2-PhC2Ph)3 cluster which has a

entral triplatinum cluster with diruthenium groupings bridging
ach Pt–Pt edge [90].

. Applications

Multi-centred metal clusters can act as molecular catalysts
hich have advantages of supported metal catalysts. It is well-
nown that supported bimetallic catalysts of platinum mixed
ith other metals are widely used in the petroleum reforming

ndustry, where they have played a key role in the development
nd production of unleaded gasoline [12]. These platinum clus-
ers also exhibit interesting catalytic properties in many other
eactions. In addition, the synergistic property of bimetallic clus-
ers is an important function of most heterogeneous catalysts.
his synergistic property of bimetallic clusters could be due to

he presence of two or more metal atoms, where substrate acti-
ation can occur at more than one metal site. Certain carbonyl
lusters may be expected to have coordinative unsaturation due
o either the easy loss of ligands, or because of their intrinsic
lectronic characteristics [13].

Mixed-metal clusters, particularly Pt–Ru systems have been
tudied for their fascinating metal core geometries, and recently
ave been found to be potential precursors for supported nano-
atalysts [14]. The performance of these bimetallic catalysts can
e tuned by varying the nature and ratio of two metals. Catalysis
y surface-bound metal carbonyl clusters and by structurally
imple, supported metals derived by decarbonylation of surface-
ound clusters has been achieved [15].

The interesting catalytic properties of bimetallic clusters may
e due to several reasons: (i) their ability to undergo multi-
entred binding and activation of a single reactant for substrate,
ii) their ability to bind and activate reactants on adjacent or
eighbouring metal atoms, (iii) they can facilitate the formation
f a transition state stabilized at multiple points and in three
imensions, (iv) they can induce cooperative influences among
he metals involved, thereby assisting catalysis, and (v) facilitate
n the migration of activated reactants from one metal atom to
nother as is seen in some heterogeneous as well as enzymatic
atalysts [16].
However, a significant problem with metal clusters in
atalysis is identifying the active species during the process
nd thereby establishing the mechanism of the reaction [16].
olynuclear clusters can readily undergo cluster fragmentation

b
s
H
s

mistry Reviews 252 (2008) 1460–1485 1481

r degradation into new and unidentified catalytically active
pecies, which are very difficult to generate by other routes.
his phenomenon complicates the understanding of these inter-
sting mechanistic pathways as does the fact that these clusters
re sensitive to the experimental conditions.

Bimetallic clusters have attracted considerable attention in
he field of catalysis. These catalysts have seen applications in
oth homogeneous and heterogeneous conditions, due to the fact
hat their catalytic properties are often superior to that of their
omponents [32,91]. Molecular heterobimetallic clusters have
he additional advantages of control over the size, structure and

etal:metal ratio in the preparation of cluster/support catalysts,
hich in turn lead to more reactive or selective heterogeneous

atalysts than similar catalysts prepared from mononuclear pre-
ursors [1a,32,92].

A variety of established characterization techniques together
ith newly developed methods have been employed in char-

cterizing supported bimetallic cluster catalysts, leading to
everal interesting and well-defined catalysts. Particularly use-
ul characterization techniques include transmission electron
icroscopy (TEM), temperature programmed reduction (TPR),

yclic voltametry the O2-CO titration technique, X-ray diffrac-
ion (XRD), extended X-ray absorption fine structure (EXFAS),
nfrared (IR) and mass spectrometry [32,91,92].

The bonding modes in molecular cluster complexes as deter-
ined by techniques such as single XRD and IR spectroscopy

an be used to model the bonding modes of surface bound frag-
ents such as CO, alkenes, alkynes, vinylidenes and ethylidenes
hich are involved in many heterogeneous catalysis processes

1a].

.1. Mechanistic aspects of heterobimetallic clusters in
atalysis

In general organometallic catalysts have shown useful appli-
ations in homogeneous catalytic processes. Their catalytic
ctivity depends on the influence of structural properties, that
mpact on size, selectivity, branched or linear products and chi-
al catalysis. However homogeneous cluster catalysis opens the
oors to both the advantages of, cooperative effects between
everal metal atoms as well as maintaining the ability to control
eactivity and selectivity by appropriate ligand design [1a].

Generally Pt–Ru cluster catalysts have been used more than
he Pt–Os analogues. Two important questions to ask when it
omes to homogeneous cluster catalysts are: (1) Is the reaction
atalyzed by molecular species in solution or by metallic pyrol-
sis product? (2) If homogeneously catalyzed is the catalyst a
ultinuclear cluster or a mononuclear fragment [93]?
For example it was found that Pt–Ru clusters catalyzed CO

ydrogenation. The observed activity was the result of thermal
ecomposition of the dissolved clusters to catalytically active
pecies [94,95]. On the other hand under quite severe conditions
f temperature and pressure, solutions containing bimetallic car-

onyl clusters were observed to homogeneously catalyze the
ynthesis of ethylene glycol and methanol from synthesis gas.
ere the clusters were detected by in situ high pressure IR

pectroscopy, though it was not clear whether or not the catalyti-
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ally active species was polynuclear or mononuclear complexes
ormed by fragmentation [93]. Adams and co-workers also gath-
red information strongly suggesting that catalytic activity in
lusters was a result of fragmentation products [29].

.2. Methods for distinguishing between homogeneous and
eterogeneous catalytic contributions

Several ways aimed at determining catalytic homogeneity
r heterogeneity of systems have been devised and are briefly
iscussed here. These techniques do however have their pitfalls.
etection of metal particles has been approached by (i) direct

nspection for larger metal particles, (ii) light scattering, and
iii) filtration. An alternate way of eliminating heterogeneous
ontributions to catalysis is by, inhibition using metallic mercury
hich forms inactive amalgams with transition metal particles.
y so doing metal particles can be eliminated [13].

Other tests for homogeneous catalysts can involve the addi-
ion of rigid tub-shaped dienes which bind irreversibly to
omogeneous catalysts, hence inhibiting catalysis and kinetic
r product selectivity studies [1a,13]. Homogeneous and het-
rogeneous catalysts can be distinguished by the use of alkene
unctionalized cross-linked polymers, which are hydrogenated
y homogeneous catalysts while heterogeneous catalysts are
nactive [13].

The problems associated with distinguishing between homo-
eneous or heterogeneous catalysis can be avoided by the use
f specifically designed anchoring or bridging ligands which
revent cluster fragmentation, association or decomposition
leading to heterogeneous catalysis) [1a].

.3. Homogeneous catalysis with heterobimetallic clusters

Cooperative effects between the different metals in clusters
an give rise to enhanced stability, reactivity or selectivity.
or example, the clusters Pt3Ru6(CO)20(�-H)2(PhC2Ph),
t3Ru6(CO)20(�-H)2(�-PhC2Ph), Pt3Ru6(CO)20(�3-H)(�-
)(�3-PhC2Ph) and Pt3Ru6(CO)21(�3-H)(�3-H) are good

atalysts for the hydrogenation and hydrosilylation of PhC2Ph,
ith the last three exhibiting 100% selective hydrogenation of
hC2Ph to cis-stilbene [1a,1e,13,96]. Interestingly an interme-
iate, Pt3Ru6(CO)21(�-H)(�-PhC2(H)Ph), was isolated from
ydrogenation with the cluster Pt3Ru6(CO)21(�3-H)(�3-H).
he above reactions are one of the few reported heterobimetallic
luster-catalyzed reactions. The major problem of course lies in
roving cluster catalysis as opposed to catalysis by mononuclear
ragmented products [1a,13]. The proposed catalytic cycle of
he cluster Pt3Ru6(CO)20(�-H)2(PhC2Ph) on hydrogenation of
hCCPh is shown in Scheme 19.

The alkyne-bridged mixed-metal clusters RuPt2(CO)5
PPh3)2(PhC2Ph), Pt2Os(CO)5(PPh3)2(PhC2Ph), PtRu2(CO)7
PPh3)(PhC2Ph) and Pt2Ru2(CO)8(PPh3)2(PhC2Ph)H2 have
een shown to be active for the catalytic hydrosily-

ation of alkynes, such as diphenyacetalyne and 1,4-
is(trimethysilyl)butadiyne. Evidence gathered during these
tudies suggests that the catalytic activity exhibited by these
eterobimetallic cluster complexes was produced principally by

c
p
T
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ragmentation products, which were almost certainly mononu-
lear platinum complexes [32].

In addition [PtRu5(CO)13(PBut
3)(�3-PhC2H)(�5-C)] has

lso been shown to be a catalyst precursor for the hydrogenation
f PhC2H to styrene and ethyl benzene. Other new organometal-
ic clusters were found in the catalyst solution as intermediates
or example [PtRu5(CO)12(PBut

3)(�3-PhC2H)(�5-C)(�-H)2]
29].

.4. Heterobimetallic clusters in heterogeneous catalysis

Another aspect of heterobimetallic clusters involves the
reparation of small or nanostructured metal particles on sup-
orts, such as silica or alumina [1a]. The use of clusters with
ifferent metal ratios allows for comparison of the different
atalysts, as well as the formation of well-defined metal parti-
les, which can effectively influence the selectivity and activity
f the catalysts [92,97,98]. For example exceptionally narrow
izes and distributions of nanoparticles on a carbon support
an be obtained from the precursor cluster PtRu5C(CO)16 with
2 [50]. Also in a series of silica-supported Pt–Ru bimetallic

lusters for Fischer–Tropsch synthesis, increasing the surface
oncentration of Pt had a marked effect on methane selectivity.
he methane selectivity dropped in the case of Ru-rich cata-

ysts. Fischer–Tropsch products (hydrocarbons) were observed
n significant yields only for the catalysts which had a surface
oncentration of less than 50% Pt and only Pt–Ru bimetallic
luster catalysts having a surface concentration in excess of 50%
u were active in the formation of Fischer–Tropsch products

97].
Similarly, the cluster complex Pt2Ru4(CO)18 was used as a

recursor for the preparation of 44 wt% 1:2 Pt:Ru nanoparticles
n carbon for use as an electrocatalyst in methanol oxidation.
t was established that the use of bimetallic cluster precursors
implifies the synthetic procedures by eliminating the need for
igh temperature reduction and produces smaller more uniform
imetallic nanoparticles. These bimetallic nanoparticles in turn
xhibited a higher electrocatalytic activity when compared to a
2 wt% 1:1 Pt:Ru commercial catalyst [92].

The supported cluster Pt–Ru/�-Al2O3 obtained from
t3Ru6(CO)21(�3-H)(�-H)3 selectively catalyzed the hydro-
enation of ethylene while reactions with n-butane and H2
roduced methane, ethane and propane, consistent with bifunc-
ional effects which may be governed by the high hydrogenation
ctivity of Pt and high hydrogenolysis activity of Ru [91].

A complex formulated as PtRu3(CO)12(py)3 impregnated
n an inorganic oxide or carbon support showed similar
ydrogenolysis activity and selectivity [1a]. A phosphine-
unctionalized poly(styrene-divinylbenzene) supported cluster
t2Ru(CO)5(Ph2P∼P1)3 (P1 = phosphine-functionalized poly
styrene-divinylbenzene)) was also able to catalyze ethylene
ydrogenation, with catalytic activities much higher than the
ononuclear counterparts [1a,99].

Other examples of bimetallic Pt-Ru catalysts are the “alloy”

atalysts or electrocatalysts which are commonly used in
etroleum reforming and electrolyte fuel cells, respectively.
hese can be prepared by impregnating solutions of simple neu-
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ral or charged coordination complexes like PtCl42− or H2PtCl4
nd RuCl3 on supports followed by reduction [1a,91,97,100].

The supported Pt–Ru 0.5%Pt–0.5%Ru/2% Ce/(� + �)-Al2O3
atalyst was prepared using a similar method (i.e impregnation
f dispersed (� + �)-Al2O3 with separate solutions of the metal
alts). Tests in the reaction of catalytic partial oxidation (CPO)
f methane into synthesis-gas resulted in high CH4 conversions
anging from 84.3% to 57.1% as well as CO and H2 selectivities
anging from 95.8% to 87.5% and 98.7% to 100% respectively
98].

Accordingly, the Pt–Ru electrocatalyst, prepared from an oxi-
ized sulfitic platinum complex and RuCl3 on carbon powder,
howed better hydrogen-oxidation in the presence of CO after
hermal treatment or reduction [100].

Pt–Ru alloys can also be prepared by electrodeposition
echniques, which result in anodes that display high catalytic
ctivities towards direct methanol fuel cells (DMFCs) [101,102].

It was also shown that Pt–Ru nanoparticles can be electrode-
osited onto graphite felt and the resulting material functions as
(DMFC) anode, which replace the conventional gas diffusion
lectrode [101].
Nanometer scale Pt–Ru alloys (nm-Pt–Ru) can also be

repared by electrochemical co-deposition under cyclic voltam-
etric conditions or galvanostatic pulse techniques. Higher

s
t
o
t

9.

atalytic activities for DMFC can be observed in the resulting
nodes [102,103].

The existence of more than one metal centres in these type
f catalysts also allows synergistic interplay of the metal parti-
les, as was shown in a study of the oxidation of methanol on
uthenium and osmium, for the application to DMFCs, where
ehydrogenation of water occurred at Ru sites, while the Pt
ites in this catalyst were found to be responsible for methanol
ehydrogenation [104].

. Concluding remarks and future prospects

From this review, it is clear that a large number of bimetallic
ompounds of Pt and Ru, as well as Pt and Os are known. These
lusters range from binuclear up to decanuclear compounds and
eyond. Although many complexes have carbonyl ligands, there
re also known compounds with S, H, P, I and alkynes as bridg-
ng ligands. It is also clear from the review that there are a large
umber of possible synthetic routes which give a range of differ-
nt products, some of which are only isolated in low yields after

eparation. Reactions of some of these clusters yield other clus-
ers by cluster expansion, contraction or rearrangements, many
f which are unexpected and occur via mechanisms which at
his point are not clearly understood.
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Applications have been described for some of the mixed metal
ompounds including both as homogeneous and heterogeneous
atalysts. With new possibilities of using bimetallic catalysts in
uel cells and as models for processes occurring on bimetallic
urfaces, the future may indeed be bright for these compounds.

One area that still needs to be addressed in the future is that
elective and high yield synthetic routes have to be developed in
rder to obtain reasonable quantities of the mixed metal com-
ounds so that their chemistry can be fully explored and their
pplications investigated.
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