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Abstract

This review seeks to evaluate the role of low oxidation state transition metal clusters (metal carbonyl clusters) in catalysis. The review
commences with a discussion of the cluster surface analogy and then proceeds to discuss whether catalysis takes place by intact molecular
clusters or mononuclear fragments; both these topic have been fiercely contested in the literature. Next, the application of clusters in organic
transformations is briefly reviewed with an emphasis given to reactions that cannot be conducted using other catalysts (or pre-catalysts); areas
for future studies are also highlighted. The latest developments in cluster immobilisation using alternative solvents such as water, ionic liquids
and supercritical fluids, and the use of clusters as precursors to heterogeneous nanocluster catalysts are reviewed. Finally, the possibility of
using materials at the cluster–colloid interface in catalytic applications is discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The discovery of the first discrete molecular compounds
with metal–metal bonds, which lead to the burgeoning field
of low oxidation state transition metal cluster chemistry
(typified by metal carbonyl compounds), presented chemists
with an opportunity to explore compounds that might ex-
hibit different properties and have different applications to
well characterised and explored mononuclear compounds.
Early expectations were high, and Muetterties, amongst oth-

∗ Tel.: +41-21-693-98-54; fax:+41-21-693-98-85.
E-mail address: paul.dyson@epfl.ch (P.J. Dyson).

ers, postulated that clusters might act as reasonable mod-
els for heterogeneous catalysts[1]. Since characterisation
of surface species and mechanistic studies of reactions that
take place on metal surfaces are considerably more difficult
to conduct than those of molecular species in solution, the
hypothesis that molecular clusters might serve as models for
heterogeneous catalysts was extremely attractive[2]. Fur-
thermore, it was suggested that clusters might prove to be
effective catalysts in their own right, and may even catalyse
certain reactions that could not be catalysed by mononuclear
complexes. In other words, clusters might fill the void be-
tween mononuclear species and colloidal (or heterogeneous)
catalysts and open up new possibilities in catalysis and or-
ganic synthesis (for example see[3]).

0010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.04.002
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Of course, studying the fundamental properties of clusters
is extremely important regardless of their applications, and
today structure and bonding in cluster compounds is reason-
ably well understood[4]. Cluster reactivity is also becoming
clearer, but the multitude of available substitution sites, the
possibility of skeletal transformations and different ways in
which ligands can interact with clusters, means that ratio-
nal synthesis and elucidating reactions mechanisms remains
problematic. However, with respect to the catalytic proper-
ties of clusters, much data is available which has allowed
some basic trends and protocols to emerge[5]. The main
areas where clusters have had an impact in catalysis are as
follows.

1. Their ability to model heterogeneous catalysts—termed
the cluster surface analogy.

2. Their ability to act as intact homogeneous catalysts,
which has only been proven very recently.

3. Their use as precursors to active mononuclear catalysts,
with applications in organic synthesis.

4. Their use as precursors to well defined nanoparticle cat-
alysts.

This review will commence with a discussion of the cur-
rent status of the cluster surface analogy and then explore
the concept of cluster catalysis and the evidence for catalysis
by intact clusters. Following this discussion the application
of clusters in catalysis, including biphasic liquid–liquid and
solid–liquid systems, will be examined.

2. The cluster surface analogy

Clusters have traditionally occupied a special position be-
tween mononuclear complexes and the bulk solid state and
while the lower end of the cluster spectrum is easy to define,
i.e. three metal atoms based on Johnson’s early definition
[6], the upper end remains unknown. Low oxidation state
clusters with up to 145 metals have been structurally char-
acterised by single crystal X-ray diffraction however, even
the largest homonuclear osmium cluster which has only 20
osmium centres[7] has been shown by mass spectrometry to
comprise a mixture of different species in solution, and this
behaviour is colloid-like in that a colloidal solution does not
consist of a pure compound, but a mixture of compounds[8].
The famous Au55 compound of Schmid, Au55(PPh3)12Cl6
[9] remains at the interface of cluster and colloid science
[10], although if an X-ray structure is ever obtained, it may
be viewed as a true cluster—at least in a traditional sense.
Gas phase clusters are seldom prepared as pure species, and
while they are considered clusters, they cannot be isolated
on a synthetic scale and are beyond the scope of this re-
view, as are the many other types of materials that are also
referred to as clusters.

There are many qualitative features which support the
cluster surface analogy. For example, the metal packing
in clusters often resembles that of the bulk metallic state,

and ligand interactions with clusters often involve bonding
to more than one metal centre, and many related bond-
ing modes have been established on metal surfaces. Much
has been made of the osmium clusters [Os4(CO)13]2−,
[Os10C(CO)24]2− and [Os20(CO)40]2− (Fig. 1), which can
be viewed as segments of a cubic close-packing (CCP)
lattice, but it should be noted that metallic osmium is not
CCP. As the size of the cluster increases, the properties
progress towards those of the bulk metallic state. For exam-
ple, [H6−nNi38Pt6(CO)48]n− (n = 5 or 6), in which all six
platinum atoms are bulk metal atoms, act as electron reser-
voirs undergoing six reversible redox changes with almost
constant amounts of energy (�E) [11]. Such behaviour
implies the absence of a well-defined HOMO-LUMO gap,
which is indicative of semiconductor rather than metallic
character. A plot of the average�E exhibited by the known
carbonyl clusters displaying electrochemically reversible
multiple redox changes versus their nuclearity, suggests that
the transition from semiconductor to metallic behaviour
might occur with cluster nuclearities greater than 65. This
work goes a long way towards quantifying, ‘when does a
cluster become metal-like?’ Although the actual answer to
such a question is dependant on the property under question,
since low oxidation state clusters are getting bigger all the
time, Pd54(CO)40(PEt3)14 [12], Pd69(CO)36(PMe3)18 [13]
and Pd145(CO)x(PEt3)30 [14] have recently been reported,
it should not be long before this hypothesis is tested more
fully. Dynamic rearrangements of metal cluster cores have
also been observed which closely resemble the hopping
mechanism of adatom diffusion on metal surfaces[15].

In terms of ligand bonding modes observed on clus-
ters and surfaces there are many structural similarities. As
an illustrative example, benzene can coordinate to a clus-
ter in several ways and these are shown inFig. 2 [16].
Studies on well defined metal surfaces have revealed the
presence of related modes[17]. The face-capping bond-
ing mode is perhaps the most interesting from a struc-
tural viewpoint in that the C–C bonding lengths around
the benzene alternate long and short; the short bonds
are supposedly the double bonds and lie directly above
the metals[18]. It would also appear that the additional
metal atoms affect the nature of the�3-interaction. In
the trinuclear cluster Ru3(CO)9(�3-�2:�2:�2-C6H6) the
long and short C–C bonds average 1.45(1) and 1.40(2) Å
(∆ = 0.04 Å), respectively, which increases to∆ = 0.08 Å
in Ru5C(CO)12(�3-�2:�2:�2-C6H6) [19], and for the
hexaruthenium cluster, Ru6C(CO)11(�6-C6H6)(�3-�2:�2:
�2-C6H6), ∆ = 0.09 Å [18a]. In the related surface struc-
ture [Rh(111)/C6H6/CO] the long and short C–C bonds
average 1.81(15) and 1.33(15) Å (∆ = 0.48 Å) [17]. The
difference between long and short bonds are much larger
in the surface structure than in the clusters, but the larger
standard deviations associated with the surface structure
bond distances could mean that the differences are equiv-
alent to those in the cluster, despite the increase in∆ as
the nuclearity of the cluster increases. In clusters, a number
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[Os4(CO)13]2¯ [ Os10C(CO)24]2¯ [ Os20(CO)40]2¯

Fig. 1. A series of osmium clusters that can be viewed as segments of cubic close-packing.

of skewed structures of�3-�2:�2:�2 arenes have also been
observed, tending to a�3-�1:�1:�1 bonding mode in which
alternate C-atoms of the arene ring sit directly over the
metal atoms[20]. Other clusters with polyaromatic[21] or
vinyl substituted arenes[22] have been characterised where
all the unsaturated bonds interact with the cluster.

The mean Rh(surface)–C(benzene) bond distance of
2.35(5) Å is the same as the mean Ru–C bond length of
2.33(1) found in Ru3(CO)9(�3-�2:�2:�2-C6H6). Further-
more, theoretical modelling of the Rh(1 1 1) surface predicts
that a major adsorption effect involves the symmetrical
bending of the hydrogen atoms out of the plane of the
benzene ring, away from the metal[23]. This is precisely
the behaviour observed in the cluster species; an out of
plane bending angle of 20◦ was predicted for the Rh(1 1 1)
surface which is in excellent agreement with the value
of 21.5◦ observed for the Ru3 cluster. Calculations have
shown that a rehybridisation of the benzene� molecular
orbitals (sp2 → sp3) is necessary for maximised overlap
with metal orbitals and gives rise to the C–H bending[24].
Buckminsterfullerene and other related carbon clusters also
coordinate to clusters in the�3-�2:�2:�2 face capping
bonding mode and it would appear that the slight curvature
of the C6-face in these systems increases the tendency for
such a coordination mode[25].

The cluster-surface analogy appears to be valid from a
structural perspective, and there is also good evidence to
suggest that the analogy holds for reactivity, as indicated in
a recent review[26]. However, reactivity between the two

η6

or C6v

µ-η3
:η3

or C2v

µ3-η2
:η2

:η2

or C3v

µ3-η1
:η1

:η1

or C3v

Fig. 2. Representations of four recognised ways in which arenes interact
with metal clusters and metal surfaces (others are known).

regimes is less easily compared. For example, cyclohexadi-
ene has been shown to dehydrogenate when coordinated to a
cluster to give a face-capping benzene[19,27] and the ben-
zene can subsequently be converted to benzyne[28]. These
reactions involve the use of a chemical reagent and photol-
ysis, respectively, and while both reactions also take place
on metal surfaces, they do so under very different condi-
tions. Heterogeneous catalysts, including relatively well de-
fined soluble colloidal particles, are widely used to reduce
arenes to cyclohexanes, however, while clusters have been
used to promote such transformations, there remains some
doubts concerning the identity of the catalyst[29], which
may well be heterogeneous, although similar mechanisms
could be involved for both systems[30]. Furthermore, the
bonding modes are not static and migration from one to an-
other is facile[31], which makes comparisons of reactivity
problematic.

3. Evidence for cluster catalysis

In a sense, if a cluster is merely a precursor to a catalyst
that is either mononuclear or colloidal in nature it does not
matter, assuming the active catalyst cannot be isolated and
used in its place. However, knowing the identity of the active
catalyst is essential if more efficient and effective catalysts
are to be developed. Not surprisingly, considerable effort
has been devoted towards determining whether intact cluster
catalysis takes place, but despite these efforts, a great deal
of confusion has surrounded this topic.

Over the years there has been much debate as to whether
clusters fragment to form mononuclear species, aggregate
to form nanoparticles, or remain as intact molecular clusters
during catalysis. It is now known that examples involving
all three possibilities exist and in the same reaction more
than one catalyst can operate simultaneously. Differentiating
between mononuclear and cluster catalysis is considerably
more involved that distinguishing cluster catalysis from col-
loidal (or heterogeneous) catalysis. Various tests are used to
establish whether a reaction is catalysed by a homogeneous
or heterogeneous species, and although one test on its own
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Scheme 1. Proposed catalytic cycle for the hydrogenation of dipheny-
lacetylene totrans-stilbene using H4Pt3Ru6(CO)21.

is not satisfactory, a ‘toolkit’ is available, which includes
kinetic measurements, poisoning experiments and spectro-
scopic tests, allowing assignment of the type of catalysis
[32].

Once homogeneous catalysis has been confirmed, the
next step is to determine whether catalysis is by the intact
cluster or by mononuclear fragments. This is not an easy
task, but several qualitative tests have been proposed[33],
and a number of convincing examples of homogeneous
cluster catalysis have been reported, although based on
indirect evidence. For example, the heteronuclear cluster
H4Pt3Ru6(CO)21 catalyses various alkyne transformations
without appearing to undergo fragmentation (Scheme 1)
[34]. The structure of H4Pt3Ru6(CO)21 comprises of a
Pt3 triangle sandwiched between two Ru3 layers. Reac-
tion with PhC≡CPh affords H2Pt3Ru6(CO)20(�3-C2Ph2),
which catalyses alkyne hydrogenation and hydrosilation.
The cluster is superior to homonuclear analogues for the
hydrogenation of diphenylacetylene totrans-stilbene, al-
though catalyst recovery is not quantitative, and the catalyst
lifetime is limited.

Catalytic transformations involving H2Pt3Ru6(CO)20
(�3-C2Ph2) appear to occur at the Ru3 faces, with the
platinum metals not actively involved, although they seem

HRu3(CO)9(µ3-NMePy)
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Scheme 2. Proposed catalytic cycle for the hydroformylation of dipheny-
lacetylene to�-phenylcinnamaldehyde using HRu3(CO)9(�3-�2-NMePy).

to have a pronounced effect transmitted to the ruthenium
layers to give what has been described as a ‘synergis-
tic enhancement’. It is unlikely that such a synergistic
enhancement would take place if the cluster underwent
fragmentation to afford a mononuclear catalyst.

Heteronuclear clusters have proven very useful in making
a case for intact cluster catalysis, with some examples giving
activities indicative of cluster catalysis, and others showing
that catalysis results from mononuclear fragments[5].

A number of trinuclear clusters with face-capping lig-
ands also appear to act as intact cluster catalysts, with the
face-capping ligand conferring stability to the metal core.
This does not mean that metal–metal bonds remain unper-
turbed throughout the catalytic cycle, but if a metal–metal
bond is cleaved, the metals remain in proximity to one
another, and the bond can reform at an appropriate stage
of the reaction. For example, HRu3(CO)9(�3-�2-NMePy)
catalyses the hydroformylation of diphenylacetylene to
�-phenylcinnamaldehyde by what is most likely by an intact
cluster species (Scheme 2) [35].

All the species shown in the scheme have been iso-
lated and structurally characterised. In the migratory in-
sertion step a 50-electron cluster is formed in which one
Ru−Ru bond has broken, but the�3-�2-NMePy ligand
prevents further metal–metal bond cleavage and fragmen-
tation, at least in part. The hydroformylation reaction is
not without problems and depending upon the conditions
employed the active catalyst can be poisoned. Conversion
of HRu3(CO)9(�3-�2-NMePy) to the catalytically inactive
dinuclear species Ru2(CO)6(�3-NMePyCO) takes place
after several cycles, formed by insertion of CO into the
Ru−amide bond. Such a process points towards a catalyst
that can operate as an intact cluster, but also perhaps as a
fragment, with both mechanisms possibly taking place at
the same time.
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One criteria for identifying intact cluster catalysis is the
observation of asymmetric induction in a reaction catalysed
by a chiral cluster, with the chirality in the cluster frame,
rather than from a chiral ligand[36]. As far as we are aware,
such a goal has yet to be realised, despite various attempts
[37]. Recently, however, H4Ru4(CO)12 derivatised with a
chiral bis-phosphine has been found to exhibit some chi-
ral induction in the hydrogenation of tiglic acid, and while
catalysis by fragmentation products cannot be excluded, the
starting clusters were recovered unaltered after reaction[38].

Direct evidence for intact cluster catalysis has finally been
provided using parahydrogen (p-H2) NMR methods. Flux-
ional processes and transfer of hydrides into organic groups
coordinated to clusters were initially demonstrated with
p-H2 [39]. Subsequent studies employing Os3(�-H)2(CO)10
[40] and Ru3(CO)10(L)2, where L = PMe2Ph or PPh3
[41], previously shown to be homogeneous hydrogenation
catalysts[42], provided direct evidence for intact cluster
catalysis. The active catalyst intermediates that have been
identified by p-H2 NMR are derived from the dihydride
derivative HRu3(�-H)(CO)9(L)2 and are shown inScheme 3
for the triphenylphosphine compound[43]. Each of the
intermediates releasescis-stilbene and reacts with further
hydrogen and substrate to continue the catalytic process.
The route taken depends on the substrateand the solvent,
with intact cluster catalysis preferred in polar solvents and
fragmentation to the mononuclear intermediate being fa-
cilitated by non-polar solvents. If the cluster stays intact,
CO loss or slower phosphine loss leads to hydrogenation,
with the substrate binding to the vacant site. This process

shows a first order dependence on the hydrogen concentra-
tion, which requires H2 to coordinate before the product is
eliminated. In all cases, catalysis by a route involving an
intact cluster showed greater activity than that involving
a mononuclear counterpart. However, both intact cluster
catalysis and catalysis by a fragmentation product occur
simultaneously, albeit at different rates. The strong depen-
dence of the solvent on the type of catalyst generated may
have led to confusion in the literature regarding the identity
of the active catalysts in other systems. However, under sim-
ilar conditions the cluster Ru3(�-H)CO)9(�2-PPh2) does
not fragment and all catalytic activity stems from the intact
trinuclear cluster, indicating the importance of the ligands
on the catalytic mechanism[44].

Although most discussions centre on clusters fragmenting
to form active mononuclear catalysts, the reverse process is
also possible, i.e. mononuclear complexes form catalytically
active clusters under certain reaction conditions. For exam-
ple, rhodium clusters generated from mononuclear species
have been proposed as the active catalysts in the reduction
of nitro compounds under phase transfer conditions[45],
although it is possible that subsequently the clusters could
have transformed to colloids that were responsible for the
catalysis.

4. Application of clusters in organic transformations

The application of clusters for large scale industrial pro-
cesses such as hydrogenation and hydroformylation has
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been extensively studied, and while polynuclear intermedi-
ates may be involved in certain processes, clusters appear to
offer little advantage over other types of catalysts. However,
interesting results continue to appear, and recent examples
include the use of clusters as catalyst precursors for the
carbonylation of methanol[46] and ammonia[47]. It has
become apparent that clusters (or at least cluster catalyst
precursors) catalyse a number of highly selective organic
transformations where other types of catalysts are less ef-
fecient. Table 1 lists a number of reactions catalysed by
metal carbonyls clusters, the majority of which cannot be
catalysed by other types of compounds.

From the table it is clear that the majority of the clus-
ter precursors used are simple homoleptic species. In a few
cases a co-ligand, typically a phosphine, is added, but in
general the reactions have not been optimised in terms of
finding a more active cluster catalyst. The regioselective acy-
lation of aromatic heterocycles using CO and alkenes was
evaluated in the presence of a number of different homolep-
tic compounds including Re2(CO)10, M3(CO)12 (M = Fe,
Ru and Os) and Rh4(CO)12 with Ru3(CO)12 proving most
effective, but no other cluster derivatives were tested. A rare
example of a more elaborate cluster catalyst is the acenaph-
thalene derivative Ru3(CO)7(�3-C12H8) which catalyses the
reduction of esters, carboxylic acids and amides by trialkyl-
silanes.

It is likely that the majority of the reactions listed in
Table 1 are not catalysed by intact clusters and a num-
ber of mononuclear complexes have been isolated dur-
ing mechanistic studies. For example, the Ru3(CO)12/
tetraalkylammonium chloride catalysed carbonylation of ni-
troamines to carbamates and ureas was originally believed
to be catalysed by the capped-cluster Ru3(CO)10(�3-NPh)
[66]. It has since been shown that the active catalyst is a
monoruthenium complex derived from Ru(CO)5 and that
the formation of the monomer is accelerated by chloride as
shown inScheme 4 [96]. What is clear is that these simple
catalysts (or catalyst precursors) that have been known for
many years are finding more and more uses in organic syn-
thesis and have made a significant contribution to the recent
growth in metal-catalysed reactions[97].

CO

Cl-

Ru(CO)5

CO

PhNO2
MeOH
CO

Ru(CO2Me)2

Ru(CO)5
PhNH2

PhNH2

PhNCO

PhNH2

PhNHC(O)NHPh

PhNH2

PhNHCO2Me

MeOH

Et3N

Ru3(CO)12

Scheme 4.

In general, those clusters evaluated in synthetically use-
ful organic transformations are those that are commercially
available. However, based on the vast number of known clus-
ters, incorporating a huge range of different ligands, it seems
likely that more effective cluster catalysts will emerge and
a combined high-throughput screening-rational design ap-
proach might lead to the discovery of many more effective
cluster catalysts.

5. Immobilised cluster catalysts

In recent years one of the major directions in homoge-
neous catalysis has been to find ways to immobilise catalysts
so that their separation from reaction products is facile like
in heterogeneous catalysis. Many ingenious protocols have
been developed including the use of biphasic liquid supports
and attaching molecular catalysts to solid supports.

The liquid immobilisation media used in biphasic or mul-
tiphasic processes that are under most intensive investigation
include water, ionic liquids, supercritical fluids and fluoro-
carbons. As far as we are aware, cluster catalysts have been
evaluated in the former three solvents, but not in fluorous
biphases. Aqueous-organic biphasic catalysis represents the
most mature of these methods[98] and it is not surprising
that clusters have been most extensively studied in water.

Water can be used not only as an immobilisation solvent
in biphasic catalysis, but also as a source of hydrogen in the
water gas shift reaction, and the use of clusters to catalyse
the conversion of CO and H2O to CO2 and H2 has been re-
viewed[99]. If the water gas shift reaction is conducted in
the presence of an alkene then hydroformylation or hydro-
hydroxylmethylation can take place, the former being the
dominant reaction. Clusters have also been used to catalyse
hydrogenation reactions using water as a substrate. For ex-
ample, Rh6(CO)16 catalyses the chemoselective reduction
of nitro groups in high yield as shown inScheme 5 [100].

Clusters have also been used as catalysts in phase trans-
fer reactions. For example, a mixture of Ru3(CO)12 and
Co2(CO)8 catalyses the carbonylation of alkynes with
methyl iodide under phase transfer conditions as shown in
Scheme 6 [101]. The solvent system composed of benzene
and 5 M aqueous NaOH with an ammonium salt used as
the phase transfer catalyst.

NO2

+ 3  CO + H2O

NH2

+ 3  CO2
Rh6(CO)16

Scheme 5.

+Ph H CH3I
Ru3(CO)12-Co2(CO)8

CO (1 atm), 5 M NaOH, C6H6,

C12H25NMe3
+Cl-

PhCHCH2COCH3

CO2H

Scheme 6.
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Table 1
Key organic transformations catalysed by cluster compounds

Catalyst Reactiona Ref.

Co3(CO)9(�3-CR) [48]

M3(CO)12 (M = Ru and Os) [49]

Ru3(CO)12 + chiral ligand [50]

Ru3(CO)12 or [HRu3(CO)11]− + phosphine [51]

Ru3(CO)12 [52]

Ru3(CO)12 [53]

Ru3(CO)7(�3-C12H8) [54]

Ru3(CO)12 [55]

Ru3(CO)12 + PCy3 [56]

Ru3(CO)12 or Rh6(CO)16 [57]

Ru3(CO)12 [58]
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Table 1 (Continued)

Catalyst Reactiona Ref.

Ru3(CO)12 [59]

Ru3(CO)12 [60]

Ru3(CO)12 [61]

Ru3(CO)12 [62]

Ru3(CO)12 [63]

Ru3(CO)12 [64]

Ru3(CO)12 [65]

Ru3(CO)12 [66]

Ru3(CO)12 [67]

Ru3(CO)12 [68]
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Table 1 (Continued)

Catalyst Reactiona Ref.

Ru3(CO)12 + Ar-BIAN [69]

Ru3(CO)12 + Ar-BIAN [70]

Ru3(CO)12 [71]

Ru3(CO)12 [72]

Ru3(CO)12 (other clusters were
tested, but all were less active)

[73]

Ru3(CO)12 [74]

Ru3(CO)12 or Rh4(CO)12 [75]

Ru3(CO)12 [76]

Ru3(CO)12 [77]
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Table 1 (Continued)

Catalyst Reactiona Ref.

Ru3(CO)12 [78]

Ru3(CO)12 + PCy3 [79]

Ru3(CO)12 + P(C6H4-p-CF3)3

(other metal carbonyls and
phosphines tested, but all
were less active)

[80]

Ru3(CO)12 + P(C6H4-p-CF3)3 [81]

Ru3(CO)12 + PPh3 + base [82]

Co2Rh2(CO)12 [83]

Rh4(CO)12 [84]

Rh4(CO)12 [85]

Rh4(CO)12 [86]

Rh4(CO)12 [87]



P.J. Dyson / Coordination Chemistry Reviews 248 (2004) 2443–2458 2453

Table 1 (Continued)

Catalyst Reactiona Ref.

Rh4(CO)12 [88]

Ir4(CO)12 [89]

Ir4(CO)12 + PPh3 + base [90]

[H3Ru4(C6H6)4(OH)]2+ [91]

Rh6(CO)16 [92]

Rh6(CO)16 [93]

Rh6(CO)16 [94]

Rh6(CO)16 [95]

a In some of the reactions illustrated only the main product is shown.

While many examples of reactions utilising water as a hy-
drogen source are known, the vast majority are catalysed by
clusters that are not naturally water soluble, but take place
in the presence of CO and a base or phase transfer reagent
[102]. It would seem that cluster anions often form, and that
these are moderately soluble in water, but the cluster may
also be a source of colloids or nanoparticles. However, some
cluster-carbonyl compounds have been derivatised with hy-
drophilic phosphines in order to provide high water solu-
bility. The first clusters prepared in such a way included
P(m-C6H4SO3Na)3 derivatives of M3(CO)12 (M = Ru and
Os) and Ir4(CO)12 [103]. The range of compounds was sub-
sequently extended to include derivatives of Ru6C(CO)17
and H4Ru4(CO)12 and some of the clusters were shown
to act as catalyst precursors in the water–gas shift reaction
[104] and hydrogenation reactions[105]. The water-catalyst

solution employing Ru3(CO)11{P(m-C6H4SO3Na)3} as the
catalyst precursor was used five times for the hydrogena-
tion of cyclohexene, 1-octene and styrene without any de-
crease in activity (seeScheme 7). In addition, the cluster
Ru3(CO)9{PPh2(m-C6H4SO3Na)}3 is a catalyst precursor
for the hydrogenation of acrylic acid and the hydroformy-
lation of propylene under water–gas shift conditions[106].
The P(m-C6H4SO3Na)3 derivatised clusters were also eval-
uated for activity in the ionic liquid [bmim][BF4] (bmim
= the 1-butyl-3-methylimidazolium cation), but their solu-
bility was low and catalytic activity was very low. Similarly,
the ruthenium cubane cluster [Ru4(�6-C6H6)4(OH)4]4+ is
an active pre-catalyst for the hydrogenation of benzene in
aqueous solution, but in [bmim][BF4] it is almost inactive,
which is thought to be due to activation of the compound
by reaction with water[107]. Other water soluble clusters
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SO3Na

P

CO

CO

CO

OC
OC

CO
CO

CO
OC

CO
CO

SO3Na

NaO3S

H2/catalyst

water

catalyst =

Scheme 7.

have been made by attaching the water soluble ligand pta
(pta = 1,3,5-triaza-7-phosphaadamantane), but these have
not been evaluated as catalysts, instead their ability to dam-
age DNA was assessed[108].

While not a cluster-carbonyl compound, [H4Ru4(�6-
arene)4]2+ and some related clusters, catalyse the hydro-
genation of arenes under biphasic aqueous-organic[109]
and ionic liquid-organic conditions[110]. It was found
the purity of the ionic liquid was critical with chloride
impurities often present impeding activity[111].

Ionic liquids provide a polar, non-nucleophilic environ-
ment which can increase catalyst lifetimes in certain biphasic
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Fig. 3. An example of a cluster derivatised dendrimer currently undergoing catalytic evaluation.

processes[112]. Such an observation is important as bipha-
sic catalysis has been criticised since homogeneous catalyst
lifetime is often short and it is possibly not worth finding
ways to recycle and reuse them[113]. Only very few clusters
have been screened in ionic liquids, but since charged com-
pounds are generally highly soluble and well retained in the
ionic liquid during product separation[114], there is con-
siderable potential for cluster catalysis using ionic liquids
as immobilisation media. Clusters can also be prepared in
ionic liquids due to their large temperature ranges, which can
accelerate reactions by allowing temperatures usually only
accessible to solid-state pyrolysis reactions to be achieved
in solution [115]. Some nascent results show that consid-
erable improvements in activity of clusters immobilised in
ionic liquids compared to organic solvents for hydrogena-
tion of simple alkene substrates[116]. The ionic liquid also
appears to influence the selectivity of the reaction and the
mechanism of cluster catalysis. In addition, a strategy for
making liquid metal carbonyl anions has been reported and
the same protocol might be applicable to cluster-carbonyls
as well[117].

Metal carbonyl compounds are highly soluble in super-
critical fluids [118], and although supercritical fluids are
under intensive evaluation as solvents in which to conduct
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catalysis, very little catalysis using clusters has been under-
taken in them. Fe3(CO)12 has been shown to catalyse the
isomerisation of 1-hexene to 2-hexene in supercritical CO2
at 190 atm and 90◦C (mentioned in[119]). The same reac-
tion takes place in the neat alkene, but a higher reaction tem-
perature is required. The hydroformylation of ethylene us-
ing Ru3(CO)12 as the catalyst precursor has been conducted
in supercritical CO2 [120]. The reaction was conducted at
pressures ranging from 224 to 408 atm, with turnover fre-
quencies increasing rapidly with pressure. The same catalyst
precursor was found to be only slightly active for hydrogena-
tion reactions under similar conditions[121]. Supercritical
water at 220 atm and 374◦C has also been used as a sol-
vent for the water–gas shift reaction using Rh6(CO)16 as a
catalyst precursor[122].

Clusters immobilised on solid supports is a considerably
more developed field than that involving liquid supports,
and only an outline, together with some significant recent
developments will be described here. Various solid supports
have been used to immobilise clusters including silica, alu-
mina, clays and nanotubes and the resulting catalytic activ-
ity of the resulting materials have been extensively studied
and reviewed[123]. Perhaps the most recent advance in this
field concerns the use of heteronuclear clusters anchored to
silica, then decomposed, to give very small (1–1.5 nm di-
ameter) nanoparticles which often result in highly selective
catalysts[124], although a similar approach has been used
previously involving alumina supports[125]. The clusters,
for example, Ru6C(CO)16SnCl2, [Ru6C(CO)16SnCl3]−,
[Ru6C(CO)16Cu2Cl]2−, [Ru12C2(CO)32Cu4Cl2]2− and
[Ru5PtC(CO)15]2− may be deposited onto MCM-41
(a nanoporous silica with a surface area typically of
500–900 m2 g−1) without any change in the characteristic
carbonyl stretching frequencies, implying that they remain
intact. Following pyrolysis, all the carbonyls are driven
off, leaving behind the bimetallic nanoparticles. It is worth
pointing out that carbide centred ruthenium compounds
and their heteronuclear derivatives are not known for their
catalytic activity as molecular species[126]. The main
application of these MCM-41 supported heteronuclear clus-
ter derived nanoparticles is in hydrogenation reactions of
alkenes, polyenes and arenes, ideally under solvent free con-
ditions. Clusters have also been anchored inside nanoporous
alumina membranes in a controlled fashion and then ther-
malised to give nanoparticles[127]. In addition, heteroge-
neous clusters entrapped in sol-gel matrices and bound to
silica afford nanoparticles under hydrogenation conditions
[128]. Subsequently, the nanoparticles were shown to catal-
yse C–C bond forming reactions. The homonuclear cluster
[Ru6C(CO)16]2− has also been supported on TiO2 which
affords a supported particle catalyst that is highly active
for the reduction of SO2 with H2 to give elemental sulphur
[129]. Clusters have also been attached to more flexible
supports such as polymers, which have been evaluated in
catalysis[130], and dendrimers[131]. For example, den-
drimers derivatised with phosphines on the periphery form

stable compounds with clusters (seeFig. 3), but as yet, their
catalytic applications have not been reported.

6. Giant cluster/colloid catalysis

Clusters are often viewed as the intermediate species be-
tween mononuclear complexes and colloids. However, col-
loids may be viewed as bridging the gap between clusters
and metal surfaces. But when does a cluster become a colloid
and vice versa. Certain compounds such as Au55(PPh3)12Cl6
remain at the cluster/colloid interface because its size is
nearer to that of clusters, but at the same time the number
of metal atoms in the structure can vary, which is a fea-
ture typical of colloids. At the time Au55(PPh3)12Cl6 was
first reported, it contained many more metal atoms than the
largest known cluster, but now many clusters with around
50 metal atoms are known such as Pd54(CO)40(PEt3)14 [12]
and Pd69(CO)36(PMe3)18 [13] and a much larger cluster, viz.
Pd145(CO)x(PEt3)30 [14], has also been reported (seeFig. 4).
In addition, matrix assisted laser desorption ionisation mass
spectrometry can be used to generate very large clusters
which contain in excess of 100 metal atoms[132], but un-
fortunately while the small clusters formed mirror those that
can be isolated in the laboratory[133], macroscopic syn-

Fig. 4. The structure of the metal core in Pd54(CO)40(PEt3)14 (top) and
Pd145(CO)x(PEt3)30 (bottom). The ligands have been omitted revealing
the complexity of the metal cores.
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thetic routes to the larger clusters have yet to be developed
(could Ru60(CO)60 correspond to a C60 analogue—a ruck-
yball).

One goal in cluster chemistry is to prepare and charac-
terise increasingly large clusters and while the catalytic prop-
erties of the largest have yet to be determined it is likely that
the presence of internal metal atoms (bulk metal atoms) will
lead to colloid-like properties. In contrast, one of the main
goals in colloid/nanoparticle science is to reduce their size
so that more atoms are exposed to the surface to increase
reaction sites. In fact, many small so called soluble colloids
are more active than true homogeneous counterparts which
contrasts with the usual view that homogeneous catalysts
are more active than heterogeneous catalysts[134]. Already,
clusters and colloids have exchanged sides, and it is likely
that in the future the two fields will become increasingly
blurred and may eventually merge.

7. Concluding remarks

After nearly half a century of cluster chemistry the sub-
ject remains intensely studied, despite initial expectations
having not been fully realised. There is no doubt that one of
the chief reasons for this sustained activity is the ability of
clusters to model heterogeneous catalysts and also to act as
catalysts in their own right, and only recently has direct ev-
idence for catalysis by intact clusters been provided. How-
ever, it would appear that many of the most efficient cata-
lyst systems do not involve cluster catalysts, but mononu-
clear fragments generated from them in situ, or nanoclus-
ters, deliberately prepared from molecular clusters. There
also seems to be considerable potential for cluster cataly-
sis in ionic liquids and supercritical fluids. Anionic clusters
are highly soluble in ionic liquids and metal carbonyl com-
pounds more generally have high solubilities in supercritical
solvents. As such, there are considerable opportunities avail-
able as an extensive range of compounds can be screened in
these solvents without the need to modify them in any way.
Finally, a giant palladium cluster containing in excess of
500 metal centres, although not a low oxidation state cluster,
catalyses the isomerisation and dimerisation of lower alkenes
[135] and other reactions[136], and although this cluster
could also be categorised as a colloid, it paves the way for
catalytic studies on massive, but well defined and soluble,
metal systems, which may lead to new activities and other
possibilities.
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