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In order to explain our interest in the selective reduc-
tion by proton and electron addition, and asymmetric
hydrogenation, the historical background and the cur-
rent status of carbonyl clusters as catalysts are briefly
described. The unique redox chemistry of the amomc
platinum carbonyl clusters (Chini clusters) has been
utilized to design a model for the pH-driven transport
of electrons through biological membranes. The plati-
num clusters have also been used as catalysts for the
reduction of biological co-factors and proteins by di-
hyvdrogen. To overcome the water insolubility problem
of the platinum clusters, two approaches have been
adopted. In the first, a biphasic system consisting of
water and a solution of the platinum cluster in a water
immiscible organic solvent is used. In such a reaction
system, by using a redox active dye such as Safranine
O as the shuttle carrier for two electrons and one pro-
ton, the reduction of fiavin and nicotinamide cofactors
by dihydrogen could be effected. The regeneration of
NADH from NAD" by dihydrogen can be further
coupled with lactate dehydrogenase catalysed reduc-
tion of pyruvate to lactate. In the second approach, the
platinum clusters are anchored onto a btocompatible
anion exchange resin such as QAE-SEPHADEX. The
sephadex-supported material catalyses the reduction of
flavin cofactors and Cyt(C,, by dihydrogen in water.
The platinum clusters could also be anchored onto
cross-linked polystyrene, functionalized with chiral
quaternary ammonium groups. This material becomes
an active heterogeneous hydrogenation catalyst after
thermal decarbonylation, and reduces methyl pyru-
vate to methyl lactate with high enantioselectivity.
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Introduction

In chemical literature the term ‘cluster’ 1s used to describe
a very wide range of molecular level structures in the
solid, hquid or gaseous phase. Zintl phases, polynuclear
metal carbonyls, binuclear complexes with single or multi-
ple metal-metal bonds, iron—sulphur cubanres, and a host
of other metal complexes are examples of ‘clusters’ that
are of special interest to inorganic chemists. In this article
the term cluster is used only to refer to polynuclear metal
carbonyl complexes with three or more metal atoms.
Simply put, the rationale behind the proposal that carbo-
nyl clusters may have potential as novel catalysts 1s as
follows. Certain carbonyl clusters may be expected to
have co-ordinative unsaturation due to either the easy loss
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of ligands, or because of their intrinsic electronic charac-
teristics. Due to the presence of three or more metal
atoms, the substrate activation may occur by more than
one metal atom. Since such a mode of activation is not
possible with mononuclear metal complexes, clusters may
be able to catalyse reactions in solutions that fall strictly
in the domain of heterogeneous catalysis' ™.

In the early seventies, with what was perceived to be an
imminent oil crisis, there was considerable interest in coal
as a feed stock for chemicals. The gasification of coal to
give synthesis gas (CO + H;) and conversion of the syn-
thesis gas into a mixture of hydrocarbons with hetero-
geneous Fischer~Tropsch catalyst are proven technologies.
In a large number of clusters, both carbonyl and hydride
ligands are present. Carbonyl clusters were thus expected
to have potential catalytic activity or relevance in homo-
cseneous CO hydrogenation reactions.

In the mid-seventies Muttertities reported the first example
of homogeneous hydrogenation of CO to methane with
Os1(CO)y, or Iry(CO),, as the precatalystﬁ‘g. Around the
same time, Union Carbide also reported the selective
hydrogenation of CO to ethylene glycol using soluble
rhodium complexes as catalysts'’. The possibility of rho-
dium clusters as catalytic intermediates was proposed but
to date has not been proven. Although these original rep-
orts did generate a considerable amount of interest, sub-
sequent research did not lead to the development of any
cluster-based, high performance catalyst.

In the last two and a half decades, a very large number
of carbonyl clusters with many interesting structural fea-
tures have been made and characterized'”. Sophisticated
theoretical models with considerable predictive power
have been developed to rationalize the structures of clus-
ters In the solid state and in solution. There are several
monographs, review articles, and even an exclusive jour-
nal that deals with the chemistry of cluster complexes. A
very recent book has comprehensively dealt with the theme
of cluster catalysis''. However, from this vast amount of
literature it is clear that progress in terms of discovering
cluster-based high performance catalysts for useful reac-
tions at best has been modest' '™,

Discussion on any catalyst — homogeneous, heterogeneous
or enzymatic — must address two basic questions. What 1s
the reaction that the catalyst is capable of catalysing and,
in terms of activity and selectivity, what is its perfor-
mance? From this perspective more than a decade and a
half ago, we tried to identify reactions where we felt clus-
ters may have unigue catalytic potentials.
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The first reaction, shown by reaction (i), 1s the selective
reduction of a given substrate by the addition of electrons
and protons. The importance of this ubiquitous reaction in
biological systems cannot be overemphasized. A homo-
geneous catalyst that uses dihydrogen as the source of
electrons and protons, but avoids over-reduction would
have obvious potential in catalytic reactions involving
biomolecules. Since most biological reactions take place
in an aqueous environment, the catalyst must also be able
to function in such a medium.

Substrate oigizedy + Ne” + MH — Substratereguces

+ (m—n)H" (1)

It is important to note that there 1s a mechanistic diffe-
rence between reaction (i) and conventional hydroge-
nation reactions. Many highly efficient homogeneous
catalysts are available for the hydrogenation of unsatu-
rated substrates such as alkenes, ketones, etc. In most of
these reactions, metal hydrides are involved as catalytic
intermediates. This however need not necessarily be and
is very often not the case with the reaction (i1).

The second problem that we wanted to address belongs
to the area of asymmetric catalysis. We wanted to see if
carbonyl clusters, placed 1n a chiral environment on a
solid support, could act as precursors for asymmetric
heterogencous hydrogenation catalysts. As we will see,
the advantage of this approach is that 1t allows the crea-
flon of a large library of potential catalysts with ditferent
combinations of metals, nuclearities and chiral environ-
ments. In this article we review our work in the two areas
mentioned above,

Anionic platinum carbonyls

The platinum clusters of the general formula [Pt3(CO)6]ﬁ’
(n=1,2,3,4,5, 6 and ~ 10) have come to be known as
the ‘Chint clusters’. The first report of the platinum clus-
ters 1n fact could be traced back to the work of Chatt and
Booth who had noticed that ‘platinum dicarbonyl’ dissol-
ves tn acetone in the presence of ammonia to give a
dark-green solution'”, However, at that time the intriguing
molecular architecture of these clusters was neither recog-
nized nor established. The rationale synathesis of these
complexes by Chini and Longoni, using simple techniques
and readily available starting materials, is a beautiful ex-
ample of creative inorganic synthesis at its best'®. These
clusters are made from hexachloroplatinate salts by the
careful reduction of Pt** in methanol.

The clusters can be isolated as tetraalkyl ammonium
salts. As shown in Figure 1, the structures of all the clus-
ters with more than three platinum atoms consist of metal
triangles stacked over one another. In each triangle there
are three terminal and three bridging carbony! ligands.
IFor the high nuclearity clusters (n > 1) there is some dis-
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“ours, and spectral (IR, UV-visible) signatures

tortion from the ideal D;, symmetry of the monomer. This
1s because some of the monomer units are rotated relative
to the others. More than two decades ago, the unique struc-
tures of these clusters, both in the solid state and in solution,
were established by single crystal X-ray and multinuclear
NMR ('H, "°C, '°Pt) studies respectively'’'”, Theoretical
bonding descriptions to rationalize the observed structures
and spectroscopic properties have also been reported” >,
The clusters with n =3, 4, and 5 have characteristic col-
17,21-23

The platinum clusters have the unique ability to undergo
a variety of redox reactions in a clean manner. In all these
redox reactions the nuclearities of the clusters decrease in
the case of reduction, and increase in the case of oxi-
dation. The stoichiometries of the reactions with dihydro-
gen, hydroxide ion and water as the respective reducing
agents are shown by eqgs (ii) to (v) in Figure 1. Chini and
Longom: had brietly reported these unusual reactions in
their classic paper’’. |

In terms of reactivity there are two striking similarities
between the platinum clusters and platinum colloids. First,

[Pto(CO)151* [Pt)5(CO)24)> [Pt;5(CO)30]"
(2) (3) (5)

I
n

/
\"U

ocl---",’t'—-co
QC
(n-D[P(CON) T + Hy === n[Pty(CO)l,. > + 2H (ii)
3[PACONa}* + Hy === 4[Ptg(CO)Y )" + 2H" (iii)

3[PLCON)Y + 2HO se=m= 4(Py(CO)g)™ + Hy0 + 120, (V)
B[PtIZ(CO)H]E' + HEO = 4[?19(00)13]2“ + 2H++ ”201 (\')

Figure 1. Top: Schematic stroctures of the Chini clustess with nine,
12 and (S plutinum atoms. For clacity the ¢achonyl graups and dustor-
tion from Dy symmetry are not shown, Bortom: Stwichiometries of the
redox reactions of platinwi clusters wih dihydiogen, hydroxide 1on
and witee, )
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in most of the hight-assisted water splitting systems, plati-
num coflowds are used to catalyse the reduction of protons
by a mediator such as methyl viologen radical cation”*’,
As we will see the reverse reaction, t.e. reduction of
methyl viologen by dihydrogen. is catalysed by the plati-
num clusters. Secondly, 11 has recently been reported that
aggregates ot these carbonyl clusters are formed when
carbon monoxide is reacted with platinum colloids™®,

in all the reactions studied by us, we have used the
platinum clusters as the catalysts or precatalysts. We have
explored their potential as homogeneous catalysts in solu-
tion. We have also anchored them onto organic supports
and used them as heterogenized homogeneous catalysts.
We hirst discuss those catalytic reactions where the cluster
1s used as a homogeneous catalyst. i.e. in solution. The
liquid phase in these reactions may consist of a solution of
the cluster and other reactants in a single solvent. or it
may consist of rwoe immiscible liguids such as water and a
water immiscible organic solvent.

Plarinum clusters as homogeneous redox catalysts

As shown in Figure 2 g, the idea of using the platinum
clusters as redox catalysts would have some merit as long
as 1t satisfies two obvious criteria. First, the oxidized sub-
strate should not undergo reduction by the electron donor
(HO", H»O. or H;) 1n the absence of the catalyst. Second,
the oxidation of the cluster must be a clean one. In other
words, over a modest number (greater than 10) of turn-
overs there should be no spectroscopically observable
decomposition of the cluster.

Since conventional heterogeneous catalysts such as nlati-
num on carbon over-reduce nicotinamide and flavin co-
tactors, the selective reductions of these cofactors are of
special interest”’. We wanted to see if the clusters could
be used as selective catalysts for these and related reac-
tions. In evaluating the clusters as redox catalysts, the
main difficulty lies in the solubility properties of the
potential reactants. The clusters like most organometallic
complexes are insoluble in water, while the cofactors are
soluble only in water and insoluble in all common organic
solvents.

In our early experiments we attempted to reduce FMN
(or FAD) and NAD" directly, by reacting them with the
reduced platinum cluster, [BusNEL[Pt(CO)c] (1), in a
biphasic system (water/dichloromethane, 50 : 50 by vol-

ume). No reduction of NAD" and very slow reduction of

FMN and FAD were observed. In biochemical research
[Fe(CN)¢]”™ is often used as an artificial electron acceptor.
Since the results with the co-factors were disappointing,
we evaluated the potential of [Fe(CN)s]’™ as an electron
acceptor, and found it to be satisfactory. UV-visible spec-
tral monitoring of both the water and the organic layers
showed clean 1sobeaucmes The two absorbmg species in
water were [Fe(CN)]>~ and [Fe(CN)¢]*", while in the orga-
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nic solvent they were [Pty(CO)5)* (2) and [Pt;2(CO),e]*
(3). The relatively easy reduction of ferricyanide com-
pared to the co-factors may be partly due to the more
favourable reduction potential of the former.

Based on these observations a model system for the pH-
driven transport of electrons and alkali metal ions through
an artificial membrane was constructed®®. In this mode!

system, an aqueous solution of sodium hydroxide is sepa-

rated from an aqueous solution of ferricyanide through an
intervening layer of dichloromethane or ethyl acetate (see
Figure 2). The platinum cluster [BuyNJ,[Pt;,(CO),,0 is
dissolved in the organic layer. As shown in Figure 2 b, at
the lett and right phase boundaries the platinum clusters
(3) and (2) undergo reduction by HO™ and oxidation by
[Fe(CN)s]"", respectively. The net effect of these two
reactions is the reduction of [Fe(CN)s]"™ to [Fe(CN)¢1* by

ELECTRON 2- REDUCED
a DONOR 3[Pt;5(CO)p4] SUBSTRATE
(H;. HO etc))
OXIDIZED 2- \
DONOR 4[Pty(CO), ] SUBSHRATE
b
Aqueous
Solution of A
queous
NaUH \ solution of
ferricyanide

. \Platinum clusters in

Organic solvent

At the left interface:

2NaOH + 3[BuyN],{Pt,,(CO)34] —»

H,0 + 3[BuN]|[Pty(CO) g1+ Nay[Ptg(CO) 4]

At the right imerfgce:
3[BusN1;{Pto(CONs] + Na,[Pty(CO),q] +2K;[Fe(CN)g} —o

3[BuyN1;{Pt;,(CO), 4]+ 2Na’ + 2[FC(CN)6]4'+ 6k

Net reaction:
2NaOH + 2K;3[Fe(CN)¢] —

H,0 +2Na" +6K* + 2[Fe(CN) ]

Figure 2. a, Generalized catalytic cycle for the reduction of an oxi-
dized substrate by dihydrogen or hydroxide ion; b, Cluster catalysed pH
driven symport of electrons and sodium ions in a model system.
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HO™. In the process electrons and sodium ions are trans-
ported by (2) from the left to the right phase boundary.

Since the transport of electrons and sodium tons are in
the same direction, the model mimics what is called ‘sym-
port’ in a biological system.

The pH-driven model liquid membrane system cannot
be used to effect the reduction of the cofactors. This is
because, as already mentioned, in a biphasic system there
is zero or negligible reduction of the cofactors by (2).
Also, the reductions of NAD" and flavin cofactors require
one and two protons respectively. Thus the catalytic
reduction of NAD™ and the flavin cofactors had to be
based on an alternative strategy.

Our alternative strategy was based on the use of di-
hydrogen and a shuttle carrier. Dihydrogen supplies the
reducing equivalents (two electrons and two protons), and
the shuttle carrier transports the electrons and proton(s)
from the organic to the aqueous phase®”. The ubiquitous
roles of various shuttle carriers in biological systems are
well documented®. Among their many functions they also
tacilitate the selective transport of electrons (and protons)
across biological membranes. We decided to evaluate the
potential of redox active dyes as shuttle carriers for elec-
trons and protons.

We first established that, by ustng [BuyN],[Pt;2(CO)y4l as
a precatalyst and dihydrogen as the reductant, a range of
redox active dyes such as methylene blue (MB™), safra-
nineQ (Saf*), methyl viologen (MV?*), etc. could be sel-
ectively reduced. Spectroscopic monitoring and reversible
autoxidation established that in an organic solvent such as
dimethyl formamide, MB"*, Saf*, and MV*" were selec-
tively reduced to MBH, SatH and MV™", respectively.
Selective reduction of MB™ and Saf™ could also be effec-
ted in a biphasic system consisting of water, and a water
immiscible organic solvent such as dichloromethane or
ethyl acetate.

The mechanism for this reaction is shown in Figure 3 a.
Reduction of (3) to (2) by dihydrogen takes place 1n the
organic solvent. The oxidized dye (Dyee) has some solu-
bility both in water and the organic solvent. In other
words the oxidized dye partitions itself between the orga-
nic and the aqueous layers. Reduction of Dye,, to Dye g
by (2) takes place in the organic layer. The reduced dye,
like Dyey,, is partitioned between the organic and the
aqueous layers.

In traditional biochemical research, the use of redox
active dyes as artificial electron acceptors is well esta-
blished™. The numbers of electrons and protons that the
reduced dye may carry obviously depend .upon the par-
ticular dye. The one-electron MV**/MV™** couple has been
widely used as an electron carrier in photo-assisted water-
splitting systems****. It has also been used with some suc-
cess” for the reduction of NAD*. We decided to use
Saf*/SafH couple as the shuttle carrier for three reasons,
First, in contrast to MV"", which is a single electron
donor, Sat{ is a two electrons plus one proton donor. The
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reduction of NAD" requires two electrons and one proton.
Similarly, for the reduction of the flavin cofactors, two
electrons and two protons are needed. Second, for the
reduction of NAD", compared to MB*/MBH couple, the
half-cell potential of Saf*/SafH is thermodynamically
more favourable. Third, the partition coefficients of Saf”
and SafH in a biphasic system are adequate for them to
function as efficient shuttle carriers. The molecular
structures of Saf* and SafH are given in Figure 3 b.

For the reduction of NAD" by dihydrogen, we decided
to use [Saf];[Pt;:(CO),4] (4) as the precatalyst. This salt is
easily made by adopting the literature reported synthetic
procedure for the Bu,N™ salt of (3) and using Saf*CI” in
the place of BusN'I", The advantage of using (4) as the
precatalyst 1s that the amount of the dye used is minimized.
This 1n turn reduces the interference in the UV-visible
spectra of the cofactors due to the presence of the dye.

The strategy of using Saf*/SafH as shuttle carriers for
electrons and protons was successful. Both NAD" and the
flavin cofactors could be selectively reduced by dihydro-
gen in a biphasic (dichloromethane/water, 1 : 1) system™ .
Depending upon the pH of the agueous layer and other
reaction parameters, in both the cases 10-20 turnovers are
obtained in an hour.

a
H2
§
L — _
Dye Dye
J red l“ //L’l Water
| P
Dye,.q Dye,
3P|u!' 4Pt91- +H' ‘\\P\;
Organic
\ / . solvent
- H

li);wzr,;,rz,\L = SafranineO
= Saf

Dye,.q4 = reduced SafranineO
= SatH

Figure 3. a, Mcchanism of cluster catalysed catalytic reduction
of methylene blue or salraninet) by dihydrogen in a biphasic system
b, Structuves of Saf™ and Saltf,
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The importance of dehydrogenase-based enzymatic cata-
Ivsis in industry and organic synthesis is well docu-
mented™. An industrial process for the conversion of
pyruvate to enantiomerically pure L-lactate involves the
use of two dehydrogenase-based enzymes. One of the en-
zymes, lactate dehydrogenase (L-LDH), catalyses the
reaction between pyruvate and NADH to give lactate and
NAD?". The other enzyme, formate dehydrogenase (FDH),
catalyses the regeneration of NADH from NAD"' using
formate as the reductant.

The cluster-based catalytic system could be extended for
the enzymatic reduction of pyruvate to lactate’. In this re-
action only a single enzyme (L.-LDH) is used. The cluster
anions and the Saf’/SafH couple carry electrons and pro-
tons from dihydrogen to NAD™ for the continuous regene-
ration of NADH (see Figure 4). With a pyruvate to NAD"
to (4), molar ratio of 600 : 10 : 1, complete conversion of
pyruvate to L-lactate could be achieved in less than 48 h.

In all the catalytic systems described so far, (2) and (3)
are the only spectroscopically tdentifiable, organometallic
speciés present during a given catalytic run. Their total
absorbance remains constant during the course of such a
run. These two observations suggest that (2) and (3) are
the active catalytic intermediates, and there is no degra-
dation of the clusters to colloidal platinum.

Catalysis with clusters supported on anion
exchangers

The fact that the anionic platinum clusters could be tethered
to commercial anmion exchangers (Amberlite IRA 401)

H,

N

\

Organic
solven

Figure 4. Coupling of cluster catalysed reduction of NAD* by di-
hydrogen, with the enzymatic conversion of pyruvate to L-lactate.
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without aftecting their molecular structures and nuclea-
rities was reported by Bhaduri and Sharma* many years
ago. The structural evidence for the retention of nucleari-
ties and molecular structure was based on analytical and
spectroscopic (UV-visible, IR and ESCA) data, and initial
studies had also established the following important con-
clusions. First, the supported cluster anions were suffi-
ciently mobile and reaction (i1) could be effected on
the resin surface. Second, on decarbonylation, the resin-
supported cluster became an active hydrogenation catalyst.
The driving force of anion exchange is obviously the
tormation of ion pairs between the anionic cluster mole-
cules and the cationic quaternary ammonium groups of the
anion exchanger. We have used this general reaction to
develop two novel catalysts (see Figure 5 @). With cata-
lyst (6), dihydrogen is used as the electron (and proton)
donor and a catalytic cycle similar but not identical to that
of Figure 2 a 1s etfected on a biocompatible resin surface.
A resin with a chiral quaternary ammonium group such as
cinchonium 18 used for catalyst (7). Here the supported
cluster 1s thermally decarbonylated, and the decar-
bonylated material 1s used as a hydrogenation catalyst.
We first discuss the catalytic applications where advan-
tage 1s taken of the redox chemistry of the intact platinum

clusters.

Na;[Pt,5(CO)sp] solution in Methano!

20% DVB cross-linked
c¢hloromethylated polystyrene
functionalized with chiral
quatcrnary ammoniumm groups

QAE-SEPHADEX, biocompatible
anion exchange n-,sin‘,

QAE-SEPHADEX supported

[Pt] j{Cﬂ}M]b + 1P co y,
(6) rRi TR

[Pt 5(CONel
NR;’ NR,’

| | |

(7)

Cross linked polystyrene matrix.

For cinchonine NRy =

Figure 5. Two different types of polymer supported cluster catalysts.
In (7), the cluster is in a chiral environment and on decarbonylation
catalyses the asymmetric hydrogenation of methyl pyruvate. In (6), the
cluster is on a bto-compatible resin and catalyses the reductien of selec-
ted proteins and flavin cofactors by dihydrogen in an aqueous envir-
onment.
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Reduction of co-factors and proteins by
dihydrogen

Qur initial studies established that the anion exchanger,
Amberlite IRA 401, was not compatible with biomole-
cules, It quickly denatured proteins such as CytCox and
lipoamide dehydrogenase. We therefore chose a biocom-
patible, commercially available anion exchanger QAEL-
SEPHADEX (Sigma) as the support material. The cluster
[Pt;5(CO)10]” (5) was anchored onto it by stmply treating
a methanolic solution of sodium salt of {5) with the resin
for about 2 h.

The catalytic potential of sephadex-supported (§) for
the reduction of bio-molecules in water by dihydrogen
was evaluated. The resin-supported cluster was found to
be effective in bringing about the selective reductions of
flavin cofactors, lipoamide dehydrogenase and CytCox by
dihydrogenas. However, it showed near zero activity for
the reduction of NAD". This lack of activity is at least in
part due to the thermodynamic demand of NAD'/NADH
couple. All the other oxidized substrates, FAD, FMN,
CytC,x have more favourable reduction potentials.

In mixed solvent systems such as DMF-water (more
than 90% water), the extent of reduction of (3) to (2) by
dihydrogen 1s insignificant and cannot be spectroscopi-
cally observed. Participation of (2) in the catalytic cycle is
therefore unlikely. A plausible mechanism involves reduc-
tion of (5) to (3) by dihydrogen and oxidation of (3) back
to (8) by the biomolecules.

Cluster-derived heterogeneous catalysts for
asymmetric hydrogenation

Hydrogenation of methyl pyruvate ester with cinchona-
modified platinum catalysts is known to give methyl lac-
tate with high enantioselectivity’®>’. After the name of its
inventor, this reaction is called the Orito reaction®®., As
already mentioned, anionic carbonyl clusters of platinum
(and other metals) could be supported on cross-linked
polystyrene resin functionalized with quaternary chiral
ammonium groups (see Figure 5). The semi combinatorial
approach of ion pairing different chiral groups with ani-
onic clusters of different metals, enabled us to create a
library of potential asymmetric catalysts™ .

For the Orito reaction, ion pairing between (5) and cin-
chonmine or quinine-derived quaternary ammonium groups
gives the most effective (initial rate ~ 1-10 mmol/(min.g);
enantiomeric excess ~ 75-80%) catalyst. Anionic car-
bonyl clusters of ruthenium and rhodium are found to be
significantly less effective. Within experimental error, the
catalysts derived from (2), (3) and (5) have very similar
activity and selectivity. In other words the nuclearity of
the cluster does not have an observable effect on the per-
tormance of the catalyst.

Kinetic studies on a number of catalysts all derived
from (3) but ion paired with different quaternary ammo-
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nium groups have been carried out®™. Data from such
studies indicate that rapid pre-equilibrium leading to the
formation of a catalyst-substrate complex precedes the
rate determining step. It also shows that, among the diffe-
rent quaternary ammonium groups, the one derived from
cinchonine 1§ the most effective both in terms of activity
and enantioselectivity.

As mentioned earlier, for any observable activity in
these cluster-derived catalysts, thermal decarbonylation is
an essential requirement. The nature of the active decar-
bonylated species is not known with any certainty. How-
ever, after use in a catalytic run, under CO pressure, the
catalyst could be recarbonylated. The recarbonylated
material has an IR spectrum that is identical to that of the
freshly prepared catalyst. This reversible decarbonylation

is probably indicative of retention of molecular structure
by the decarbonylated cluster.

Conclusions and future outlook

The work described in this article shows that platinum
carbonyl clusters do have considerable potential as redox
catalysts both in a biphasic liquid medium and also on
sephadex resin. Both these approaches are also useful for
the efficient separation of the catalyst from the reaction
products.

There are many questions that remain to be answered
betore the behaviour of these redox catalysts could be
understood in a comprehensive manner. Detailed kinetic
studies have been carried out on reaction (ii) and will be
published soon. Similar data for each reaction step in
Figure 4 1s required. We have also carried out preliminary
electrochemical (cyclic voltametry) studies on (2), (3) and
(5) in DMF. Such data may provide a thermodynamic
basis for the observed chemistry.,

From a purely functional point of view, the ability of
the clusters to equilibrate dihydrogen with two protons
and two electrons, i.e. reaction (i1), is similar to that of the
enzyme hydrogenase. In iron only hydrogenase, several
iron sulphur clusters carry electrons to the so-called H-
cluster where dihydrogen evolution is believed to take
place*’. We plan to evaluate the potential of the platinum
clusters to catalyse a whole range of reactions normally
encountered 1n an anaerobic ecosystem.

For the polystyrene-supported asymmetric catalyst, we
plan to carry out detailed characterization studies on the
active and used catalysts. Comparative evaluations of
catalysts with chiral amines other than the cinchona alka-
loids, and for the hydrogenation of prochiral substrates
other than methyl pyruvate, are also planned.
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