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Abstract

This is a comprehensive review on the chemistry and speciroscopic properiies of phosphine-
stabilized, M-ceatered Au cluster compounds where M =platinum or palladium. The
nuclearity of the clusters ranges from 3 (eg. [Pt{NO;)}PPh,},(AuPPh,},]*) ic 25 {eg
Pi,Ag:{AuPPh;),,Cl;}. The latter consisis of two Pt-centered icosahedral uniis sharing a
common veriex. Many of the clusters coniain additional metals such as Ag, Cu, or Hg in
their periphery. Preparative methods are reviewed and organized by reaction type. Emphasis
has been placed on reactions and transformations of preformed clusters so that the reader
will acquire a useful knowledge of the reaction chemistry. Structural propesties of the clusters
are also described. The reactivity and structural properties of the clusters are rationalized in
terms of an clectron counting model and this is used throughout the review. Spectroscopic
properties {e.g. nuclear magnetic resonance { NMR}, fast atom bombardment mass, UV—visible,
and X-ray photoelectron spectroscopy} of the clusters are described primarily for character-
ization; however, general trends are pointed out. Several applications in catalysis are
also reviewed. Many of the clusters are good catalysts for H, activation and can serve as
potential models for bimetallic surfaces. Kinetic data for the H,-D, equilibration reaction
{H;+ D, =2HD} are given and discussed in terms of cluster composition and structure. The
results provide some insight into the well-known synergism observed for Pt—Au and Pd— Au
heterogeneous catalysis. The mechanism of caialyiic H, —D), equilibzation under homogen-
eous conditions is also discussed. The cluster [Pt{AuPPh;}1?* is an excellent catalyst for
D, (g-H, 01} 1sotope exchange in pyridine solution. This interesting and important reaction
is described and kinetic results are related to other isotope exchange systems. A teatative
mechanism is proposed based on NMR analysis of the reaction mixture. Finally, prospecis
for future studies are given. The recent discovery of the catalytic applications of these clusters
provides renewed interest in this challeaging field.

Keywords: Platinum; Paliadium; Phosphiaes; Caialysis; Clusters
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1. Intreduction

The area of heteronuclear gold cluster chemistry has grown enormously over the
past decade and recently discovered catalytic activity with clusters of this fype has
revealed new directions. This review will focus on phosphine-stabitized, high nuclea-
rity, M— Au cluster compounds {M = Pd or Pt} that contain Au—M and Au—Au
bonds and a high proportion of gold in their metal framework. Clusters with these
metal combinations have demonstrated a rich chemistry because of their ability to
react with a wide variety of substrates. Recently it has been shown that these species
also activate dihydrogen [1-3]. This review will not include homonuclear gold
clusters, heteronuclear gold clusiers of other metals, or M— Au clusters that are
stabilized by carbon monoxide ligands. These areas have been recently reviewed by
Braunstein and Rose [4], Mingos and co-workers [ 5,67, Pignolet and co-workers
[7]. Salter [ 8], and Steggerda [9]. Although this review will include the synthetic,
reaciivity, spectroscopic, and structural properties of Pt- - Au and Pd— Au cluster
compounds, it will emphasize reaciions with H, and catalytic applications. There
have been aumercus proposals about the analogy between metal ¢lusters and metal
surfaces (see for example Ref. [ 107). Although this analogy has been useful in describ-
ing the bonding modes of ligands and substrates to metal surfaces, it has been less
successful in providing examples of catalytically active, intact, molecular clusters.
This is especially true with bimeiallic systems. It is known that the addition of gold
to heterogeneous Pt and Pd catalysts has significant effects on activity and selectivity
(see for example Ref. [11]). In this review we will demonstrate the great utility of
these heteronuclear gold clusters in studying this synergetic effect and provide pros-
pects for future work.

2. Cemments on eleciron counting

Gold forms many cluster compounds with Pi and Pd {denoted M through-
out this review). Several representative examples are [M{PPh,){AuPPh,}J*".
[M{AuPPh;)1**, and [M(CO}{AuPPh,},1**. These cluster compounds are air
and moisture stable and soluble in common solvenis such as acetone, acetonitrile,
dichloromethane, and alcohols. The bonding in these high nuclearity, M-centered
clusters has been described by Mingos and co-workers using a delocalized molecular
orbital model derived from Stone's tensor surface harmonic theory [5,6,9,12]. An
electron counting formalism has resulted from this theory and is useful in predicting
structure and rationalizing reaciivity [6,7,9,12-14]. The clusters can be classified as
having 16 or 18 valence electrons. In the above three examples, the first two are
i6-¢electron clusters and the third is an 18-eleciron clusier. As an example of electron
counting for [M({PPh, AuPPh;);]°", M donates 10 electrons, PPh, donates 2,
each AuPPh; donates 1 (6 in all), and the 2+ charge takes two away. The number
of valence electrons is therefore 104+2+6—-2= 16,

All the known 18-electron, heteronuclear and homonuclear gold clusters have
structures in which the peripheral gold atoms and other central metal bound ligands
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{such as PPh; and CO) lic approximately on a sphere with a spheroidal geometry,
and 16-clectron clusters have flattened or toroidal structures. In general, a 16-electron
cluster is reactive and readily adds one 2-electron donor ligand such as CO to form
an 18-electron cluster with a change in geometry from toroidal to spheroidal. An
example is the reaction of [ M{AuPPh, ) 1** with CO to give [M(CO)AuPPh, ) 1**.
This reaction with structural representations is illustrated in Fig. 1 [15,16]. There
are some exceptions to this prediction of reactivity, however. For example,
[Pt{PPh,)(AuPPh,) 1** readily adds CO while its Pd analog does not [16,i7].
This electron counting formalism provides a useful way of classifying the reactions
and structures of these clusters, and will be used extensively throughout this review,

3. Preparative methods and reactivity
3.1. Preparation by direct combination of non-cluster compounds

The most straightforward method to prepare Pt—Au and Pd—Au clusters is by
direct combination of monometallic Pt or Pd compounds with non-cluster Au(l)
compounds such as Au(PPh;)X, X =NO; or C, or [(AuPPh;),0]" . These reactions
are cartied out in solution with use of solvents such as acetone, methanol, or
dichloromethane. Some of these reactions are illustrated in the following equations
[13,18,19]:

P{(PPh;),(C,H,) + Au{PPh; }NO, » [ Pt(NO, }{ PPhs),{AuPPh;), 1 (1)
Pi(PEt,), + Au(PPhy)Cl— [ Pt(CI){ PEL,),(AuPPh;),1* (2)

PU(PPh,),C,H,+ [(AuPPh,),0]" _"%";‘L [ Pt{1){PPhy){AuPPh;), 1"
1
{3)

{M(AuPPhy)gl2+ IM(COXAuPPh;)g]2+

Fig 1. Structvres of the 16-electron cluster [M{AuPPh; 51" and the I8-eleciron cluster
[ M{CONAuPPL, ) ¥~ (M =Pd or Pt} illustrating the change in geometry ffom toroidal to spheroidal
on the addition of CO.,
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Clusters of higher nuclearity are formed when this type of reaction is carried out ia
the presence of a reducing agent such as H, or NaBH, [16,20,21]:

Pd(acetate), + Au{ PPh;)NO, —[ Pd(PPh, AuPPh,)s J** (4)
NaBH, I

Pd(PPh,), + Au(PPhy)NO; —ts [Pd{AuPh, )] {5)

Pt(PPh,); + Au(PPh,)NO, — [ Pt{H){ PPh,}(AuPPh;),]** {6)

The PtAu, cluster formed in Eq. {1) reacts with H, to give the higher nuclearity
PtAu, cluster [ Pt{PPh;}{AuPPh;)s1°* [17,18]:

[ Pt{NO,}(PPh,),{AuPPh,),1* — [ Pt{PPh;){(AuPPh, ), 1** (7)

The PtAu; hydrido cluster formed in Eq. (6) can be quantitatively converted into
[ Pt{AuPPh,};]** by replacement of H* with [AuPPh;]" in the presence of a base
[211:

[Pt(H}{PPh,)(AuPPh,),J* + NEt, + Au(PPh,)NO, »[ Pt{AuPPh,}sJ2*
(8}

The clusters illustrated in Eqgs. {1)-{8) are all prepared in good yield (above 70%).
The preducts in Eqs. (3)}-{8) are the parent clusters from which most other clusters
can be made (see below).

The eguations which show cluster growth by reaction with. reducing agents
{Egs. (4)-(7)} illustrate a general and important method of synthesizing heteronuclear
and homonuclear gold clusters, For example, reduciion of Au(PPh;}NO, with
NaBH, in alcchol solution gives the well-known Aug cluster [227:

Au{PPh;)NG, —224, [Au{AuPPh;) 1P (9)

Reduction with use of H, is especially interesting and relevant in catalytic H,
activation. The mechanism of cluster growth by H, reduction probably involves the
oxidative addition of H, followed by substitution of H* by AuPPh; cations. This
latter step illustrates the isolobal analogy between H* and AuPPh; [6.23,24].
Direct evidence for the H, oxidative addition step is provided by the reversible
addition of H; at ambient temperature and pressure to the 16-electron cluster
compound [Pt{AuPPh,},]*" forming the 18-electron dihydride [2.3]:

[ Pt{AuPPh,}s]*" + H, =[Pt{H),{AuPPh,) ]** (10}

This dihydride cluster has proved useful as a precursor in the synthesis of a variety
of trimetallic clusters by electrophilic addition and substitution of Ag(l) and Cull)
units (see below).

Clusters of different nuclearities can be prepared by changing the steric require-
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menis of the tertiary phosphine ligands. For example, the smaller cone angle PEt;
ligand gives the higher nuclearity PtAu, and PtAu,, clusters compared with the
PtAy, cluster formed with triaryl phosphines, PAr,, such as PPh, or P{p-CH,C,H,),
[3,25]:

Pi(PEt,); + An{ PEL, INO; — [PH{AUPEt, ), 3" + [PHAUPEL), P+ (11

Pt{PArs ), + Au(PAr;)NO, —=s [ Pt{AuPAr,)s ]2+ (12)

A similar resuli was obtained with Au-centered clusters where the smaller cone angle
PMe,Ph ligand gave a higher nuclearity cluster than with PPh, [5]:

Au(PMe,Ph)Cl % o (AuPMe, Ph), 1+ (13)
Au(PPh,)C] L0 b A (AuPPh,)s P (14)

The iniroduction of even smaller ligands on some of the Au atoms, for example
halides, leads to larger clusters (see below). It is expected that wider variation in
phosphine ligands will lead to the synthesis of new clusters of different nuclearity
and reactivity. This will provide a series of “tuned” clusiers for reactivity and
catalytic stodies.

3.2. Preparation by reactions of preformed clusters

The parent cluster compounds described above undergo a number of reactions
and transformations in the solution phase which lead to the preparation of new
clusters. These can broadly be classified as substitution, addition, elimination, and
redox reactions. A representative sampling of these and several other reactions is
given below.

3.2.1. Nucleophilic substitution of ligands

3.2.1.1. Substitution at Au. Simple substitution of only the Au-bound ligands is
uncommon as it is usually accompanied by addition or substitution at the central
metal or by cluster transformation (see below). Two examples with 18-glectron
clusters are as follows [15,26]:

[PH{CONAuPPh;) 1>+ + X~ - [ PH{CO)AuPPh;),(AuX)]* + PPh, (15)
(X=OR, Cl, Br, I)

[ Pt{CO}XAuPPh;) I’ +i-PrNC— [ Pt{CO){AuPPh,);(Av-i-PINC)]** + PPh,

(16}

Substitution of Auw-bound PPh; by P(p-CIC;H,); or P{p-CH.C,H,}; has been
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observed for 16-electron clusters such as [Pt{AuPPh,},]°" at room temperature,
but the substitution is very slow and becomes detectable by *'P nuclear magnetic
resonance (NMR}) only after several hours [3,9].

3.2.1.2. Substitution at the central metal. Simple substitution at only the central metal
is alsc uncommeon, and one example is as follows [27]:

[ Pt{(H)( PPh,)(AuPPh,), 1> * + SaCl; - [Pt{H)}SaCl,}{AuPPh;},1" + PPh,
(17}

3.2.2. Nucleophilic addition to 16-electron clusters

There are many examples of nucleophilic addition 1o the central metai of
16-electron clusters. The initial 18-¢leciron products of these reactions often undergo
further transformation leading io a large number of new cluster compounds.

3.2.2.1. Simple addition of ligands to form 18-electron clusters. Examples include the
simple addition of Lewis base ligands such as CO, X™, RNC, and C=C—C.H. .
Several are shown in the following [13,15-177:

[Pt{PPh,}{AuPPh,)]** + CO—[P{(CO){PPh;){AuPPh,),J** (18)
[Pt{(PPh,}{AuPPh,) P+ + X —[PuX){PPh;}{AuPPh;)]" (19}
{X=1, Br, CN, or C=C—CgH;)
[M{AuPPh,)]?* + CO—>[M{CO}(AuPPh,);1*" {20)
(M =Pt or Pd)

The reaction of CO with [Pd(PPh;}{AuPPhs),J** does not occur and with
[Pd(AuPPh,)1*" {Eq. {20)) the reaction is rapidly reversible. In Eq. (20) the Pt
analog irreversibly adds CO, but with [ Pt{PPh;}{AuPPh;)1** {Eq. {18)) the reac-
tion is slowly reversible.

3.2.2.2. Addition of ligands combined with substitution. Nucleophilic addition to
16-electron clusters sometimes involves substitution of ligands bound to Au and/or
to the central metal, for example [15,16]1:

[Pd(AuPPh,)s1** + 3P(OMe), —[ Pd(P(OMe);{AuPPh, )s(AuP(OMe), ), 1~
+2PPh, (21}
[PA(PPh,)(AuPPh,)s 12 + 2P'— [ Pd{P*),(AuPPh;), ** + PPh, (22)
{P'= P(OCH,),CCH,)
[Pi{AuPPh,}s1** + 2RNC—[P{{RNCHAuPPh,),(AuRNC)]?* + PPh, {23)
(R =i—Pr, -Bu)
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In all of these cases the products are I8-electron clusters. The stability and exteni
of substitution are dictated by a balance of steric and electronic factors.

3.2.2.3. Addition of Hg{0) to form 18-electron clusters. The addition of metallic
mercury to 16-eleciron clusters has recently been reporied [28]. A neutral Hg atom
has two valence elecirons so the addition of one Hg atom gives an 18-electron
product [ 28]:

[Pt{PPh;)(AuPPh;)]** + Hg>[ Pt(PPh;}{Hg){AuPPh;),]** {24)
The Hg atom can be removed by reaction with CO [28]:
[ Pt{PPh;}{Hg}{AuPPh;)s1** + CO—-[Pt{CON¥PPh;}AuPPh,),]** + Hg
(25)
Metallic Hg readily reacts with other 16-electron Pd—Au and Pt—Au clusters to

give many new products not yet completely characterized [29].

3.2.24. Addition of X~ jfollowed by fragmentation and growth. In many cases the
addition of halide anions to 16-efectron clusiers resulis in clusier fragmentation and
growth. Representative examples are shown in the following [26,30]:

[Pt{AuPPh,)s]2* +xsX ~ —»[Pt{PPh,}(AuPPhs )s(AuX); ] (26)
(X=CL )

[Pd(AuPPh,)s]2* +xsBt~ —[Pd(AuPPh,),(AuBr),1* (27)

[Pd(AuPPh,)s12* +xsX~ —>[Pd(AuPPh,)g(AuX)s ] (28)
(X=Cl, CN)

[Pd{AuPPh,)s1** + xsI~ »[ Pd(I){AuPPh,),(Aul),] {29)

These reactions occur at room temperature and illustrate how the addition of a ligand
to the central metal can activate the cluster. In the reaction of [Pd{AuPPh,);]**
with 17 {Eq. (29)), the product is a rare example of a halide bound to the central
metal. The products depend on the central metal, ligands, and reaction conditions.
These reactions alse provide good examples of how higher nuclearity clusters form
when smaller ligands are available.

3.2.2.5. Addition of OCHj3 to form cluster hydrides. Oune of the methods to prepare
monochydride Pi— Au clusters is by nucleophilic attack of OCH, on the Pt, followed
by a f-H shift, and elimination of formaldehyde, OCH,. This unusual reaction is
Hiustrated here [27]:

[Pt(AuPPh;)s 1** + OCH; —[Pt{H)(AuPPh;);1* + OCH, {30)
[Pi(PPh,){AuPPh,)s 1** + OCH; —[ Pt{H)} PPh,}{AuPPh,);1* + OCH,
(31)
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[Pt(Ag}{(AuPPh,); " + OCH; —[Pt(H}Ag)(AuPPh,}s]** +OCH,  (32)

Although this is a general synthetic method for the preparation of Pt—Au clusier
hydrides, it does not work with Pd— Au clusters. Indeed, there are no examples of
stable Pd—Au cluster hydrides, although they have been implicated as unsiable
intermediates in catalysis reactions (see below) [31. The Pt--Au cluster hydrides are
stable in air but react with dilute acids to yield H, and the parent compounds
quantitatively [27].

3.2.3. Elimination of AuL, on addition of PPh,, cluster shrinking

Clusters which are sterically crowded can eliminate AuL, fragments to relieve
their steric strain. This reaction can occur with 16- and 18-electron clusters and 1s
siimulated by addition of PPh; as illustrated in the following [137:

[PL{CO){PPh,){AuPPh,};]?" + PPh, [ Pi{CO} PPh,){AuPPh,), 1"

+[Au(PPhy),1* (33)
[Pt{I}(PPh,}{AuPPh,),]* + PPh, »[ Pt{ PPh,),{AuPPh,};]* + Au{PPh, )i
(34)

3.2.4. Oxidative addition to 16-electron clusters

Certain substrates add to 16-clectron clusters with an increase by 2 in the coordina-
tion number and the formal oxidation state of the central metal. These have been
classified as oxidative addition reactions by analogy to similar reactions in organo-
metallic chemistry, The electron count increases to 18, Several examples are illustrated
i Egs. (10}, {35), and (36} [29,31.32]:

[Pt{AuPPhy); " + Au{CN); »[PH{CN}AuCN){AuPPh;} 1" (35)
[M(AuPPh;)s]*™ 4+ [Hg,J* " »[M{Hg),{AuPPh;)s]*" (36}
{M=Pd or P1)

The addition of mercurous ion, [Hg,]*", as illustrated in Eq. {36} is another method
for preparing M—Au— Hg clusters.

3.2.5. Electrophilic addition of metal eations Au™, Ag™, or Cu*

The addition of an electrophile does not increase the electron count of the cluster
so electrophilic addition reactions occur with both 16- and 18-electron clusters.
These reactions provide excellent methods of preparing tri- and tetrametallic clusiers.
Examples of electrophilic addition reactions to 16- and 18-electron clusters are shown
in Egs. {37} and (38) respectively [ 14.33]:

[Pt{AuPPh;)} 1*" + MX—[Pt{MX){AuPPh;); 1** $37)
{MX =AgNO,or CuCli
[PH{COHAUPPh;); 1** + MX—[Pt(CO}MX )W AuPPh,}s 1°~ (38)

(MX=AgNQ, or CuCl)
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In solution the NO; ligands dissociate giving clusiers with bare metal atoms.
Additional examples of electrophilic additions to 18-electron clusters are shown in
Eqgs. (39) and (40} [27,34]. An interesting example of an electrophilic substitution
of isolobal ions, Ag™ for H*, is shown in Eq. (41) [34].

[Pt(H)}PPh,}(AuPPh;)s1* + [Au(PPh;)]* —>[Pt{H)(PPh,)}{(AuPPh,),]**

(39}
[Pt{H)}{AgNO;}{(AuPPh;)s]” + AgNO; > [PH{H}AgNO;},(AuPPhy)s]"

{40)
[Pt{H),(AuPPh;)s 1> + Ag* —»[Pt{(H){Ag){AuPPh;)s ]*~ +H* (41}

Synthetic procedures can be combined to give teirametallic clusters. Thus the addi-
tion of metallic mercury to the l6-electron product of reaction (37) gives new
Pt— Au~—M—Hg clusters where M =Ag or Cu [29]:

[Pt{MX}AuPPh,)s }** + Hg—»[Pt{MX)(Hg){AuPPh;}; |*" (42}

These new tetrametallic clusters have been characterized by *'P NMR, fast atom
bombardment mass spectroscopy (FABMS), and IR spectroscopy and for M=Ag
by single-crystal X-ray diffraction [29].

3.3. Redox reactions, electrochemical transformations

The 16-electron clusters [ M{AuPPh, )z 1" where M=Au (n=3), Pi or Pd (n=2)
each show two reversible one-electron transfers in CH,Cl, or CH;CN solution,
consistent with an EE reduction mechanistn as shown in the foliowing for
[PAd{AuPPh, ) T** [16]:

[Pd(AuPPh;)s 2" +e” =[Pd(AuPPh,);]* +¢~ =[Pd(AuPPh,),] (43)

The dependence of the potentials on M (E;,(Au) > E, 5{ Pt)> E; ,(Pd)) is in the same
order as found for the reduction potentials of mononuclear Au, Pt, and Pd com-
pounds [ 16,35]. The difference in E,,; values of the two consecutive steps was greater
than 100 mV, but, since comproportionation reaciions are fast, 17-electron species
could not be isclated as pure compounds [ 35]. Oxidation of 1é-electron clusters led
to irreversible fragmentation, and thus clusters with less than 16 electrons have not
been prepared. Stable 18-clectron clusiers do not show reversible electrochemistry,
and thus clusters with greater than 18 electrons have not been prepared [ 16,35].

3.4. Cluster of clusters or supracluster formation

Teo and co-workers have prepared and structurally characterized a series of
Au—Ag supraclusters that contain 25, 38, and 46 metal atoms [36-38]. These
supraclusters are prepared by the reduction of a mixture of Au(1} and Ag(I) species in
the presence of phosphine and halide ligands. They are derived from
vertex-shared, Au-centered Au,Agg icosahedral units in which the phosphine and



L .H. Pignolet et al. {Coordination Chemisiry Reviews 143 { [995) 219-263 29

halide ligands are bonded to the peripheral metal atoms. For example, in
[Au;3Ag,,{ PPhy) o Bris 1™, two such icosahedra share a common Au vertex and 6
Br atoms bridge adjacent Ag atoms between the two icosahedra [ 39]. Very recently,
several related Pt-centered Au— Ag supraclusters have been prepared and structurally
characterized independently by Teo et al. [40] and by Kappen et al. [41]. In both
of these cases the supraclusters were prepared partially from preformed clusters
f40,417]:

[ Pt{AuPPh,)g J** +(PPh,),Ag,Cl, + NaBH, - [( PPh,),0Au,,Ag,, PICL,]Cl

{solvent=EtOH) {44)
[Pi{H}{ PPh;)(AuPPh,}, 1** + Ag(PPh,}NO, +Cl"
—[(PPhy)0AL,0A8,,PLCLL] {45}

(solvent = MeOH}

Teo et al. have also reported to have prepared the N1 analog of the supraciuster
shown in Eq. {44}, [{PPh,},0Au,,Ag,,NiCl; (SbF;) [40.42]. These reports signifi-
canily open up the exciting area of supraciuster synihesis and it is probable that
many new such compounds will soon be prepared. indeed, one can envision the
synthesis of a wide variety of new clusiers by combining the reactivity principles
summarized above. These new materials will be very useful in the study of the
physical and catalyiic properties of heterometallic cluster systems.

4. Structural properties
4.1. General

The structural properties of phosphine stabilized, M — Au cluster compounds have
been recenily reviewed by Mingos and Watson [6]. Therefore we will only briefly
mention the most important features for Pt- and Pd-ceniered Au clusters as deter-
mined by single-crystal X-ray diffraction. In all known L, —M—Au, clusters the
transition metal M is in the center and the L. and Au atoms lie on the periphery.
This has been attributed to the sironger meial-metal boads formed by the Pt or Pd
and is consistent with site preference ideas developed theoretically [6,42,43]. In cases
which have another ligand such as PPh,, halide, RNC, or CO bonded to the ceniral
metal, the clusters adopt a hemispherical geometry with the Au atoms grouped
around one-half of the sphere. Several examples are [M(CONAuPPh;} 1% (M=
Pd or Pt) and [Pt{PPh;)(AuPPh;),1** shown in Figs. 1 [15,16] and 2 [17].
Another general feature of these clusters is the predominance of triangular faces
leading to centered, icosahedral based structures, although there are some examples
of clusters with square faces and distoried cubic structures (see below). Finally, neasly
ali the M—Au, clusters are stereochemicaliy non-rigid in the solution phase as
determined by *'P NMR spectroscopy. This is a consequence of the soft potential
energy surface associated with geometric transformations for gold clusters [6] and
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Pt-hu2 2,573
P3 Au2-AuB 3,632
Au2-p2 2.30

Fig. 2. ORTEP drawing of the coordination core of [ Pt{PPh, )(AuPPhs ), NG, 1, with selected distances
in &ngsirdms. Average estimated standard deviations for M—M and M—P distances are 0.001 A and
0.01 A respectively. Reproduced with permission from the American Chemical Society, Ref. [17].

leads to the possibility of structural isomers and structural changes between solution
and solid phases.

The radial M—Au boad lengths in these clusters range from 2.6 to 2.8 A while
the closest Au— Au distances are longer, ranging from 2.8 to 3.0 A. Distances within
the cluster frame of [ Pt{PPh;}{AuPPh;)s 1> * are shown in Fig. 2 [17] as an example.
Radial M—Aun bonding is therefore more important than the weaker, peripheral
Au—Au interactions which show a larger variation in distance, sometimes longer
than 3 A. The Au—PPh, vectors in these clusters are approximately trans to the
central M atom with M—Au—P angles ranging from 165° to 180°.

4.2. Toroidal and spheroidal geometries of 16- and 18-electron clusters

The most important structural property of these clusters is the change in geometry
associated with a change in the number of valence electrons from 16 to 18 as
discussed in Section 2. Another example of the change from toroidal to spheroidal
geometry is shown in Fig. 3 for the 16-electron cluster [ Pt(PPh;}{(AuPPh;)J** and
the 18-electron cluster [ Pt{CO)} PPh; {AuPPh; 13" [17]. Most of the structures
of 18-electron, spheroidal clusters can be described as M-centered, icosahedral
fragments. This is best iltustrated by drawing the siructure as part of a centered
icosahedron framework as shown in Fig. 4 [13]. The peripheral Au, Hg, and Ag
atoms in these structures lie very near the vertex positions of the icosahedron, and
in most cases the ligands bound to the central metal point in these directions as
well. There are several i8-electron, spheroidal clusters which do not bave the
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Fig. 3. PLUTO drawings of two perspectives of the cluster core of [PtiPPh,l{AuPPh;}]* and
[Ft{CO¥ PPh; )} AuPPh,),J°* showing the structural changes on the addition of CO. The lower view is
along the Pt—Aul bond, and the arrows show the major shifts 1 atomic positions on the addition of
CO. Repraduced with permission from the American Chemical Society. Ref. (17].

icosahedral fragment geometry. Examples include [Pt{Hg),{AuPPh,}]*" which
has a bi-capped square-aniiprismatic geometry (Fig.5) [32], and
[PHC=C—1-Bu){PPh;){AuPPh,)]* [44] and [Pt{H){PPh;})(AuPPh,); 1** [21]
which have distorted cubic structures (Figs. 6 and 7). In the case of
[Pi1(HgNO, K PPh;)(AuPPh,),1* the geometry is between those of an icosahedral
fragment and a disiorted cube as shown in Fig. 7 [28]. These examples show that
different spheroidal structures are possible for 18-electron clusters, although the great
predominance of the centered icosahedron suggests that it is the more stable form.
The non-rigid nature of these clusters in solution (see below) suggesis that rapid
isomerization between these different forms occurs. it is also likely that crystal
packing forces are imporiant in deiermining which geometry is found in the solid
state,

4.3. Structures of hydride clusters

The structures of hydride Pt— Au clusters deserve special mention because of their
relevance to catalytic H, aciivation. The number of such clusters has significantly
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Allz An‘

Au Au

Av
[(CO)Pt{AuPPhy)s(AgNOy) "

Fig. 4. Metal core geometries of several i8-electron, Pi-centered clusters shown as fragments of the
centered icosahedron. The darkened lines represeat bonding interactions between metal atoms. The
central Pt atom is bonded to ali the peripheral metals, but these bonds are not shown for the sake of
clarity. Reproduced with permission from the American Chemical Society, Ref, [13].

increased duning the past several years and they have an obvious importance in
hydrogen activation catalysis. There are no known hydrido Pd—Au clusters although
they have been implicated as undetectable intermediates in catalysis studies [3]. All
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(a) {b)

Fig. 5. Two views of the structure of I Pt{Hg},(AuPPh;);1°~ showing the bi-capped square-antiprismatic
geometry. View (bl shows the cluster along the Hg Pt —Hg axis. Adapted from Ref. [32].

Fig. 6. PLUTO drawiag of the cluster core of [ Pt{C=C—t-Bu¥{ PPh; {AuPPh,},]". The Au, P, and C
atomns lie near the corners of a distorted cube illustzating an alternative, spheroidal geometry. Reproduced
with permission from the American Chemical Society, Ref [17].

the known hydrido Pt—Au clusters are listed in Table 1. In ail these clusters the
hydrogen ligands are thought to be bridging between the Pt and one or two Au
atoms. The evidence for this is unforiunately indirect. It is based on the absence of
terminal Pt—H stretching vibrations in the IR, X-ray crystallographic structural
parameters of the non-hydride atoms, NMR coupling constants, and potential
energy calculations with use of Orpen’s computer program {45], and by analogy
to other hydrido M—Au cluster compounds [21.46]. For example, in
[Rui{dppm),(m-HL(AuPPh;),]* [46] and [Ir{triphos){Cl)(u-H )} AuPPh,),]" [47]
the bridging hydrides have been directly observed by X-ray diffraction. In
[Pt{H}{PPh;){AuPPh,}, ]{NO;),, all the data support the placement of the hydrido
ligand in a triply bridging position as shown in Fig. 8 [21]. A final comment is
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Hg

[(PPh;IPHAuPPhy)s{(HgNO,),1T (2) [(PPRaHHIPHAGPPha} 1 (o)

Fig. 7. PLUTO drawings of the Pt(P}M; cluster cores of {a) [Pt{HgNQ;);(PPh,){AuPPh;} 1",
(b} (Pt{HgNO, } PPh, {AuPPh,)s]~ and {c) [Pt{H){PPh;}{AuPPh;},J** showing the geometry change
from an icosahedral fragment to a distorted cube. The peripheral M’ M’ distances shown with broken
lines in (b} are significantly elongated compared with those with full lines giving distorted, non-planar
square faces. Reproduced with permission from the American Chemical Society, Ref. [28].

Table 1
Hydrido platinum-gold cluster compounds

Compound '‘H NMR data® 195p; NMR? Ref.
§ {ppm}
& (ppm} JHH—P *MH—-P) *(H--P)

(Pt{H)(PPh;)(AuPPH,)]* 034 687 183 9.2 — 5035 [31)
[Pe(H)(PPhy){AuPPh,}, 2 2.26 537 166 6.6 —5425 [21]
[Pt{H)(SeCly)(AuPPhy},]' 275 680 162 — — 5634 [31)
[Pt{H){AuPPh:}1" 54 705 143 — — 5673 (317
{Pt(H),(AuPPh,; ) * 3.9° 645 137 — — 5994 [2.3]
[Pt{H}AgHAuPPh,); 12" 174 716 125 — — 6036 [34]
[Pt{H){(Ag)y(AuPPh; TP @ 611 _a —6348 [34]

* CD,Cl,, ambient temperature, reference to tetramethylsilane (TMS),
* CH,Cl,, ambient temperature, reference to K, PtClg in D0,

® Recorded at —30°C.

4 Not reported.
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Fig. 8. ORTEP drawing of the cluster core of [Pt(H)( PPh,}{AuPPh,}.]1?" showing the most probable
position for the hydndo ligand. Adapted from Ref. [21].

needed on fluxionality in these clusters. It has already been pointed out that most
M— Au, clusters are fluxional in solution on the NMR timescale. In all the hydrido
Pt—Au clusicers the different geometric sites for AuP in the crysialline state are
equiltbrated in solution at room iemperature by fast fluxionality. In effect, the H
ligand{s) are rapidly scrambling around the metal framework of the cluster.

4.4. Structures of supraclusters

The structures of the 25-metal-atom. Pi—Au—Ag supraclusters
[(PPhy}oAu;,Ag, PCL,]7" [40] and [(PPh,)cAu,0Ag P1,Cl,] [41] are similar o
those of the 25-metal-atom Au— Ag supraclusters prepared by Teo and co-workers
[36] with the Pi atoms occupying the centered positions of the vertex-shared
icosahedral units. The structures of these two new supraclusters are shown iz Fig. 9.
The drawing of [(PPhs}cAucAg,3Pt,Cl,] shown tn Fig. 10 [41] better illustrates
the vertex-shared, bi-icosahedral framework. The basic difference between these two
supraclusters is that in [(PPh;),,Au;,Ag,,PtCl; 1" a A atom occupies the position
shared between the two icosahedra and one of the icosahedra is Au centered (disoz-
dered with the other Pt-ceniered icosahedron), while in [(PPh;)gAugAg:PtClL ]
the iwo icosahedra are Pt centered and a Ag atom occupies the shared position. The
structural details of Au  Ag supraclosters and a rationalization of their structures
by electron coustting rules has been recently reviewed [6,48]1 and the Pt —Au—Ag
analogs are described in the review by Teo in this journal [49]. The Pt-centered,
vertex-shared icosahedra in these supraclusters each have 18 valence electrons, and
therefore the compounds are expected to be unreaciive with nucleophiles. They have
been shown to be inaciive for dihydrogen activation (see below).
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f‘;;d—‘}— 1

: ..'Q,’s

[(PPh3}10A ui2A g12PtCl7)*

[(PPha}y oA 1) gA g3 3P, Cly]

Fig. 9. Structures  of  the twe  Pt-cemtered,  vertex-shared, icosahedral  supraclusters
[(PPh;}0Au, A8, PICL]" and [(PPh;hoAupAg Pt,Cl]. Both siructures contain crystallographic
mirror planes passing through the Cl atoms and the atom shared between the icosahedral units. In the
former compound, a2 Pt and an Au atom are equaily disordered between the two icosahedal centers
related by the mirror plane. Adapted from Refs. [40] and [41].

5. Spectroseopic properties

Most of the spectroscopic studies of M — Au cluster compounds have been done
as part of cluster characterization. The primary technigues used are NMR, IR, and
UV—visible absorption spectroscopy, inductively coupled plasma atomic emission
spectroscopy (ICPAES), and FABMS. Many of the Pt —Au clusters have also been
studied by X-ray photoelectron spectroscopy (XPS} [50]. ICPAES is very useful as
an analytical [51,52] tool but will not be discussed further bere. IR spectroscopy
has been used primarily to determine the bonding mode or lack of bonding of ligands
such as NG5, CO, and RNC but otherwise has not proved particolarly useful. For
example, many atiempts have been made in solid and solution phases at different
temperatures to observe metal-hydride stretches. All of these attempts have failed
with Pt— Au hydrido clusters, although weak vibrations assigned to bridging modes
have been observed for some Ir— Au hydride clusters by Bianchini et al. [47] and
Albinati et al. [53].

5.1, UV—visible absorption spectroscopy

UV-visible absorption spectra have been recorded in the solution phase for a
number of M—Au cluster compounds by Schoondergang [52] and are listed in
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Fig. 10. Vertex-shared, bi-icosahedral metal framework of the supracluster [{ PPh;) Au Ag, Pt,CLT.
Adapted [rom Ref [41].

Table 2. With few exceptions, 16-eleciron clusters appear dask colored (brown to
black} while 18-electron clusters ave lighter and range in color from yellow—orange
to deep red. The spectra of l6-electron clusiers generally show reasonably
well-resolved abscrption bands in the 250-600 nm range while the spectra of
18-electron clusters usuvally consist of broader, less-defined shoulder absorptions.
Absorption spectra of the 16- and 18-eleciron clusters [Pt(AuPPhy)g]** and
[P{CO){AuPPh,);1** are shown in Fig. 11 [ 52]. These differences are general and
can be used to distinguish between 16- and 18-electron clusters, although there are
some exceptions,

5.2. Fast atom bombardment mass spectroscopy

FABMS is extremely useful in deiermining the molecular formula of the parent
cluster [18]. Assignment of the cluster fragments provides additional information
about cluster composition. As an example, the FABMS spectrum for the supracluster
[{PPh;),sAu,Ag,3Pt,Cl, ] is shown in Fig. 12 [41]. Note that the most abundant
peak in the 4500-7080 mass range is due to the parent molecular ion. This is a
convincing example of the usefulness of this technique in cluster characterization.
Indeed, in many cases it provides the best information about the nature of a new
cluster because X-ray quality crystals are often impossible to obtain and NMR gives
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Table 2
Absorption maxima of some Pt—Au and Pd—Au cluster compounds {52]

Compound NE* Band positions Z.,, (AM) (108 64 )"

[Aw{AuPPh,), 1** 16 443 (4.21), 375 {sh), 352 (sh), 314 (4.78)

[Pt{AuPPh,);12* 16 515 {sh), 482 (3.93), 431 {4.27), 400 (4.25), 354 (4.71)

[(Pd(AuPPh, ), ** 16 518 (3.79), 464 (4.10), 413 (4.30), 347 (4.76), 313 (sh),
298 {4.80)

[Pt{PPh,)(AuPPh,) 1~ 16 460 (3.88), 400 (4.07), 330 (4.75)

[PH{Ag)(AuPPhy)s ' 16 490 (3.80), 431 {4.34), 382 (sh), 355 (sh), 331 (4.81)

[ Pt{CuCl){AuPPh, ), 12* 16 528 (3,79}, 464 (4.12), 413 (4.32), 347 (4.78), 312 (sh},
298 (4.82)

[ Pt{H} PPh, AuPPh,), " 18 387 (sh), 330 (sh), 300 {sh)

[Pi{PPh,)AuPPh,), 1" 18 478 (4.18), 390 {4.60), 329 (477}, 310 (4.90), 290
(457)

[PH{CO}NAuPPh;}, )2~ 18 460 (sh), 433 (4.13), 330 (sh}, 280 (4.95)

[PHCONAg)AuPPh, s T+ 18 445 (4.18), 416 {4.24), 385 (4.24), 328 {sh), 307 (sh)

[PHCONCaClHAUPPh, ) 1** 18 454 (4.18), 425 {4.18), 314 (4.94), 302 (4.56)

[P{CO)(AzCI), (AuPPh,).]* i8 440 (4,16}, 403 (4.22), 374 {4.22}, 343 (sh), 308 {491},
267 (4.94)

[PHCOHCUC,(AuPPh,),1* 18 454 (4.04), 418 {4.06), 322 (sh), 292 {4.91}

[PHCONAUC]),(AuPPh, ), 1" 8 454 (sh), 412 (4.22), 373 (sh), 307 {5.00)

[PHCO)AuCIHALPPh,),]* g 453 (sh), 413 {4.20), 372 (sh), 306 (4.98)

[Pt{PPh; AuCl),(AuPPh,}, ] 18 480 (3.84), 421 {4.22), 347 (sh), 306 {sh, 4.84)

& NE, aumber of cluster valence electrons.
® Extinction coefficients in parentheses given as lg[eq,, {dm?® mol " tem~1)].

only a general idea about the number and type of phosphine ligands, The use of
FABMS in M— Au cluster chemistry has been reviewed previously [6] and will not
be discussed further here,

5.3. Nuclear magnetic resonance spectroscopy

31p('H} NMR provides the guickest methed for the identification of known
clusters and data for many Pd—Au and Pt—Au cluster compounds are given in
Table 3. There are no overall trends in *!P chemical shift or coupling constant values
except when comparing a series of closely related clusters. For example, an increase
in Pt coordination number will generally decrease P—Pt coupling constanis. The
P NMR spectra of most M —Au clusters are greatly simplified because of fast
fluxional behavior as previously mentioned. This phenomenon has been discussed
in detail in several recent reviews [6-9]. **Pt NMR, with selective *'P and 'H
decoupling, has proved very useful in determining the nuomber of phosphine ligands
{(Pt—>'P coupling pattern), the presence and number of hydrido ligands (Pt—'H
coupling pattern), the presence and number of other spin active metals such as Ag
and Hg, and the number of valence electrons {chemical shift value). !°Pt
NMR chemical shift values for many Pt—Au closters are given in Table 3 and
there is a general trend with electron count. Pi-centered clusters with 18 valence
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Fig. 11. Absorption spectra of [ Pt{AuPPh. l, JINO, 1 (- ) and [ PHCOWAUPPh, 3 JINO, ), { - } recorded
with use of CH,Cl, as solvent. Adapted from Ref. [52].

100 6632.3
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Fig 12. Low resolution positive ion FABMS spectrum of [ PPhy),pAu,Ag,;PtCly] in the 4500-7000
mass range. Some of the masses are assigned to moleculer fragments as indicated where M is the parent
supraciuster [{PPhs),Au,0A8,,P1,CL ] which has a molecular weight of 6633.2. Reproduced with
permission from the American Chermical Society, Ref. [41].
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electrons have *°Pt chemical shifts upfield of = — 5400 ppm whereas 16-electron
clusters have values downfield of =~ —4500ppm [34]. ***Pt NMR spectra of
[Pt{(HHAg){AuPPh,)}1** are shown in Fig. 13 [34]. This is a good example which
illustrates the power of ¥*Pt NMR in cluster characterization, The chemical shift is
centered at — 6036 ppin indicative of an 18-electron cluster. The separate doublet
patterns ({J(Pt—'9Ag}=425 Hz and 'J{Pt—'"°Ag)=487 Hz) in the **Pt(*'P,'H)
spectrum (Fig. 13(a)) indicate the presence of one Ag atom (**’Ag and **’Ag isotopes
are spin active}, and the doubiet paitern ({J(Pt—'H)=716 Hz) in the **Pt(*'P)
spectrum (Fig. 13(b)} indicates the presence of one H ligand. The presence of eight
AuPPh; units bonded to the Pt atom gives rise fo a nonet caused by 2J{Pt—3'P),
but because the 'J{Pt— Ag) couplings give rise to a doublet structure and are in the
same range as this 2J(Pt—3'P), the overall ***Pt{*H) spectrum (Fig. 13(c}) results in
an even multiplet that can be simulated {Fig 13(d)) for eight P atoms with
2J(Pt—*P)=412 Hz.

'H NMR of hydrido Pt—Au clusters has been useful in the direct detection of the
hydrido ligand. Data for some typical clusters are shown in Tabie 1. The most

{a) e

{c}

6024 5026 -6023 B0 -WOZ -6034 -G08 -5038 -5030 -5042 BT -6043 WNW‘I"?' F# "

ppre

]’ II1 | ‘ [J! i!\i {d) I.
A Wr I‘WMJ \(’W w\i}\‘“u 1%”«#!‘ B _ﬂJ .JLu"‘ U

r .
6015 6020 6025 6080 6035  -60%0 6045 G050 -B05S B0 8050 6100
ppm

apm

Fig. 13. %Pt NMR spectra of [Pt(H){Ag)(AuPPh,},1°* showing {a} the spectrum with both *'P and
'H decoupling, (b} with only *'P decoupling, (<} with only *H decoupling, and (d) the simulated '*P1{'H}
spectram shown in {c) using the coupling constants given in the text. The spectra were recorded at
43.02 MHz in CD,C}, solutions with K, PtCl, in D,0 as external reference. Adapted from Ref [34].
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striking observation is that the cluster hydrido ligands have chemical shifts which
are significantly shifted to the low field side of TMS {§=0.3-54 ppm) compared
with the normal upfield range for mononuclear {terminal) and binuclear {bridging)
platinum hydrides (typically 6= —2 to —9 ppm) [ 56]. These unusual shifts and the
absence of terminal Pt—H stretching vibrations in the IR have been used to support
a bridging bonding mode for the hydrido ligand [ 2,21,34]. The variable-iemperature
'H NMR specira of [ Pt{AuPPh;);1?* under 1 atm of H, are shown in Fig. 14 [2].
The presence of bound, hydrido ligands in equilibrium with {ree H, is clearly evident
by observation of the nonet pattern at 3.9 ppm with *°Pt satellites at the lower
temperatures. It is sometimes difficult to observe the 'H NMR signal of Pt—Au
cluster hydrides because of the low intensity of the multiplet signal and interference
from ligand and solvent resonances. The use of ‘H NMR with cluster deuterides
may be heipful in these cases.

BC NMR of 3C-enriched carbonyl-containing M —Au clusters has been used
primarily as a method of characterization. Chemical shift and coupling constant
data for some of the clusters are given in Table 4. In all known CQ-containing
M — Au clusters the CO ligand is bonded o the ceniral metal in a terminal fashion.
This has been determined by X-ray diffraction and IR data. The C—>!P coupling
pattern is a good indicator of the number of PPh; groups bound to the Au and M
atoms. As an example the ¥*C NMR spectrum of [ Pt{'*CO}(PPh,}(AuPPh,};]" is
shown in Fig. 15 [17]. The chemical shifis & of the CO carbon atoms are in the
range 198-230 ppm {relative to external TMS) and are found substantially downfield
from the chemical shifts in monomeric CO Pt complexes (§=149-182 ppm} [57].
These chemical shifis are unusual and have not been explained. The 'J(C—!*Pt)
coupling constants show some general irends, but these are based on only
a few examples. The +2 charged clusters have smaller 'J{C— Pt} values than

TH NMR of a CD2Ch solution of %
[PH{AuPPhs)size

under 1 atm of Hz{(g)

Ti of bound H: at 30°C is 700 mSEC

J‘W A9
s -
- \\/\—//ﬂl‘ﬂ“\\-mﬁg \-Jw"-"““s:_z_gi
hlB?PND
S -

50 a0 30

FREE Hy

Fig. 14. 'H NMR specira of [PAuPPh;)g]*" at different temperatures with use of CD,Cl, as solvent
at 1 aim H; pressure. The S symbols indicate 'SPt satellites. Adapted from Ref. [3].
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Table 4
*C nuclear magnetic resonance and IR data for carbonyl M — Au cluster compounds

Compound 13 NMR data® wWCOP Ref
(cm ™ty

Sippm)  JHC Py LHC Py HC P

[PL{CO} PPh,};(AuPPhs),}* 193.3 1352 15.6 : 1574 [13]
[Pt{CO)PPh,){AuPPh,),]* 2084 1330 13.2 30 1946 (173
[PuCO) PP, ){AuPPh, ), 1> 208.2 1200 14.2 4.2 1967 (173
[P{CORAUPPh, )] 210.7 1256 1.0 1940 [15]
[PHCOWAENO, AuPPh, ) 1?~  208.] 1226 100 : 1964 14]
[Pd{COHAUPPh,}1*" 229.7 - 117 : 1955 [16]
[PHCOHAUC] },{AuPPh,),]" 217.5 — 45 1979 [30]
[PAH{COMNAuBr),(AuPPh, 1" 2179 — 75 1977 [30]

* CDCl;, ambicnt temperature, reference to TMS.
* KBr disk.

JC‘P'! =133O HZ
| i 7

A A

T 7 T
218 217 200 199
T T T T | M T T T
209 208 PPM

Fig. 15. '*C NMR spectrum of [Pt{**COi(PPh;)}{AuPPh,);]” in CDCL, solution at 25°C. The '**Pt
satellite peaks ase shown in the same vertical scale, but the berizontal scale has been compressed for
clarty. Reproduced with permission from the American Chemical Society, Ref. [17].

those with +1 charges and the addition of an elecirophile such as AgNO, o
[PL{CONAuPPh; ) 12* lowers the value of LJ{C- %3Pt

54. X-ray photoelectron spectroscopy

XPS spectra have been recorded for a large number of Pt— Au clusier compounds
[50]. The Au 4i,,; binding energies in all the cluster compounds studied are similar
{range, 84.57-85.07eV) and are shifted to higher values compared with Au(9) in
metallic gold (84.20eV), but are lower than Au{l} in AuPPh,NQO; and AuPPh(l
{85.37 and 85.55eV}) and lie in the same range found for gold clusiers examined
previously [58]. The cluster compounds which contain n acceptor ligands such as
CN, €O, or CNR on the Pt {average E, =727 eV) have higher Pt 4f,, E, values
than the other Pt-centered ciuster compounds {average E, =722 eV). The effective
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charge of the central Pt atom in these clusters varies over a wide range, and in some
cases may not differ significantly from that of the peripheral Au atoms. The XPS
data for the Hg 4f,, peak in the Hg-containing clusters show the effeciive charge
on Hg to be between 1+ and 0. The XPS resulis are important in establishing the
relative effective charges on the metal atoms in these clusters but otherwise do not
add much information about the nature of these clusters.

6. Applications in catalysis
6.1. General

Many of ihe phosphine-stabilized, cationic M — Au cluster compounds discussed
above have unusual reactivity and catalytic properties and offer some special oppor-
tunities for study. For example, (a) they show fast and clean H, activation catalysis
under homogeneous and heterogeneous {gas—molecular solid) conditions (H,— D,
equilibration, hydrogenation of ethylene, hydrogenation of O,, and D,-H,0
exchange) [1-3], {b} they form hydrides in a variety of solvents that are stable in
the presence of waier, (¢) the phosphine ligands provide a selective, hydrophobic,
protective basrier around the cluster giving rise to narrow channels into the metal
core as shown in the space filling drawings in Fig. 16, {(d) they can be reversibly
adsorbed onte silica and alumina solid supports where they are “intact” and exhibit
similar reactivity to that of mulecular clusters in solution including H, activation
catalysis and reaction with CO [59], and (e} they exhibit a wide variety of composi-
tions that include changes of the central metal M (Pt, Pd, Nij, Au, Ru, Os, Ir, Rh,

[PH{AuPPha)sl{iNO3}2 [PH{COMAuPPh3)liNO:)2
{CO Removed)

Fig. 16. Space filling drawings of the cluster dications [Pt{AuPPh,);]?" and [PHCO)(AuPPh, )1
showing views with the largest openings o the Pt center. The CO ligand is removed from
[Pt{COHAuPPh,);]*" as this I8-electron cluster is a good model for [Pt{HY,{AuPPh,};1**. The Pt
atoms are black, Au atoms speckled, and P atoms marked with horizontal, parallel lines. The approximate
dimensions {smallest cross-section and depth) of the bydrophobic cavities are 1.5 Ax4Aand85A and
SAx8A and 7 A respectively for [Pt{AuPPh,}, 1** and the CO adduct.
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and Re}, the third metal M’ (e.g. for [PIM{AuPPh;),1"" M’'=Cu, Ag, Hg, and Sn),
and the ligands (e.g. alkyl and aryl phosphines, halides, hydrides, isonitriles, and
nitrate). These clusier compounds are being studied as models for polymetallic
surface catalysts under homogeneous and heterogeneous conditions with the goals
of determining structure—reactivity relations and understanding the surprising syner-
gisin known for transition metal-gold, —silver, and —copper catalysts [ 11]. Some of
the clusters may also function as praciical catalysis for H-D exchange between D,
and H,O (see below).

6.2. H,-D, equifibration catalysis

Platinum- and palladium-gold cluster compounds {for example,
[Pi{AuPPh, ), {NO;),, Fig. 1) have recently been shown to be excellent catalysts
for H,—D), equilibration under homogeneous and heterogeneous {gas—meolecutar
solid} conditions [ 1-3]. This equilibration reaction (H, +D,==2HD) has K, =33
at 30°C and is commonly used as a quantitative measure of H; activation by surface
catalysts [ 60]. Turnover rates for HD production with use of [ Pt(AuPPh; }; J{NOs),
as the catalyst are 0.36 mol HD {mol cluster) s~ and = 5 mol HD (mel cluster}
s ! respectively for homogeneous (acetoniirile solution) and heierogeneous {gas—
molecular solid) conditions (1 atm total pressure and 30 °C). These rates are among
the fastest reported thus far for any molecular compound and the activity of the
crystalline molecuiar solid is comparable with that of activated platinum sorfaces
[60,61]. The reaction is clean showing no H-D exchange with the PPh, ligands or
solvents such as acetonitrile, nitrobenzene, dichloromethane, water, and ethanol. The
first step of the mechanism of this catalysis reaction is thought to be the reversible
addition of H, to [Pt{AuPPh,);}** as shown in Eqg. (10) [3]. This equilibrium
reaction has been directly observed by **P and 'H NMR in solution and is rapidly
reversible (see Figs. 14 and 17). The eguilibrium constant for reaction {10} and the
first-order rate constant for dissociation of H, from [Pi{H),{AuPPh,};]** have
been determined by NMR lineshape analysis (nitrobenzene solution, 30°C, 0.5 atm
H,) and are 1.7 x 10° 1 mol ™! and 4.5 x 10% s ! respectively [3]. T; measurements
for the coordinated hydrogen atoms in [Pt{H),(AuPPh,);]** show that this is a
classical dihydride and not a side-bonded n°-H, [2,3]. There is good indirect
evidence that the hydride ligands are in bridging posttions (see arguments presented
above}. Reaction (10} also takes place rapidly in the solid state and can be monitored
by UV-visible spectroscopy (visible color change), and by H, uptake measurements.
Approximately 0.9 mol of H, is bound to 1 mol of the cluster in the solid state at
1atm and 25°C [2].

Although the structure of the 18-electron cluster [ Pt{H),{(AuPPh;);]>~ has not
been determined, it is likely t0 be spheroidal and UV-visible absorption data suggest
it is similar to that of [Pt{COHAuPPh,}]?* The space filling drawing of
[Pt{CO}AuPPh,)s]** with the CO removed {Fig 16) is therefore a rcasonable
representation for [Pt{H),(AuPPh,};1*". Note that this compound has a much
larger opening to the PtAu, core enabling access of larger substrates. This could be
important in understanding catalysis mechanisms {see below).
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Fig. 17. ¥'P('H) NMR specira of [PU{AuPPh,}{NO,),=M (3.6 x 10~ M} at different temperatures
with use of {a) CH,Cl; as sclvent at 1 atm H, pressure and (b} NO,Ph as solvent at 0.5 atm H, pressure.
The § symbols indicate '**Pt satellites. Reproduced with permission from the American Chemical
Society, Ref. [31].

|52 Ppm

a L.515ppm |

.'%
!'\V\ea"

6.2.1. Rate data

6.2.1.1. Homogeneous solution conditions. Rates for the catalytic production of HD
from an equimolar mixiure of H, and D, have been determined for a series of
M —Au cluster compounds under homogeneous conditions [3]. A typical reaction
profile is shown in Fig. 18 [3]. The formation of HD showed first-order kinetics
and rates are reported as turnover frequencies with units of moles of HD per mole
of cluster per second. Data for some of the clusters with use of nitrobenzene as
solvent are reported in Table 5. Rates with use of acetonitrile are faster because of
the higher solubility of H,, but otherwise show the same general trends. The clusier
compounds lisied in the table are sorted by elecivon count {16 and 18} and by
composition {(hydnido and trimetallic) as this simplifies a discussion of the results.
Raie data for several monometallic compounds are also listed for comparison. It is
important to emphasize that the catalytic production of HD in nitrobenzene solution
is a true homogeneous reaction and is not caused by solid impurities or irreversible
cluster decomposition to colloidal metal. The rates are also not limited by gas-
solution diffusion because they are first order in cluster concentration for the concen-
tration range reported ({2.5-6.4)x 107 M). Numerous control experiments were
carried out to demonstrate the homogeneous nature of this reaction [3].

Some general irends are apparent from the rate data shown in Table 5. 16-electron
clusters have faster turnover rates than non-hydrido 18-electron clusters, but hydrido
18-electron clusters show rates that are similar to their 16-clectron non-hydride
analogs. The effect on rate of the central metal in MAug clusters is very pronounced
with Pt Pd» Au. 16-electron, platinum-centered clusters with the larger number of
Au or Cu atoms generally have faster turnover rates as evidenced by the order
PtCuAug > PtAu, > PtAu, > PtAu,{ PtAu, > PtAu, is the only exception). This trend
is also followed with 18-¢lectron, hydrido clusters where [ Pt{H}(PPh;)(AuPPh;},]%*
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Fig 18 Typical reaction profile for H, D, equilibration with the cluster catalyst [Pr{AvPPh, k]
64x 107" M in nitrobenzene solution, at 30°C and 1 atm. Reproduced with permission from the
American Chemical Society, Ref. [3].

L

gave a faster turnover rate than [PH{HY}PPh;}AuPPh;),]". The very stable,
18-electron supracluster is inactive for H, - D, equilibration. The trend of increasing
rate with increasing Au: Pt ratio for 16-electron and 18-electren hydrido clusters has
mechanistic implications {see below} and may be importani for an understanding of
H, activation on bimetallic surfaces that contain gold or copper. It is weli documented
that the hydrido ligands in M — Au clusters are bridging (see above). This rate trend
therefore suggests that M— Au bonds in solid M — Au catalysts may serve as active
sites for H; activation. The cluster {Pt[AuP{p-CH;C,H,};]5}?~ showed a threefold
inicrease in turnover rate compared with its triphenylphosphine analog. This shows
that a more electron-rich cluster 15 more reactive for H, activation, in agreement
with general observations from metal hydride chemistry. Finally, the 16-clectron,
coordinatively unsaturated compound P{C,H,}{PPh;), is more than an order of
magnitude less active for H, — D, equilibration than the 16-electron Pt-—Au cluster
compounds. This result supporis the trend that the presence of Pt- Au bonds
increases the activiiy of Pt catalysts. The above trends and implications have been
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Table 5
Rate data for cataltyic H, —D, equilibration under homogeneous conditions?

Compound Turnover rate {x 1 5 ') for HD production

t6-clectron compounds

{Pt[AuP{p-tolyl; 1 {NO, }, 22
[Pt{AuPPh, ) NG, ), 1.5
[Pt{PPh; HAuPPh,); 1{NO,); 2.1
[Pt{PPh;},{AuPPh, ), NGO, 42
[PA{AuPPh;} NG, ), 0.10
[Au{AuPPhy}y INO; | 0
Pt C,H, ) PPh,}; 0.1
trans-TrCH{CO) PPh,); 0.15
18-glectron compouads

[BH{CO)N AuPPh, 13 I(NG,), 071
[PH{RNCHAuPPh; ), i NO;); 0.20
[Pt(PPh,){AuPPh,}, JNO, 0.16
[ Ptz Auip-CO{ PPhy s TNG, 0.3
1B8-¢leciron hydndo compounds

[Ft(H)(PPh,){AuPPh;}, J(NG,), 17
[P{H) PPh,){AuPPh,;}, JNG, 21
Trimetallic compounds

[PUCaCIHALPPh; ) INO; ), i5
[Pt{AgNG;){AuPPh, ) [{NO, ), 44
[PH{H)(AgNO, HALPPh, ), INO, 44
[Pt{HgNO,}({PPh,;)(AuPPh;}, INO, .60
Pt Ag,:{AuPPh,),,Cl; ¢

& Adapted from Ref. [ 3].

determined from the resulis of solution rate data. Since the H, — D, equilibration
reaction is complex mechanistically {two bonds must be broken and H—D scram-
bling must occur), some of these trends could resuli from differences in reaction
mechanism for the various catalysts. For example, with the 18-electron hydrido
clusters only one bond needs to break to produce HD.,

6.2.1.2. Heterogeneous conditions. Several of ihe cluster compounds are aiso excellent
catalysts for H, —D, equilibration in ihe solid state {gas—molecular solid reaction)
with turnover rates as high as ~5s7! and 2 s~ ! measured for powdered samples of
[Pt{AuPPh, )3 J{NO;), and [ Pt{PPh,}{ AuPPh, ), J{NO,), respectively, at 1 atm pres-
sure and 30°C [3]. In the caiculation of these turnover rates it was assumed that
all cluster molecules are active sites. These rates are significanily greater than under
homogeneous selution conditions and there is a8 marked dependence on surface area
making meaningful comparisons between different samples difficult. The greatest
rates were observed with finely divided powders. Control experiments showed that
the catalysis was not caused by undetectable metallic Pt impurities [ 3]. It is surpris-
ing that these clusters are so active in the solid state where phosphine dissociation



L . H. Pignolet et al {Coordination Chemistry Reviews 143 ( 1995) 219-263 253

or clusier fragmentation is unlikely. There have been only a few reports on molecular
solid—gas catalyiic transformations with organometallic compounds [ 62]. This gene-
ral area is virtually unexplored and of obvious importance because of the high
reactivity and different selectivity of some organometatlic molecular solids [62].

6.2.2. Mechanism of the reaction

A large number of kinetic and control experiments were carried out in order io
study the mechanism of the homogeneous, catalytic H, -D, equilibration reaction
[3]. The data clearly showed that the H, — I, equilibration carned out in solution
phase is a irue homogeneous reaction and not the result of cluster fragmentation.
In addition, mechanisms which lead to HD production do not involve heterolytic
cleavage of H;. There are two types of clusters that gave good reaction rates,
i6-electron clusters exemplified by [ Pt{AuPPh,);J**, and 18-electron hydrido clus-
ters exemplified by [Pt{H)}{PPh,}(AuPPh;),J**. Since the former type of cluster
does not contain hydride ligands, the production of HD must involve the addition
of two molecules of reactant (H, and D;} to the same cluster. With hydrido clusters,
only one molecule of H, or D, is needed to produce HD. The mechanistic study
was focused on these two prototype clusiers with the mechanistically more demand-
ing 16-electron [ Pt{AuPPh,};1?* receiving the most attention.

6.2.2.1. [Pt{AuPPh,}sJ*". This clusier offers the best opportunity for a mechanistic
study because the reversible addition of H, {Eq. (10)} has been directly observed
{Figs. 14 and 17} and equilibrium constants and kineiic parameters have been
determined experimenially by NMR [2,3] {see above). The resulis are consistent
with a mechanism that involves the stepwise addition of two molecules of {H,D), to
the clusier M leading io a 20-electron, tetra( hydrido—deuierio) species M{H,D3),.
The notation {H,D}, represents the three isctope possibilities H,, ID,, and HD. Such
an intermediate or activated complex will rapidly scramble H and D and give HD
via the reverse reactions. A similar mechanism has been proposed for catalytic
H, —D, equilibration by trans-Ir{ X}{(CO){PPh,}, (X=Cl, B, 1} [63] and can be
represented by Eq. {46). In this equation, M = [Pt{AuPPh,),]*".

+{H.Diy +(HDh
M —— Mi{H,D), M(H,D), (46)
—(H.DY —{H.D)

1t was shown from the NMR lineshape analysis results thai the raie of the fisst step
in Eq. {46), the addition of the first H, to [Pt{AuPPh,)1*", is more than 10° times
faster than the observed rate of HD production. This indicates that the formation
of a tetra{hydrido—deuterio) species such as M{H,D}, is the rate-limiting siep. This
is reasonable because the formation of a 20-electron cluster is expected to be difficult.
It follows from the above mechanism that the observed rate of HD production is
given by [ 3]

rate of HD production=k,[ M(H,D), 1{{H.D),] {47
Eq. (47) requires that the rate of HD production is first order in [M{H,D),] and
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[{H,D),]. The kinetic data for variation of cluster conceniration and partial pressure
of (H,D), were in agreement with this [3].

Although the mechanism shown by Eq. (48) for [ P{AuPPh, ), {(NO,), is reason-
able and consistent with the rate data, the addition of several mole equivalents of
PPh; inhibited the rate of HD production showing that an additional step was
required [ 3]. However, interaction of added PPh; with M or MH, was not detected
by ¥P{!H} NMR or UV-visible spectroscopy. The most reasonable explanation for
these observations is that a PPh; ligand reversibly dissociaies from the dihydride
cluster [Pt(H),{AuPPh;);J** to give an undetectable amount of a more reactive,
coordinatively unsaturated species such as shown in [3]

[Pt(H),(AuPPh,)s J** =[ Pt(H),{Au)(AuPPh,),]>* + PPh, (48)

Although this equilibrium probably lies to the left, it could be difficult to observe
the dissociation preducis by NMR and UV-visible spectroscopy [3]. The addition
of excess PPh; would shift the equilibrium to the left by Le Chatelies’s principle,
thereby decreasing the amount of the catalyucally active species. This mechanism
helps to rationalize the formation of the 20-electron, tetrahydride species from
[Pt{H),(AuPPh,),1** by providing an open Au site to bind the incoming D,.
Formally, the replacement of a PPh; ligand on a Au atom with a 1?-D, ligand does
not increase the electron count of the cluster core, thus avoiding the 20-electron
count for this species. This type of mechanistic step is also common in homogeneous
catalysis with organometallic compounds [64].

Catalytic studies with metal cluster compounds are always complicated by the
possibility of cluster break-up or fragmeniation. Such fragments have not been
observed by spectroscopy and would have o be extremely active to give the observed
rates. Possible candidates would be highly unsaturated small Pt— Au clusters. Such
species would be very susceptable to poisoning by the addition of CO. The addition
of 0.4 mole equivalents of CO slowed the raie of HD production only by 30%,
consistent with formation of the inactive cluster [Pt{COHAuPPh,;%1*" [3]. This
observation provides good evidence that cluster break-up is not the cause of catalytic
HD production.

6.2.2.2. [Pt(H }{PPhy){ AuPPhy),}>~. The 18-electron, hydrido clusters are also
good catalysts for H, — D, equilibration in solution and do not cause H— D exchange
with the solvent, water, or alcohol. The presence of a hydride or deuteride ligand in
the starting cluster provides an easier mechanism for HD production. The rate data
for [Pt{H)}{PPh,;)(AuPPh;}; J{INO;), were consistent with a mechanism where the
rate-limiting siep is the addition of (H,D), to give a 20-electron, M{H,D), inter-
mediate or activated complex [3]. Such an intermediate would rapidly scramble
H and D and the reverse reaction would produce HD. In agreement with this, NMR
results showed that [Pt(H}(PPh,}AuPPh;),1** was rapidly coaverted into
[Pi{D) PPh,){AuPPh,};]** under a D, atmosphere with nitrobenzene as solvent.
PPh; inhibition experiments with [Pt{H}(PPh;}{AuPPh;),]7** showed similar
results to those observed with [ Pt{AuPPh;); J°*. Therefore, a reversible and spectro-
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scopically unobservable dissociation of PPh, was impiicated for activation, just as
with [ Pt{AuPPh;) 12" [3].

6.2.2.3. Heterogeneous reaction. The fact that these clusters catalyze H, — [, equili-
bration in the solid state at faster rates than in solution is surprising, espectally since
a phosphine dissociation step is implicated in solution. The faster rates observed
with molecular solids probably result because there is no solvent present to compete
with the second {H,D); addition and diffusion into the porous crystals easily occurs.
Crystals of these clusters are very porous and contain a significant amount of empty
space because of the loss of solvent on removal from the crystallizing solution.
Single-crystal X-ray analysis of these compounds require special crystal handling
technigues such as sealed capillary tubes that contain some sclvent. Even with this
technique the solvent molecules, counteranions, and sometimes the ligand phenyl
rings are disordered. It is possible ihat a PPh; ligand can partly dissociate in the
solid, especially afier solvent loss. thus producing an activated cluster. Mosc work
1s needed to understand this heterogeneous, catalytic reaciion. Current studies are
aimed at measuring the effect of the ligand, counteranion, and crystallizing solvent.

6.2.3. Conclusions

Mixed Pt—Au cluster compounds have been shown to be excelleat and clean
catalysis for H, — D, equilibration under homogencous and heterogeneous condi-
tions. These compounds therefore have the potential to serve as models for bimetallic
surface catalysis. There is a significant rate effect on cluster size and metal composi-
tion. The most important effects are that {a) faster rates were observed as the Au: Pt
ralio increased, (b) Pt-centered clusters gave faster rates than Pd-centered clusters,
while Au clusters were inactive, and {c} 16-electron clusters gave much faster rates
than 18-electron clusters, bui 18-glectron hydrido clusters were aiso fast. These trends
suggest that M — Au bonds may function as the active sites for H, activation{M  Au
cluster hydrides have bridging p-H bonding modes} with Pt Au bonds being more
effective than Pd—Au bonds. This resuit helps explain how Au can increase the
activity of Pt— Au surfaces and sugpgests that Au plays a direct role in H, activation.
These suggestions are complicated, however, by the fact thai PPh, dissociation 1s
necessary for catalyst activation. An open Au site may be necessary for binding the
second (H,D), so that H—D exchange can take place on the cluster. Weak binding
of substrates by Au in Pi — Au surface catalysts has been observed [11].

6.3. D,—H,0 isotope exchange catalysis

A new and potentially useful, homogeneous, catalytic reaction with several Pt—Au
cluster compounds bas recently been reported [65]. In pyridine solution, the
cluster [Pt(AuPPh;); 1" showed surprisingly fast exchange between D,{gas) and
H,0O(liquid}. Thus, reaction of D, with a pyridine solution of the cluster that
contained some H,O gave fast production of H, and HD (turnover rate, £.5 min™’
at 1 atm total pressure and 30°C: Table 6). A typical reaction profile is shown in
Fig. 19. Data for the control reaction carried out with wet nitrobenzene (saturated



L .H. Pignolet et al./Coordination Chemistry Reviews 143 (1995) 219-263

256

0, 0T ‘MOL sT=(*A)d ¢

‘oner 14 : ug wnwndo 1of pajrodar sjel ‘nis ur paredard smixIp ,

*a1nssaxd une gy

‘oyeueyia(ory)([AuaydjLing-1403-1p-Gc-01deoIoW-7 )} ="S0q 5

“THNSDOHN —N=(HO)"H*D-0 ‘ONS ;

‘ojeurjounbozusq-g*; ‘bq ,

“TeOUT] ST SUNT) YIIM UONBIJUIDUOD UI SFUBYD 3Y) SI9UMm UOIIOL3I JO INOY 1SIY Y3 JOj UOBIUIOUOD ¥(] UL 95BIIOIP I0] pauIuLIRiap ey |
-arnjeradwe) Jusiquie pue amnssaxd une |

D608 Wie T0=(H)d 4
‘uuiydiodifyiae1no ‘440 .

(3991 suou—HON P} A ) *H ‘a4 (1eau) HOSN +*a FIDuUs —°1DId*H
[2991 (N +00) IDH—AHL ¢-0T X§ aod (A 80) HOH +°Q #("Sng) (OD)(H)UY
[p99] *IgH—OSWd 4 aowd (W Z) HOM +*a 3 +zl{ONS)IN]
(2991 auou —IDHD LT aong- (W 1) HOng-71+%q + + [CH-WH*(*4dd)(bq)11]
[2991 auou —[D'HD z aong- (N 1) HOnd-?+%qa +[CH- W) (H)*(ddp)ny
[299] suou—D°HD 10 aong- (W 1) HOng-+%a +[CH- W (*ydd)(0D)nydD]
[299] suou —DHTHD 0 aong-? (W 1) HONg-1+*q (*ydd)oud
[s9] suou —aupuid ST ’H ‘aH (W 10) O*'H+*a +Z[*(Cuddnvnd]
[999] suou— JHL p—OL X T B0 ’H ‘dH AN ¥0'0) O'H+*a Ca- L (1d1—d)5oo)m
[e99] (W 1T0) dO¥—4HL 200 a ‘au oW T0) O*a+*H (*H- ) (IHLdd0)nd
BEN | 1910w0Id-1UdA]0S (;_umu) sje1 190U, jonpoid paaresqQO sjueloeay 1shje1e)

[59] suontpuoo snosusgowoy Japun s)sA[eIed SNOLIRA 10] SUONOERI afurydXd OYH — *d PUe HOY — °(l Jo 218y

99jqEL



L.H. Pignolet et al | Coordination Chemistry Reviews 143 ( 1993) 219-263 257

100 'L—X—X —x—X x X—
3 D (nitrobenzene)
-~ 80 *
g o
=
s .
4 1 D2
Q 60 7
=]
N -
2 - - ! -
. )
§46' - . |
o a = - i
W av " |l =
Q B -
& Hz, - L
201 . . I'_ID [
.' - . )
b .+ - Hp, HD {nitrobenzene)
! A, A, {Y ¥, .
(H‘x T - A T
1] 100 200 975
TIME {Min}

Fig. 19. Composition of the head space gas in mole per cent D, HD, and H, as a function of time for
reaction of D, (13mmol) with H,O {(06mmol} in the presence of [PH{AuPPh,jlINO,),
{40 x 10" %mmol) in pyridire and nitrobenzene (- -} solutions. The reactions were carried oul in a
closed, 38 mi reactor with 6 mi of rapidiy stirred solution maintained at 1 atm total pressure and 30°C.
The points at the far right {975 min) are the mole per ceats for the reaction in pyridine close to
equilibrium. Reproduced with permission from the American Chemical Society, Ref. [65].

with H,0} as solvent, where (D,),—{H,0} exchange did not occur, are included in
Fig. 19. Exchange was also not observed between (D;), and (H,O} with the (1:4 by
volume) solvent mixtures H,O:acetone or H,O:methanol, run under the same
conditions. Detailed reaction conditions are given in the figure caption. The exchange
occurred with water and not with the pyridine solvent. Although (D,),—(H™),
exchange is known for a number of organometallic hydndes {66] {notably of the
n?-H, variety) and for hydrogenase enzymes [67], there are several factors which
make this cluster-based system unusual. The exchange occurs between D, and water
whereas with many metal complex based systems the exchange has only been reporied
between D, and aicohols (typically +-BuOH, EtOH or MeOH). For exchange with
water, the rate is at least two orders of magnitude faster with [ Pt{AuPPh,};1>* than
with monometallic complexes, aithough some faster rates have been observed with
alcohols (see Table 6). [Pt{AuPPh,),J*" is stable under the catalytic conditions and
can carry out thousands of turnovers, while many organometallic hydrides are not
stable in the presence of water. There is 2 need to develop stable catalysis for the
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isotopic exchange between hydrogen and liquid water. Importaat applications include
the production of heavy water and the removal of tritiom from contaminated
water [68].

Some of the key cluster intermediates in the catalytic exchange reaction have been
observed by NMR spectroscopy. A 3'P(*H} NMR study of [ Pt(AuPPh;))** in
pyridine sclution with various partial pressures of H, was undertaken. Reaction with
ca. 0.1 atm of H; in a sealed NMR tube resulted in an equilibrivm mixture of
[Pi{AuPPh;) %", [Pt{H),{AuPPh,);]**, and the monohydrido cluster compound
[Pt{H)AuPPh;}s]* as shown in Fig.20 [65]. The «clusier compound
[Pt{H)(AuPPh;)s]" is not formed by the reaction of H, with [ Pt{AuPPh;);]°" in
less basic solvents {e.g. nitrobenzene, dicholormethane, acetene, or acetonitrile} where
only [ Pt{H),{AuPPh,), 1** is observed [2,3]. The formation of these hydrido clus-
ters was rapid and reversible. Removal of the H, by a N, purge resulied in the fast,
and guantitative reformation of [Pt(AuPPh;);1*". These observations indicated
that [Pt(H),(AuPPh,}s}*" was reversibly deprotonated by pyridine giving the
monohydrido cluster [Pi{H)}AuPPh,)17:

[Pt{H),(AuPPh;)s1° " + Py=[Pt(H){AuPPh,)]" + HPy" (49}

It was shown by NMR and UV-visible spectroscopy that [ Pt{AuPPh,) }** does
not form an observable adduct with pyridine in the absence of H,. Recall, however,
that [Pt{H),{AuPPh,;);1?"* is likely to have a much larger access cavity into the
metal cove as shown in Fig. 16. This would permit the pyridine molecule to approach
closely the bound hydride ligands.

[PH{H){AuPPh;),J2+ (PHH){AuPPhy)g)
2

.

[P{AuPPh 1)) 2t
1 \ 5. 53
S
J 5
Sl S;
T I I ] T I ) T
57 55 53 51 FPM

Fig. 20. *'P{'H} NMR spectrum of [Pi{AaPPh,}; (NO;}; (3 x 107 * M) in pyridine solution at ambient
temperature under ¢a. 0.1 atm of H,. The compounds were identified by their chemical shifts and coupling
constants. The peaks assipned as 8, are the 5Pt satellite resonances of compound 1 etc. Reproduced
with permission from the American Chemical Society, Ref. [65].
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A reasonable mechanism for the (D,),—(H,0), exchange reaction with
[Pt{AuPPh;), |°* =M?3"* as the catalyst involves the following steps [651:

M?” +D,=M(D)" {slow} (50a)
M(D)" +Py=MD" +DPy* {50b)
DPy " + H,0=HPy™ + HDO (50ch
HPy* + MD™ =M(H}D)*" +Py (50d)
M(H}DY¥ =HD+M?"* {slow) { 50e)
etc.

Only steps {50a)—{ 50c) are needed to achieve isotope exchange if one permiis the H
and D to be interchanged in the formulae and ignores kinetic isotope effects. The
production of H, would result from M{H);* which is formed by further exchange
of M{H}(Dy* with H,O by steps such as reactions ( 50b)—{ 50d). The gas composition
with time plot for the reaction of D, with H,O (Fig. 19) shows that H, 1s initially
formed at a faster rate than HD, even though at equilibrium the concentration of
HD 35 greater than that of H,. This observation indicates that steps (50b} and {50c¢)
occur at faster rates than step {(50aj). Thus the isotopic composition of the dihydrido
species M{H,D);" will be close to the composition in the liquid {(H,D),O phase,
producing gas species of the same isotopic composition via the slower step (50a).
The actation {H,D),0 refers to the three isotopic possibilites H,O, HDO, and D,0.
In the reaction shown in Fig. 19, the initial liquid phase is H,O giving M{H)3" as
the major species. This results in H; as the major initial gas phase product as
observed. The rate of HD formation will increase relative to that of H, as the amount
of D increases in the liguid water phase, and so on to equilibrium. The final
equilibrium distribution of D between the liquid and gas phases will be dictated by
the equilibrium constants of the reactions beiween the liquid (H,D},0 and gaseous
{H,D}, species [ 65]. More work is needed to test this mechanism and to determine
the thermodynamics and kinetics of this interesting reaction.

A surpnising property of these clusiers is the rapid, reversible exchange of H, with
the dihydride complex [ Pt{H),{AuPPh,); 1** (Eqn. (10}, Figs. 14 and 17). This fast
exchange is very unusual for a compound in which the hydrogen ligands are bound
as classical hydrides. Such fast exchange usually implies n?-H, bonding [66,69];
however, little is known about the exchange properties of cluster-bouad, bridging
hydrides. indeed, Eq. {10} is the only known example of a simple (without ligand
loss), reversible reaction between H; and a metal clusier compound [70].

7. Prospects for future studies

A large variety of M—Au cluster compounds have now been prepared and the
synthetic methods have been sufficiently developed to permit planned syntheses of
new target molecules. The field of ciuster synthesis will continue to develop leading
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to compounds with different stabilizing ligands, different metal combination and site
preferences, and new giant clusters. It can be predicted that M— Au clusters which
contain three, four, and more vertex-shared icosahedra as well as approximate
M—Au analogs of clusters such as [Auag{ PPh;),Cl1CL, [71], Aussf PPh,},,Cly
[72], and [Pdsg,PhengyOg I[PFg o [ 73] will be prepared. The primary difficulty
in this field is cluster characterization. X-ray crystailography, NMR, and FABMS
have been used extensively for the characterization of smaller clusters (up to 25
metal atoms) but these techniques are less useful with larger clusters. For example,
it has been exceedingly difficult to grow X-ray quality, single crystals of larger clusters
and, even with the use of a rotating anode X-ray source, many larger clusters cannot
be structurally characterized. There is a need to apply different methods of character-
ization for larger clusters.

MS has great potential in cluster characterization. Techniques such as laser desorp-
tion—Fourier transform MS, elecirospray, and 2*?Cl plasma desorption MS are
currently being used with some success [74,75]. Other techniques such as high
resclution electron microscopy, transmission electron microscopy (TEM), scanning
TEM, scanning tunneling microscopy, extended X-ray adsorption fine structure, and
low angle X-ray scattering have been applied to the characterization of larger clusters
and colloids [10], but these methods are difficult to use successfully. Applications
of microscopy methods will surely continue and expand, especially as larger clusters
are prepared. We are fast approaching the point where cluster chemistry is merging
with the fields of colloid, materials, and surface chemistry [ 19,74]. This will provide
great new challenges for the cluster chemist.

Another challenge in this field is to examine more fully the reactivity properties
of metal cluster compounds. Many fascinating mixed-metal clusters have been pre-
pared and characterized but there have been only a few thorough reactivity studies.
It is very important to carry out careful kinetic and thermodynamic studies of
fundamental reactions with metal ciusters. This area is difficult because of problems
with complex spectroscopic analysis, cluster rearrangements, and the possibility of
cluster fragmentation. This is especiaily true for catalytic reactions. However, it is
necessary to meet this challenge if the field of cluster chemistry is to have continued
impact. The stedy of H, activation catalysis with M—Au clusters presented above
provides a good example of the difficulty and usefulness of this approach. It is
especially important for the cluster chemist to explore further the clauster—surface
analogy. There is a great potential to advance significantly our understanding of
bimetallic surface catalysis by studying reactions of bimetallic clusters.

Finaily, cluster compounds have the potential to function as useful catalysts or
catalyst precursors. There have been many catalytic studies with metal clusters,
supported clusters, and supported, calcined (heated—decomposed) clusters [10].
Nearly all of these studies bave utilized clusters stabilized primarily with CO ligands,
Although these investigations have heiped in our understanding of how surface
catalysts function, very few have led to useful, practical catalysts. The use of meial
cluster compounds as practical catalysts remains an unachieved goal. Work in this
area should continue, especially with polymetailic clusters stabilized with ligands
other than CO. This area remains an important chailenge to the cluster chemist.
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