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1. Dissertations

The reaction between PhPCl, and [NigfCO),5)*~ affords the anionic
clusters  [Ni,o( PPh),(COYg]% ", [Nig{ PPh)5(CO),s]? . [Nig(PPh){CO},]*". and
[Nig{ PPh),(CO).)*~. The latter three clusters are shown to possess noncentered
Ni,,_ P, icosahedral cages (where x=2, 3, 4}. Each of these clusters was examined
by IR and 3'P-NMR spectroscopy and cyclic voltammetry, with trends discussed
relative to the number of phenylphosphinidene groups. Treatment of
[Nig(COY,5*° with Pd(OAc), gives the unexpected Pd-Ni carbonyl cluster
[Pd;eNi((COLT* . A complete X-ray diffraction study was limited due to severc
crystal decay [1]. Thermolysis of Qs (CO)g(p-H }5(15-BCO) yields the dihedral, “*but-
terfly”, boride cluster HOs,(CO),(BH,). The pentagonal bipyramidal cluster
HOs4(CO),,B has been isolated from HOs,(CO),,(BH,;) at elevated temperature.
The identity of these new clusters was established by solution spectroscopic and
X-ray diffraction methods. Osy(CO)o(p-H }1{u;-CCO) reacts with diborane to give
the corresponding methylidyne-capped cluster Os3{CO)(p-H)a(us-CCH;) [2]. The
new clusters Ru,Pt(CO};(COD) (u-H),, RuPH{CC)(g-COWCODMWp-H),,
Ru,Pt,{CO),{COD),(1;-H);, and RusPt,(CO) &(COD).(p3-H), have been isolated
from the reaction between Pt{COD), and RuJCO)s(pu-H); at room temperature.
The solid-state structure of each cluster is presented. The clusters
RugPi,(CO),s(s-H),  and  Ru,Pt3(CO},,{(p-CO)(1us-H);,  prepared  irom
Ru,P1(CO),, with added Ru{CO),4(u-H), and Ru;Pt{(CO}YLLCOD)(p-H),, respec-
tively, have been siructurally characterized and examined for their ligand substitution
reactivity. Ru,Pt,(CO),s reacts with H, to afford the new cluster
RugPt;(CO), (-H )a{pa-H ). The reactivity of this RugPt, cluster with diphenylacety-
Iene has been explored, and the resulting alkyne-substituted cluster studied in hydro-
genation catalysis {3]. The conversion of {Re;C(CO),*" into [RegC(CO) ) is
reported to occur in the presence of PPh, and the oxidant [Cp,Fe]™ (two equiv.).
The X-ray structure of the hexarhenium cluster reveals an extremely congested
ligand environment. When the same starting heptarhenium cluster is treated with
[Cp;Fe]* (two equiv.) in the presence of diazomethane, the carbene cluster
[Re;C{CO),,(CH,)]~ is obtained as the major product. Treatment of
[Re,C{CO),o]*~ with Mo(CO), and Ru,(€O),, under photochemical conditions
gives the mixed-metal clusters [ReC(CO),sMo(CONJ and
[Re,C(CO),sRU(CO),J>~, respectively. One-electron oxidation of [Re,C(CO),,]*~
using [Cp,Fe]™ affords the paramagnetic cluster [Re,C{CO},,]*~. which has been
shown to react with added Bu,SnH or silane to give the hydride cluster
[HRe-C(CO),,]* . [Re;C(CO),, >~ also reacts with acetone and THF to furnish
the same hydride cluster. The role played by the gegencation and the ferrocenium
oxidant in these reactions is discussed [4]. The preparation and characterization of
034(CO),o{ MeCN }{ Si{OR )3 H{u-H ) from Os3{CO) o MeCN ), and (RO),;SiH (where
R = Me, Et) have been discussed. The interconversion and ligand substitution proper-
ties of these trialkoxysilyl-containing clusters were also explored. The hydrosilylation
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of trans-cinnamaldehyde by Et;SiH was examined by using the cluster catalysts
P13;Rug(CO)g(p-CiPhy)(p-H), and Pt;Rug(CO), (ps-H)s Pt;0s,(CO)yp  reacts
with H, to give Pt Osg(CQO),5. with no evidence obtained for the presence of
hydride ligands in the product [5]. The syathesis, characterization, and catalytic
behavior of the zeolite-encapsulated clusters [Ptg(CO)5;]? " and [Pto(CO) 5>~ are
reported. NaY zeolites were used in these studies. Treatment of Na,PiClg and
RhCl; in the presence of CO and MgO gives the mixed-metal cluster
[PtRh4(CO),s]” in 84% vield [6].

The use of bimetallic bridging sulfur compounds in the synthesis of metalla-sul{ur
cubane clusters has been reported. The compounds Cp*M (PR )S,IrCp* (where R=
Me, M=Rh, Ir; R=p-tolyl, M=Ir) give {Cp*MS),(Cp*118), upon thermolysis.
Mechanistic information on the cubane-assembly reaction is included [7]. The reac-
tivity of (MeCp},Mo,Co0,85(CO), with organic sulfur compounds has been investi-
gated, with thiol desulfurization schemes discussed. Thiolate anions initially
coordinate to a cobalt center at low temperature, as shown by 'H-NMR spectro-
scopy. Conversion of this adduct to a p,-sulfido and a p,-thiolate ligand occurs
above —20°C. The anion [{ MeCp),;M0,C0,5,(C0O),]” and the corresponding hydro-
carbon-based radical result when the Mo,Co, cluster and organic thiol are heated
above 50°C. The molecular structure of this latter Mo,Co, cluster was established
by X-ray crystallography, and the presence of the organic radical was demon-
strated by the observed rearrangement of the intermediate cyclopropylmethyl
radical to I-butene-d, in CD,CN solvent [8}. The reactivity of
HRu;(5-13-XCCRCR)(CO),_ (PPh,), (where X=R=R'=Me, n=1; X=Me0,
R=H, R'=E10, n=23; X=E,N, R=H, R'=Me, n=1) with ¢lectrophiles has
been examined and found to proceed by one-electron transfer or by Lewis acid-base
formation. The electrochemical behavior of these clusters reveals the presence of an
accessible one-electron oxidation, whose reversibility depends on the nature of the
n donor capability of the allyl substituents and the number of PPh, ligands preseat.
The radical cations, generated by chemical oxidation, are stable at low temperature,
and have been characterized by IR and EPR spectroscopy. The clusters
H;Ru;(pa-CRY{CO)4( PPh,); (where R =Me, Ph) have been studied for their reactiv-
ity with [Ag]~ reagents, and a silver—triruthenium complex that contains an agostic
hydrogen has been identified by spectroscopic methods [9]. The synthesis, reactivity,
and bonding in carbide and sulfur oxide clusters are described. SO, reacts with
[HFe;(CO),,]~ to give HFe,(CO),{SO,), which possesses a u;,n?-SO, ligand.
Methylation and acetylation of the oxygen atom of SO, that is not bonded to iron
vields HFe,(CO)(S0,Me} and HFey(CO){SO,C(0)}Me}, respectively. The clus-
ters [Ruy(C0O);)*~ and [HRu4(CO),,]” bhave been allowed to react with SO, to
produce [Rus(COY{(p3.M*-SO) ", [Rug(COYs(p3,n 80} (12-80,),1° 7, and
[HRu3{CO)o(1,-50,);] . Extended Hiickel calculations on the bonding of a variety
of organic and inorganic capping fragments to Fe,(CQ), have been carried out in
order to examine the origins of the tilt angle associated with the p,-ligand. C,-C;
bond scission in the ketenylidene cluster [Os,(CO)o(CCO)] ™ eccurs upon treatment
with Ni{CO), and gives the clusters [Os;Ni;C(CO),5)°" and [Os3Ni,C(CO), s .
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These carbide clusters have been fully characterized [10]. UV irradiation of
Ru;(CO),, that has been physisorbed on porous Vycor glass leads to the oxidative
addition of a surface silanol group and formation of Ruz(CO),{p-H){p-0Si=).
The reactivity of this surface grafted cluster in alkene isomerization and hydrogena-
tion reactions was probed [[1].

Treatment of Co,(CO); with BH, SMe, gives B;H Coy,CO), and
Co5(CO),,(u-CO)(B,H). The X-ray structure of the Cos cluster reveals that it does
not conform 1o the theoretically predicted trigonal biprismatic geometry expecied
for an 80-electron cluster. The synthesis and spectroscopic characterization of
FeCo,(CO){p-CO)BH) and FeCo,(CO)(BH), are described. Co,(CO); reacts
with HFe (CO),,(BH,) to give HFe;Co{CO),,(BH). The cobalt atom is shown to
occupy a wing-tip position in this cluster. Heating this same cluster leads to
Fe;,Co(CO),,(BH,) [12]. The cluster (CpTi)s{a-Te)s{ps~0), has been isolated in low
yield from the reaction of Cp,Ti(TeSiPh,), with Lewis bases [13]. The synthesis and
reactivity of [HAs{Fe(CO),} P, [Te{Fe(CO),}s]*~, and {Se{Fe(CO),};J’  are
described. Whereas the latter two clusters readily lose CO to give the corresponding
closo clusters [ XFe,(CO)J*~, the former cluster yields the higher nucleanty com-
pound [As,Fes(CO),,~ under comparable conditions. The reactivity of related
bismuth derivatives has also been investigated [14].

CO substitution in PhCCo4(CO), by the diphosphine ligand bma gives
PhCCo,{CO},(bma), which i1s unstable and decomposes via a first-order process
involving CO loss to furnish Cos(CO){1,-n*n'-C(Ph) IC=C(PPh2)C(O)OCI
(O {ps-PPh,). The model cluster complex PhCCo4(CO-{(Z)-
Ph,PCH=CHPPh,} is inert with respect to the¢ diphosphine/benzylidyne ligand
activation  experienced by the bma  ligand.  Coy(CO)e{p-n’.n'-
C(Ph) ésC(Pth}C[O}OC' (O} (1,-PPh,) reacts with PMe; to give an adduct
with an expanded molecular polyhedron, The decomposition of this intermediate
and the kinetics for the addition of a second PMe, ligand to
Co4(CO)(PMe3) py-1n? . -C(Ph) C=C(PPh,)C(O)OC (O)}{p,-PPh;) are
reported. Mechanisms for the bma/benzylidyne ligand activation and the site-setec-
tive PMe, addition reactions are presented. Each new cluster compound has been
fully characterized [15]. CS, reacts with the paramagnetic 46-electron cluster
Cp¥Cos{u,-H)(ps-H)  to afford  the  sulfide  thiocarbonyl  cluster
Cp¥Co,{1,-S) (15-CS). Nitric oxide and phenyl isocyanate react with the tetrahydride
cluster to yield Cp¥Coy(uy-NO), and Cp¥Coy(pzu-n*-PhNCONPh), respect-
ively. The  mono{ethylidyne) clusters CptCoa(p;-CMe)(py-H) and
Cp*Co,(j;-CMe)Xu,-H); are obtained from Cp¥Coa(po-H )3(ua-H) and acetylene at
clevated temperature. Spectroscopic data related to pertinent intermediates and
deuterium labeling studies are presented. The reactivity of ferr-butyl isonitriles and
trimethylsilyl{diazomethane) with Cp¥Co;(it-CMe){(pu;-H) has also been examined
[16]. The synthesis of Cp¥M;(us-CH){(p-H) (where M=Co, Ni) from either
[Cp*MCI}, or Cp*M(acac) with MeLi is reported. The reactivity of these clusters
with oxidants and hydrogen is discussed. 2D EXSY NMR measurements on
Cp3Cos(ps-CH)(py-H), rteveal that the carbyne and bridging hydride protons
exchange via an intramolecular mechanism, whose rate is estimated at 157! [17].
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2. Homometallic clusters
2.1 Group 4 clusters

The compound {Cp*Ti{u-O)}1(1n,-CH) has been used as a Lewis acid in the
reaction with CpM(CO),H (where M =Mo, W). Spectroscopic data indicate that
the titanium centers coordinate the oxygen atom of a [CpM(CO),]” fragment, with
the hydrogen atom of CpM{CO),H being transferred to the p;-carbyne ligand to
afford a coordinated methyl group [18].

2.2, Group 6 clusters

The reaction of W,(0,CBu*), and CpNa gives Na, W 0,Cp,(0,CBu"),, which has
been crystallographically characterized [19). {CpCr(CQ)s} ; reacts with P,S; to give
as the major product Cp,Cr,(CO)s(P,S;), whose X-ray structure has been solved.
Thermolysis of this cluster affords a variety of CpCr(CO),-substituted P- and
S-containing compounds [20]. Optical excitation of {RCp),Mo,(CO)g (where R =
H, Me} in the presence of HSiMe,Ph gives the tetrahedral clusters
MeCMoz( RCp);{CO),. Both of these clusters have been isolated and crystallegraphi-
cally characterized. The fluxional properties of each clusier were investigated by
variable-temperature NMR measurements, and mechanisms accounting for the
observed dynamic Cp ligand behavior discussed. The relevance of this work towards
deoxygenative reduction of CO is discussed [21]. Treatment of [CpM(CO),] * (where
M=Mo, W) with PCl; yields {CpM(CO),},PM(CO}s and {CpM(CO),},P. All
four of these products were characterized by spectroscopic and crystallographic
methods [22]. The clusters {{OC )sMoAsM04(CO)s(j3-OR };Mo(CO),1?~ (where R =
Me, Et) have been prepared from Mo (CO), and NaAsQ, in refluxing ROH. The
X-ray structure of the methyl derivauve (Fig. 1) reveals the existence of a tetrahedral
AsMo, core. The remaining Mo(CQ), and Mo(CQ)s meieties are bound to bridging
methoxy groups and the capping ps-As center, respectively, The bonding in these
clusters was explored by extended Hickel calculations. The failure of these clusters
to obey the usual ¢lectron-counting rules 13 discussed relative to the MO calcula-
tions [23].

2.3. Group 7 clusters

A series of cationic manganese(Il) aryl compounds have been prepared. The
X-ray structure of Mn,(2.4,6-Me¢,;C.H,), is included, and the use of this complex as
a starting material for other complexes is presented [24]. The reaction of
Mn,(CO},, and MesAl in a hexane/THF solvent mixture leads to
[Mn}[Mn,(THF )4(CO),,]5, Mny(THF),(CO),4, and [Mn(THF )e][Mn{CO);],; the
latter two compounds are thermally unsiable. All three of these compounds have
been characterized in solution and by X-ray crystallography. Fig. 2 shows the X-ray
structure of the Mn, 4 cluster [25].

The X-ray structure of the cubane cluster {Mn(CO);();-OH )}, has been solved
[26]. Network hydrogen bonding and crystal engineering are discussed in a
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Fig. 1. X-ray structure of [{OC )sMoAsMo,{CO),(i;-OMe),Mo(CO);]? . Reprinted with permission from
Inorganic Chemistry. Copyright 1995 American Chemical Society.

paper dealing with the X-ray structures of {Mn{(CO).(p;-OH}ity-
2(2,3,5,6-Me pyrazine) - 2H,0 - 2MeCN  and {Mn(CO),{u,-OH )}, - 4.4"-bpy -
2MeCN. The ability of MeCN to act as a hydragen bond acceptor in the construction
of the observed 2-D grid (former complex) and 1-D strands (latter complex) is
discussed [27]. Another publication describing the supramolecular chemistry of
{M(CO},(us-OH )}, (where M =Mn. Re) has appeared. Fourteen new X-ray struc-
tures that contain three-dimensional superdiamondoid lattice networks are included
[28]. Treatment of [{ MeCpMn(CO),},H}™ with SnCl; gives the inidene complex
[{ MeCpMn(CO),5n} ,{p,-Mn(CO),MeCp},(u,-C1)] . The spectroscopic properties
and the X-ray structure are presented, and the relationship of this complex to the
[1.1.1]propellane system is discussed [29].

H/D exchange via reversible pyridine ortho-metalation in
[Rey(CO)yo(u-H )3(u-NCsH,)] ™ has been examined by NMR spectroscopy. Rate
constants are reported, and the observed equilibrium isotope effect is discussed with
respect to the proposed mechanism, When the exchange reaction is conducted under
CO the cluster [Re4(CO),(u-H),] ™ is obtained. Using [Res{CO)y(u-H), )™ in the
presence of CO and pyridine has allowed for the calculation of the competition ratio
between CO coordination and pyridine ortho-metalation. The X-ray structure
of [Rey(CO)(py)(u-H);]~ accompanies this report [30]. The unsaturated
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Fig. 2. X-ray structure of half of [Mn][Mn-{THF ),(CO),;];. with the THF carbon atoms omitted.
Reprinted with permission from Joumal of American Chemical Society. Copyright 1995 American
Chemical Society.

cluster Re,(CO}),,(u;-H), readily adds four acetonitrile molecules to give
Re (CO),(MeCN ) {ps-H),. The product exists as a mixture of two isomers that
display a spiked-triangle metallic skeleton. These isomers fragment at room temper-
ature to give [Re;(CO)(MeCN)(p-H),) ™ and [Re (CO);{MeCN );]*. The effects of
additives on the fragmentation reaction and a reaction mechanism that illustrates
how the acetonitrile-substituted cluster decomposes in solution are presented [31].

2.4. Group 8 clusters

A review dealing with the development of osmium and ruthenium carbonyk
compounds has appeared. The physical techniques used to establish cluster structure
(solution and solid state), synthetic methods leading to the directed synthesis of
polynuclear clusters, redox chemistry, and cluster framework rearrangements are
several of the topics discussed [32]. Mechanistic information on the photofragmenta-
tion and photosubstitution processes in M;(CO),, (where M =Ru, Os) has been
reviewed. The synthetic potential of photochemically generated Ru and Os intermedi-
ates and the role of cluster photochemistry in catalysis are discussed [33]. Picosecond
pump-probe photochemistry studies have been carried out on Fey(CO),,. Excited
Fe,(CO},, transforms inte a coordinatively unsaturated cluster as a result of Fe-Fe
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bond scission. This Fe;(CO),; (unsaturated) isomer s detected within 15 ps. The
rate constants for the return to the ground state and fragmentation are reported,
and a discussion of these data relative to the earlier work of Cotton and Hunter on
the CO mobility in Fe;(CO),; is presented [34]. Rus(CO),» physisorbed onto porous
Vycor glass affords Ruy{CO),o(u-H )} {(p-0Si=) upon UV photolysis. This clus-
ter is shown to react with Il-pentene to give the stable adduct
HRu(CO},o(1~O81=)(1-pentene), which releases 2-pentene upon photolysis. The
photoassisted catalytic cycle is discussed [35]. Several dimeric compounds and
[Fes(CO),,]" have been examined by molecular mechanics computations using
Cotton’s charge equalization principle. The steric versus electronic effects in deter-
mining ligand stereochemistry are fully outlined [36]. Extended Hiickel molecular
orbital calculations have been performed on Fey(CO),; and Ruy(CO),,. The origin
of the bridged siructure observed in the solid state of Fe,{(CO)y, is attributed to
electronic effects involving a weaker Fe-Fe repulsion in the lighter congener [371].
Treatment of Fe,{(CQ),, with halides in aprotic solvents leads to a disproportionation
reaction and the radical anion [Fe,(CO};,]”. This cluster has been isolated and
characterized by X-ray diffraction analysis (Fig. 3), which has revealed the presence
of one semibridging CO group. This same chuster also forms when [Fe,(CO),,F~ is
treated with PhNQ,. The reaction of halide anions with other clusters is described,
and the role of radical intermediates in the reduction of aromatic nitro compounds
is presented. Also included in this report are the X-ray structures of
[Fey{CO}o{p,-NPh)]*~ and [HFe;{CO)o(15-NPh)] ™ [38].

Ruy(CO),, was examined by NMR methods in order to evaluate the activation
energy for intramolecular CO exchange. Reported data include C-spin-lattice
(T,} and spin-spin (7,) relaxation times of the CO groups. The use of MAS
C-NMR data and the variable-temperature relaxation data has allowed for accu-

100

Fig. 3. X-ray structure of [Fe;{CQ),,]” . Reprinted with permission from Organometaliics. Copyright 1995
Amencan Chermical Scciety.
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rate calculation of the barrier associated with intramolecular CO exchange [39]. A
paper describing the effect of chloride ions on the ruthenium-catalyzed hydroesterifi-
cation of ethylene has appeared. [Ru,(CO),,(u-Cl),][PPN], has been isolated from
the reaction between Rui;{CO),, and [PPN][CI]] and crystallographically charac-
terized. The solid-state structure consists of a Ruy(CO), triangular frame with one
face supported by a spiked “Ru(C0),Cl,” moiety, Extended Hiickel calculations
reveal the presence of a large HOMO-LUMO gap (1.45eV) in the cluster. The
reaction of O, with the Ru, cluster affords [Ru,(CO),(u-C1)4(p-O)[PPN];, whose
structure has been established by X-ray crystallography. Analyses of the recovered
catalysis reaction solutions from the various ruthenium reagents reveal the presence
of [RugC){(CO),J>” as the principal metal-containing cluster. Catalytic studies
using this carbido cluster are presented, as are the results of other mononuctear
ruthenium precursors [40]. The kinetics and mechanism of azide addition to
Ru;(CO),; have been investigated. A rate law dependent on the concentrations of
both Rus(C0O),, and azide and the activation parameters support a rate-limiting
sequence involving azide attack on a coordinated CO ligand. The intermediate
cluster [Rus(CO}), ,(CON;3)~ decomposes via a Curtius-type rearrangement 1o give
[Ru3(CO), ({NCO))~ and N,. This latter cluster decomposes in the absence of CO
to afford the bridged isocyanato cluster [Ruy(CO) o(p-NCO)] ™ [41].

The addition of phosphine/phosphite ligands te the 46-electron cluster
05{CO),0(pn,-H), has been the subject of a detailed kinetics study. The experimen-
tally found second-order rate constants were fit to a multiparameter equation involv-
ing the pK,, o-donicity, Tolman cone angle, and steric threshold of each individual
ligand. The concept of a transition-state 1somer is presented [42]. The kinetics for
ligand substitution in Os,{CO)4(1,-H), were examined as a function of pressure
and temperature, and the volumes of activation (4 ) reported. On the basis of
the AV7 data. it is suggested that all of the Os- - - P bond lengths in the transition
state are the same for all nucleophiles possessing a Tolman cone angle less than
160°. Mechanistic considerations are thoroughly discussed [43]. '"H-MAS-NMR
spectral data for H,0s;(CO), 0 HoFeRu({CO),;, HRus(CO){p;,n*-C = CBu"Y,
H,0s,(CO},,, and H,0s4(CO),(NH;) are reported. The use of this NMR method
m the elucidation of the structure of hydrido clusters is discussed [44]. The
diyne ligand HOCH,C,CH,CH reacts with H,0s,(CO),, 10
yield O4(CO)o(n-H){(ppm*- OCH=CH—C=C -C-Me), The metallocycle ring
forms a pseudo-furan ring bearing an o C-methyl group. Reactions of
H,054(CO},, with the diyne compounds {Co,(CO)g}(u,,n*-HOCH,C,CH,0H) and
{Co(CO)g} 212Ny m-HOCH,C,CH,OH) are also described [45]. The clusters
083(CO)o(u-H ) (1-OH) and Os5(CO)( PPhs),(p-H ) (p-OH) (1wo 1somers) have been
1solated from the reaction between [Osy(CO}, (u-H)] and Cu{PPh;),{ BH,). All
three clusters were characterized in solution and by X-ray crystallography [46]. The
X-ray structure of Os,{COY, 4(p-H }p-OH) reveals the existence of an osmium trian-
gle, bridged on one side by the hydrido and hydroxy groups [47].

The reactuivity of the “lightly stabilized™ clusters Os,(CO),,L (where L =ethylene,
MeCN) with the gaseous reactants CO, NH,, and H, has been explored in the
context of solid--gas reactions. The site selectivity of these ligand substitution reac-
tions has been assessed by NMR methods. These ““lightly stabilized™ clusters are
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shown fo react via L loss and formation of the reactive unsaturated cluster
05,{CO),, [48] Variable-temperature *C- and 'P-NMR studies have been con-
ducted on Fe,(COY,(CNB1") and Fey(CO),o(CNBu'){P(OMe),} in order to study
the fluxional pathways associated with CO and P(OMe), exchange. Two isomers
were observed in solution for the P{OMe),-substituted cluster; one of these isomers
was isolated and crystallographically characterized [49]. Os5(CQO),{ MeCN) reacts
with BujPF to give the phosphine-substituted cluster Os;(CO},{ BuiPF). Reaciion
of the bis-acetonitrile cluster Os;{(CO)(MeCN), with the same ligand yields
05,{CO)o( BULPF ), and Os,(CO), o ButPF }¢ Bu'PF,). Each of these products was
characterized in solution by IR and NMR spectroscopy and mass spectrometry. The
X-ray structures of the former two clusters were determined by X-ray crystallography
[50]. The substitution chemistry of Ru,(CO},, with the polyfunctional phosphines
tris(2-thienyl yphosphine and tris(diethylamino)phosphine is described. The com-
pounds Ruy(CO),,{P(C,H;8)5}, and Ru{CO),{P(C,H,S8),}, have been charac-
terized by X-ray crystallography. Use of the latter phosphine ligand affords
Ruy(CO}Y,o{ P(NEt,)s},, whose IR spectrum reveals the presence of bridging CO
ligands. This latter aspect is discussed relative to other clusters of this genre which
do not exhibit bridging CO ligands [51]. The substitution kinetics of Ru,(COy,, L
and Ruy(CQ),4L, (where L =various phosphines and phosphites) using AsPh, and
various P-donor ligands are reported. Reaction rates (first-order and second-order)
are analyzed relative to electronic and steric parameters [52]. Dppp has been allowed
to react with Os;{CO),(MeCN); and Osy(CO),o(n*-cis-butadiene) to give only
0s3(CO) g u-dppp). Protonation using TFA occurs at the dppp-bridged Os—0s bond
to yield [HOs;(CO),o{u-dppp)] . Both Os;(CO),o(u-dppm) and Os,(CO),{u-dppp)
react with additional diphosphine ligand to give 0s{CO)y(u-dppm), and
0s;(CO)(p-dppp}{n'-dppp). Protonation of Osy(CO)y(u-dppm), with TFA leads
to [HOs;(CO)g(p-dppm),] ™, where the hydride ligand resides across the non-dppm-
bridged Os—0Os bond. The X-ray structures of three triosmium clusters are reported,
and the effect of the phosphine ligand’s methylene chain length on the coordin-
ation chemistry is discussed [53]. The reaction of impure cycloheptatriene
with  Ruy(CO)jolp-dppm) leads to  Ruy{CO){p,-C-HgH{p-dppm)  and
Ruy{CO(p;-CqH ) (u-dppm). The exact molecular structures of these clusters were
established by X-ray crystallography [54].

The reaction between the redox-active diphosphine ligand bped and Rui(CO),,
has been examined. While the cluster Ruy{(CO),o(bpced) may be isolated under
controlled conditions, it is shown to decompose readily at ambient temperature to
afford Ru,;(CO}, . Ru{CO)(bped), and Ruy(CO){p- ('3_=C(PPh2)C{O}CH2(E
(O)}(n,-PPh,). The redox properties of the bped-substituted complexes were
explored by cyclic voltammetry, and the nature of the HOMO and LUMO in these
complexes was established by extended Hiickel MO calculations [55]. The disubsti-
tuted tricsmium clusters Qs,(CO), L (where L =2,2"-bpy, 2,2"-bpm, dpp. dpb) have
been prepared and their photochemistry explored. Irradiatien into the MLCT trans-
itions does not lead to preductive photochemistry in toluene solvent. However, use
of coordinating solvents affords a transient species, whose structure 1s formulated
as 0s(CO),-0s(CO),-0s*(CO),(solvent)L, on the basis of spectroscopic analyses.
When 2-MeTHFE is used as a solvent, a stable, zwitterionic photoproduct may be
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obtained at 133 K. The photochemistry and the nature of the ancillary L group in
promoting the heterolytic Os—Os bond cleavage are fully discussed [56].
Pentaphenylcyclopentaphosphine reacts with Osy3(CQ),,{ MeCN), to vield a pair of
inversion isomers having the molecular formula Osy{(CQ),4(PCsH;)s. When the same
phosphine is allowed 10 react with Qs4(CO),,(MeCN), the clusters
05,(CO}, ((PCsHs)s and {Os3(CO),,},(PCH,); are isolated as the sole products.
The X-ray structures of all four of these clusters reveal the presence of an intact
cyclopolyphosphine ring [57]. The solution structures and the dynamic ligand beha-
vior of the clusters M;(CO),,_ (Mc¢CN), (where M=0s, x=1,2; M=Ru, x=1, 2,
3) were investigated by *C-NMR spectroscopy. The lowest energy CO exchange
process in these clusiers involves a delocalized type merry-go-round mechanism,
with a localized exchange occurring at higher energy. The ability of the acetonitrile
ligand(s} to stabilize bridging CO ligands and the role of the MeCN ligand(s)
in facilitating CO exchange are discussed [58]. The d48-eleciron cluster
Ru3(CO)g(p3.1*-PhPCPhCPhPPhCPhCPh) has been obtained from the reaction
between Ru,(CO),, and 1,2,3-triphenylphosphirene in refluxing THF, The X-ray
structure (Fig. 4.) confirms the coupling of the two opened phosphirene rings present
in the product, A working mechanism involving ring opening and P—C bond cleavage
is presented [59].

The alkynyl-bridged cluster Ru;(CO)(pt,-H)(p3,n*-C=CBu") reacts with the

Fig. 4. X-ray structure of Ruy(CQOJg(ps.n* —PhPCPRCPhPPhCPhCPh). Reprinted with permission from
Organometallics. Copyright 1955 American Chemical Socicty.



248 M. G. Richmond | Coordination Chemistry Reviews 160 ¢ 1997, 237 294

diphosphine  lLgandbped in  the presence of Me;NO to  give
Ru;(CO)4(p-H ) (U3 -C=CBu'Y(bped). X-ray diffraction analysis shows that
the bped ligand coordinates to the unique ruthenium atom in a chelating fashion.
Cyclic voltammetric data and the results of extended Hiicket MO calculations are
reported [60].

Treatment of Fey(CO),, with asymmetric alkynes (RC,R’) gives a variety of
tr- and dinuclear complexes. Each of the products exists in two or three isometic
forms [61]. Diphenylacetylene reacts with Ruy(CO){MeCN}, to give
Ru;{(CO)(PhC=CPh), and Ru;(CO)(C,Ph,). This latter cluster arises from the
coupling of two alkyne ligands, giving a cluster that possesses a pentagonal bipyrami-
dal RusC, core, as confirmed by X-ray crystallography [62]. The osmacyclopenta-
diene ring present in the cluster Os5(COY{psn' munPini-
C(SiMe;)C(Me)C (H)YC(Ph)}, which is the product from the reaction between phe-
nylacetylene and Os;(CO)(n-CON(L5-Me,StC,Me), has been verified by X-ray crys-
tallography (Fig. 5). Thermolysis of this same cluster in refluxing benzene yields
Os3(CO)g(p-H ) p3-C(SiMeg ) C(Me)C(HYC(CgH,)l and  Os(COY{pn'min™
C(SiMe;)C(Me}C(H)C(Ph)}. The rearranged osmacyclopentadicne motety in the
former cluster is coordinated to one edge of the cluster. Solution characterization
and PPh; substitution reactivity are presented [63].

The alkynes RC=CH (where R =Ph, SiMe,} and RC=CR' (where R=R'=Mc,

OBl Qis)

Fig. 5. X-ray structure of Os,(CO, | py. 1 i m?-C(5iMe,)C(Me}C(H yC(Ph)} . Reprinted with permis-
sion from Organometallics. Copyright 1995 American Chemical Society.
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Ph; R=Me, R'=FEt) have been allowed to react with Ruy(CO)o(MeCN);. The
terminal alkynes yield the acetylide-bridged clusters HRuy(CO)s(py,n*-C=CR} in
high yield, while the disubstituted alkynes give the aryl-bridged cluster
Ruy(COYo(p3-2n%n3-CeR,R 3), via a [2+ 2 + 2] cyclotrimerization sequence. All of
the product clusters were characterized in solution by the normal methods and by
comparison to known compounds [64], Binuclear and tetranuclear ruthenium com-
pounds containing an 7°-coordinated dihydropyranyl ring have been isolated from
the reaction between Ruz{CO),, and the enones PhCH=CHC{O)R (where R =Me.
CeH Me-4}. The identity of the dihydropyranyl ring in each compound was ascer-
tained by X-ray crystallography [65]. Treatment of Ru,{(CO}),, with potassium-
benzophenone affords the acyl-substituted cluster Ruy(CO)o(u-HMn;-
o:o:n3-C{O)Ph}. The solid-state structure confirms the presence of the bridging
acyl ligand, whose origin is presumed to be from benzophenone [66].

The ¢clusters Ru,(COY, ;. Rus(COVlps-13min-Ca,). and the
1,3,5-trithiacyclohexane derivative Ruy(CO)g(p;-n%n*n%-S;C3He) have been
explored by extended Hickel MO calculations, empirical atom- atom pairwise pack-
ing potential energy calculations, and computer graphics in order to study the
relationship between the molecular and crystal structures. The nature of the facial
ligand in promoting bridging CO groups is discussed relative to the extended Hickel
data. The presence of hydrogen-bonding networks involving the facial C H bonds
and the carbonyl oxygens is also discussed [67]. Thermolysis of the [2.2]paracyclo-
phane-substituted cluster Rus{CO)o(u3-n*n%n*-C,6H ) in octane furnishes the car-
bido cluster Ru C{CO),4{1;-1*n%n?-CisH,¢), which upon treatment with Me;NO
in CH,Cl, gives the original triruthenium cluster. The cyclophane ligand in
Ruy(COY(ps-nEn*n-C (H o) is converted to a terminally bonded ligand when
treated with diphenylacetylene, as demonstrated by the cluster products
Ruy(COY{p3-n*n*n*CoPhy)(n®CigHyg)  and  Rus(CO),{u;-n?-PhC,C{O)Ph}
(n®-C,H,¢). Four X-ray structures and the solution NMR data are presen-
ted in this paper [68]. Ru,(CO),, reacts with
(—)-bromomenthyltetraphenyleyclopentadiene to give the mononuclear complex
[(CsPh,R)Ru(CO);][Br] {where R =menthyl), which upon heating loses CQO to
furnish the corresponding neutral compound (C,Ph,R}Ru(C0),Br. The X-ray struc-
ture of the latter compound accompanies this report [69]. Two different coordimation
modes for benzene in Os3{CO}(n5-ninin3-CeHe)(M™CegH,) have been confirmed
by X-ray analysis. This particular bis{benzene) cluster was isolated from the diene
cluster Os3(CO)(p3-n2n?mA-C.He) (*-CgHg) through a multistep sequence [70].
Several new [60]fullerene-substituted clusters have been prepared and characterized
by IR and 3C.NMR Spectroscopy. The clusters include
055(CO) 1 (N*-Cyp), O55(CO), 4 PPh3)(M2-Cog). and Os5{CON{PPh3),(n*-Cyp) [71).
The Wittig reagent H,C=PPh, reacts with Os;(CQ)s(us-n*n%n3-C,H Ph) at the
arene ring to afford the carbene complex Os3(CO)(ps-n*n" M -H,C—~C4HPh). The
product was characterized in solution by IR and ‘H-NMR spectroscopy. and the
molecular structure was determined by X-ray diffraction analysis [72]. The synth-
esis and X-ray structures of Ru{CO){ps-n2n%n*-CiH,«{n>-CCH,CH,),-1.3}.
Ru,(COY{pa-n?n2n*-C H,-(-CCH,CH,),- 1.3}, Ruy(CO)gips-n%niin?-
CeHs-(n*CCH;3CH,)}. and RugCO)yoips-n*n*m*CHs-(n?*-CCH;CH,)} (Fig. 6)
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Fig. 6. X-ray structure of Ruy(CO), i ta-ninin -CeHg-(n*-CCH,;CH,)} . Reprinted with permission from
Organometallics. Copyright 1995 American Chemical Society.

have been published. The observed facial coordination exhibited by the aromatic
rings is discussed relative to the propenyl substituent{s) [73].

The imido-capped cluster Ruy{CO)4{p;-CO)(1s-NPh) has been examined by
I3C.-NMR spectroscopy and '*C-spin-lattice (7,) relaxation times for the phenyl
group and the equatorial carbonyl groups. These groups were studied as a function
of temperature and resonance frequency. A small barrier to the internal rotation of
the phenyl group has been found, the nature of which is attributed to intramolecular
steric interactions between the carbonyl groups and the vriho protons of the phenyl
group. While both Fenske-Hall and extended Hiickel calculations confirm the
presence of this rotation barrier, the former method substantially overestim-
ates the barrier [74]. Vanable-temperature C-NMR  studies on
Ru,{COg{p5-COYpuy-NPh) were conducted and two distinct CO exchange processes
observed. The lowest energy exchange pathway involves the 3-fold scrambling of
equatorial/axial CO groups at each ruthenium center. At higher temperatures the
py-bridging CO group is shown to exchange with only the equatorial CO groups.
The direct exchange of the p;-CO group with an axial CO group was ruled out on
the basis of 2D EXSY measurements. Fig. 7 shows the likely exchange pathway
assoctated with the higher energy process [75].

Fe,;(CO),; reacts with aromatic nitriles under hydrogen to yietd the nitrile-capped
clusters Fey(CO)y(j1;-n>-RC=N). The stability of the resulting products is related
to the electronic properties of the aromatic moiety. Electron-donating groups on
the aromatic ring decrease the stability of the nitrile-capped clusters, as does
phosphine-ligand substitution in these clusters. The X-ray structure of
Fey(CO)g{ P{OMe); } {(;-1>-PhC = N) is included in this report [76]. Thermolysis of
Ru4(CO), in octane with 7-isopropyi-1,4-dimethylazulene yields the crystallographi-
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Fig. 7. Pathway [or p;-CO/equatorial CO exchange in Ru(CO),(p:-CONpu,-NPh). Reprinted with permis-
sion from Organometallics. Copyright 1995 American Chemical Society.

cally characterized clusters Ru,(CO)+(p3-n*n*n*-CsHyg) and
Ru,(CO¥(13-n*1>n>*-CsH ) [77]. The Schiff base 4-hydroxyphenyl- N, N'-dimethy-
limide reacts with Rus(CO);; in  refluxing cyclohexane to  give
Rua(COY(p-H ) {is-n2-(N,C)-4-HOC,H,N=CMeCH }. X-ray crystallography con-
firms the double C-H bond activation of the methyl ligand. Data are presented that
show that this reaction is specific for the imine-bound methyl group [78]. The
reaction of various diazaheterocycles with Qs,(CO),,(MeCN} is reported. The pro-
ducts from these reactions, Os3{CO),,(L-H) (where L-H = }-vinylimidazole, imidaz-
ole, pyrazole), undergo further reaction at elevated temperature to yield
Os3(CO)olu-H) (p-L). Reaction of the imidazole ligands with Rus(CO),, in the
presence  of  sodium-benzophenone gives the cyclometalated clusters
Ruy(CO), o(p-H } (p-2,3-n2- C=NCH=HN R). Two of the many products were ¢rys-
tallographically characterized [79]. New asymmetrically bridged 2,7-disubstituted
naphthyridine compounds have been synthesized from Rui(CO},, and the corre-
sponding heterocycle. X-ray structures and 'H-NMR data are presented [80]. The
coordination of diphenylacetylene to Ruy(CO)4(u-H ){(p;-ampy) has been investigated
with respect to cluster-promoted alkyne hydrogenation reactivity. This report
includes the synthesis and characterization of a cationic 48-electron triruthenium
carbonyl cluster that does not contain ancillary hydride ligands [81]. The interaction
of Ru{CO)y(u-H)(u;-ampy) with silica and y-alumina has been studied by IR
spectroscopy, and the resulting surface-supported clusters examined for their
catalytic activity in phenylacetylene hydrogenation reactions. Data are presented
showing that (1) the silica-derived catalysts are more reactive than the
alumina-supported systems, and (2) surface-supported moncnuclear catalysts,
prepared by thermally controlled cluster fragmentation reactions, are more
reactive  catalysts than the cluster-supported complexes [82]. The
reaction between [Rus(CO},o(u-CO)p-H)]~ and 3,5-Me,pyrazole gives
[Ru;(CO)Ap-COYX(p-3,5-Me,pyrazole)] ~ in high yield. The chemistry of the pyra-
zole-substituted cluster with protic acids, alkynes, R,S1H, and R;SnH has alse been
explored. The products from these reactions were characterized in solution by IR
and NMR ('H and 'C) spectroscopy, and the molecular structure of
[Rus(CO)6(p-COYa(ps-PhC = CPh)(p-3,5-Me,pyrazole)]~ was determined by X-ray
diffraction analysis ( Fig. 8) [83].



Fig. 8. X-ray structure of [Ruy(CO){p-COY,ipy-PhC = CPhI(p-3,5-Me pyrazole)] . Reprinted with per-
mission fram Organometallics. Copyright 1995 American Chemical Sociery.

The clusters O5{CO) gt NCsH,-N=N-Ph) and 0s,(CO),5(p-H)
{NC;H;-N-N(0Q)-Ph} have been isolated from the reaction between 2-azopyridine
and 0s,{CO),o( MeCN),, The latter azo cluster contains an ortho-metalated pyridine
ring and oxidized azo nitrogen atom. Besides solution characterization, the X-ray
structures ascertain the identity of these azopyridine-substituted clusters [84]. The
dynamics and coordination chemistry of a monometallic site in the
pus-imidoyl-substituted cluster Os;(CO)g(u-H){ps-n?*- C=N(C H,):} with nitrogen
donor Jigands have been investigated. Several donor ligands are shown to attack the
axial position at thc unbridged osmium atom that is sy to the ps-imidoyl ligand.
The initially formed kinetic isomers rearrange, via a first-order process, to give
anti/syn mixtures, whose ratio is dependent on the nature of the nitrogen donor
ligand. Phosphine substitution chemistry and thermolysis reactivity are also reported.
Included in this report are four X-ray structures [85]. HX addition to the
py-imidoyt cluster Osy(CO)g(p-H M us-1- C=NCH,CH,C H,) affords the neutral
acid adducts Osy(CO)(p-H)x(p-n’- C=NCH,CH,C H;)X (where X=Cl, Br,
CF,S0;, CF,CO,). The X-ray structures of two of these products confirm the
presence of an axially disposed X group. which is on the same facc of the cluster as
the p-imidoyl ligand. Upon thermolysis, the X group migrates to the opposite face
of the cluster. Variable-temperature 'H- and '*C-NMR measurements (1D and 2D
methods} have been used to study the ligand dynamics about the cluster poly-
hedron. Mechanisms dealing with the ligand exchange properties are presented and
discussed relative 10 the solid-state structures and 2D NMR data [86]. Quinolines
react  with  Os;(CO}o(MeCN), at room  temperature to  give
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Os,(CO) o -H){p-n2-CoH(R){RIN} (where R=R’=H; R=4-Me, R'=H; R=
H, R’=6-Me). Thermal decarbonylation of these clusters yields the unsaturated
clusiers Os4{CO)o(p-H )} pa-n>*-CoH RWRIN}, whose reactivity with hydride and
acids have been fully explored. Fig. 9 shows the X-ray structure of
Os3(CO)g(p-H ) { py-n*CoH4(4-Me)(H)N} [87].

The alkylidyne-capped cluster Os3(CO)o(pt-H }a(p;-CCl) reacts with DBU in the
presence of 4,4-bpy or 2,4-bpy to give Os;(CO)(u-H)y{ps-C(4,4-bpy)} and
Os,({CO)(u-H),{p;-C(2.4"-bpy)}, respectively. Attachment of the pendant pyridyl
ligands to the alkylidyne carbon was confirmed by X-ray crystallography [88].
Treatment of Qsy(CO)(u-H)(ps-CCly with DBU and 4-vinylpyridine gives the
functionalized cluster Os3(CO)(p-H)(ny-CNCsH,CH=CH;) in good yield. The
pendant vinyl group was next functionalized by reaction with Os;(CO)o( MeCN),
to give Osz(CO)(p-H )(pa-CNCH,CH=CH)}Os3(CO},5(p-H). In an analogous
reaction, the wvinyl group was converted to an acetyl group via a Wacker-
type  reaction  using  Wilkinson's  catalyst. The  isolated  cluster
05;(CO)(pu-H), i py-CNCH-C(O)Me} was structurally characterized by X-ray
crystallography. All of the vinylpyridine-derived clusters exhibit MLCT transitions
with larpe negative solvatochromism [89]. Thermally induced alkylidyne-
alkyne  coupling has been observed in  the reaction  between

)
Cian  pan

Fig. 9. X-ray structure of Os5(CO)N(p-Hp-n?-C.H (4-Me} HIN . Reprinted with permission from
Organemetallics. Copyright 1995 American Chemical Society.
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Os:(CO)o(p-H Jo(ps-CNC.H,CH=CH,) and phenylacetylene. The reaction yields
the following two pairs of geometrical isomers: Os;(CO)(p-H){n;-
1n3-PhiCCHC(CH=CHPh)}, 0s5(CO)q(py-n*,m* 1% n'-PhCHCH=CHCH=CPh},
and Os3(COY5{p-1%,1n*-CH,=CHC(Ph)CHCPh} {p;-1*-C{O)C{Ph)=CH},
054(CO); {p-n?,n*-PhCH=CHC(Ph)CHCH } { ;-n2-C(O)C(Ph)=CH }. When the
same reaction is carried out at room temperature, the new cluster
0s,(CO)s(p-n*-PHCCH,) (u3-n*-CHCPhCH ) may be isolated as the major product.
These new clusters have been characterized in solution by 1R and NMR spectroscopy,
and the solid-state structures determined by X-ray crystallography. A mechanistic
scheme showing how the ancillary 4-vinylpridine ligand is lost is presented [90].
Monophosphine and chiral diphosphine ligands have been studied for their reac-
tivity at the alkylidyne carbon in Osy(CO)(p-H)a(ps-CCly. The cluster
Os3(COY(p-H )2(13-CPBuPh,) was isolated when PBuPh, was used, while the iso-
meric clusters (R}-0s,(CO)y(p-H ), {1;-CPPh,CH({Me)CH,PPh,} and
( R)-0s5,{CO)o(u-H ), t,-CPPh,CH,CH{Me)}PPh,} were obtained when the optically
active ligand (R)-Ph,PCH(Me)CH,PPh, was employed. The former isomer
undergoes decarbonylation, followed by capture of the pendant PPh; group, to give
{R)-053{CO)z(u-H ), {us-CPPh,CH{Me)CH,PPh,}. The relative position of the
phosphine’s methyl group prevents the latter chiral cluster from adopting the
required six-membered cluster-diphosphine ring in the product. The relationship
between these zwitterionic clusters and Wittig reagents is discussed [91]. Site-selective
protonation chemistry is reported for Os;(CO)o{p-H ),(py-CNCH,CH, N, which
is prepared from Osy(CO)o(p-H }:(p3-CCl) and 2,2%-bpy. The initial protonation
occurs at the free nitrogen center to give the monocationic cluster
[085(CO¥(p-H)a(pus-CNCH,C-H,NH )] * , with the metal core being the site of the
second protonation. The water-soluble dicationic trihydride cluster has been structur-
ally characterized. The same starting clusier was also examined in methylation
reactions using Meerwein’s reagent [92]. Replacement of the chlore group in
05,(CO¥(p-H )3 (13-CCl) by thiane and 1.4-dithiane gives Os{(CO)o(p-H )aipz)-
C S(CH,},C H;} and Osy{CO)g{u-H),{p,-C S(CH,1.SCH,C H,}. respectively. The
latter cluster rearranges slowly to produce the ketenylidene-bridged cluster
Os3(CO)e(p-H ), { SICH,)LS8CH,C H,}(p,-CCO), which ferms as a result of a §/CO
exchange process. All three clusters were fully charactenized in solution and by X-ray
crystallography [93].

Unstable radical cations have been generated from
Ru{CO){ PPh;);(p-H),(RCCR") (where R=R’'=Et, Ph; R=H, R"=0Et) by elec-
trochemical and chemical methods. The halide-induced disproportionation of the
radical cation Ru,(CO)4(PPh,),(u-H),( EtCCEt)™ and the electrophilic addition of
Cl,, I,, and TFA to the neutral clusters are discussed. Two X-ray structures are
included in this report, and the details of the electrochemical and EPR studies on
the 47-electron clusters are published [94]. The first ruthenium-lead clusters have
been prepared. Treatment of Pb{CH,SiMe;), with Ruy(CO),, at 60°C affords
Ru(COJs(u-CO){u-Pb(CH,SiMe;);} and Ruy{CO)s(p-CO) {u-Pb(CH,SiMey), 5 5.
The X-ray structure of the latter cluster reveals the presence of a planar pentametallic
core, where the two PbR, moieties bridge two sides of the Ru, triangle [95]. P-P-
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Bonded cluster oligomers have been synthesized in order to probe intercluster
clectronic  interactions.  Treatment of the monofunctional  clusters
Fey(COY{(u3-PMe) (us-PH} and Fe;(CO)o(1t5-PMe)(p,-PCl) with Et;N at low tem-
perature leads to P-P bond formation and the linked cluster
Me[PFe (CO)P,Me. Using the tin derivative Fey(CO)g(ny-PSnMe,); and
Fea(COMg(pu;-PMe) (u5-PCl) allows for the isolation of the tricluster product
Me[PFe;(CO),PsMe, The X-ray structure of the dicluster product and electronic
absorption data for these clusters are presented [96]. The l-naphthyl ligands
E(1-C,,H+); (where E=P, As) were allowed to react with M;{(CO),, {(where M =
Ru, Os) to give the naphthyl complexes M(CO)g{u-H ), {p3-1*(C1oH L, E(C oHs)}
These clusters arise by a double metalaticn of the unsubstituted aryl ring. Metalation
of the substituted aryl ring furnishes the cluster Os3(CO)g(p-H)
{(CoHs1P(CigHg)}.  The cluster  RugCO),o(u-CON pg-As{C oH) s CroHe)
(Fig. 10}, which results from the cleavage of an As-naphthyl bond, possesses a
Ru, plane and is formally electron deficient [97].

Fig. 10. X-ray structure of Ru,CO),o{p-CO M p-As(C oH Hp-CoHy). Reprinted with permission from
Organometallics. Copyright 1995 American Chemical Society.
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The application of in situ FT-IRRAS (Fourier transform-infrared refiection
absorption spectroscopy) with a thin-layer electrochemical cell has been demon-
strated with the cluster Ruy(CO)([;-O}{p-AcO)s(py),. The higher oxidation states
of this cluster were able to be analyzed by the FT-IRRAS technique despite their
instability [98]. Chemical oxidation (Ag*, O,, Me;NO) of Ru,{CO)g(p-dppm),
gives the oxo cluster Ru,{CO),(p-CO}py-OHp-dppm);. The oxo-bridged cluster
exhibits reversible protonation at the oxo cap to furnish the hydroxo-bridged cluster
[Rus(COYN{p-CO)(us-OH ) {p-dppm);] . The molecular structure of the latter cluster
has been determined by X-ray crystallography, and the fluxionality found in these
clusters is discussed with respect to the steric congestion present n the
Ru,(p-dppm), unit [99].

SO, substitution chemistry in [Ru;(CO),;]*" has been published. The major
products isolated were [Rus(CO)o(SO)1?  and [Rus(CO)(SO,)4)° . Both of these
clusters have been characterized by IR and *C-NMR spectroscopy. The 80, group
in the former cluster is bound in a p,,n? mode, with the latter cluster exhibiting
both ,- and pa,n*-bound SO, ligands. The molecular structure of the tris{sulfur
dioxide) cluster was confirmed by X-ray crystallography. Data are also presented
showing the course of SO, acetylation in [Rus(CO)(SO,))*~ [100]. The clusters
054{CO),o(-H)(C,H,,08) (two isomers) and Osy(CO){p-H)(C,,H,;O8) were
obtamed from the reaction of Os;(CO,,(MeCN), with 2-(benzylthio)benzaldehyde.
The bonding modes exhibited by the ancilltary thio ligand are discussed [101],
Cleavage of the S-Ph bond in SPh, occurs in the thermolysis reaction with
Ruy(CO);;. No evidence for ortho-metalation is observed in the formation of
Ruy{CO)e(u-SPh){p-n':n®-CHs). Treatment of Ruy(CO),, with SFcPh gives the
analogous cluster Ruy{(CO)g(u-SFc){u-n"n°CeHs), along with minor amounts of
Ru{COX(p-SF¢), and Ru (CO)g(pg-S)(u-SFc), [102]. The use of PhyP=Se as a
convenlent synthon in the construction of clusters is described. Both Fe,(CO),, and
Ru,{C0O),, react with PhyP==S8e 10 give a variety of PPhs-substituted selenium-
capped clusters. The X-ray structures of
Fey(CO);(1-CO)(PPh;)o(p3-Se). My(CO)(PPhy) (ps-Se);. and
Ru(CO}{p-CO) PPh;),(ps-Se); are presented [103]. The polysulfur and polysele-
nium species [Sg]°~ and [Seg)? ™ react with Fe(CO); and Fe,(CO), to give a variety
of  chalcogen-substituted  clusters.  X-Ray  diffraction  analysis  of
[Fes(CONo(Se,),]** reveals the existence of a picnic-basket shaped cluster, where
two iron centers are linked by two Se; groups, all of which are capped by an
Fe(CO), moiety. The Se, group bridges two Fe,Se, units in the X-ray structure of
[Fe (CO},(Sey)s)* " [104]. Triangulated dodecahedral based clusters containing an
Fe,E, skeleton (where E=P, As) have been prepared from the thermolysis of
{CpFe(CO),}, with added E,. This report presents the X-ray structures of
Cp.Fey(E,); and Cp FeyPX,), (where X =38, Se). The CpyFey{P,X,;); clusters were
obtained from the former phosphine-based cluster upon treatment with S; and gray
selenium [105]. The use of {CpFe(CO),}.(u-S) as a building block in the synthesis
of [{CpFe(CO),},8]" is described. The oxidation and decarbonylation chemistry
exhibited by this triiron cluster is also reported [106]. Polysulfides and polyselenides
of different chain lengths have been allowed to react with Fe{CO);. Several X-ray
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structures are reporied, and the cyclic voltammetric data for the chalcogen-bridged
clusters are discussed relative to the nature of the redox state [107]. The solid-state
structure of the telluride-capped cluster [Fes(CO)g(pus-Te)]*" , which was prepared
from Fe{CO); and [ Te]*~ in high vield, has been solved by X-ray diffraction analysis.
The reaction of elecirophiles with the apical telluride center has been investigated
with a diverse group of electrophiles. The molecular structures of
[Fes(CO)o{py-Te) (p-AuPPh,)] |, [{Fe(CO)43,Te)* , and [Fes(CO)y(Te),l]™ are dis-
cussed [108]. The effect that the presence or absence of the non-bonding electron
pair associated with the capping arsenic atom has on the structure and reactivity in
several clusters has been investigated. The synthesis and X-ray structure of
[HAs{Fe{CQ),},]° are reported, and the reactivity of this cluster in pyrolysis,
photolysis, and protonation studies is described. Complexation of the arsenic atom’s
lone electron pair by bonding with another group results in complicated cluster
fragmeniation and reorganization patterns [109). The triangular clusters
(Cp*Ru)s{1a-S)(15-C1) and (Cp*Ru)s(us-S)(us-SPr') have been prepared from
(Cp*Ru){ps-Cl), and the appropriate sulfide. Use of (Me;Si),S leads to the former
sulfido cluster and (Cp*Ru)s(ps-S);(1,-H). The reaction of (Cp*Ru)a(ps-S)(15-Cl)
with CO leads to the new carbonyl clusters (Cp*Ru)s(ps-S)(p-CO)x{u,-Cl) and
{(Cp*Ru),{ps-S)(u-CO);)*, the molecular structures of which were determined by
X-ray crystallography (Fig.11). Methyl propiolate is trimerized by
(Cp*Rula(pa-$)(p4-Cl) to the 1,3,5-. 1,2,4-isomers of CgH(COMe), [110].

The reactivity of 1,4-dithiacyclohexane with Os3(CO);; . (MeCN}, {(where x=0,
1, 2} has been reported. MeCN displacement in the mono- and bisacetonitrile-
substituted _clusters  vields Osy,(CO),,( SCH,CH,SCH,C H;) and Os54(CO)y0
{ SCH,CH,SCH,C Hj), respectively. The decacarbonyl cluster possesses a chelating
sulfur ligand, as shown by X-ray analysis. Thermolysis of this same cluster affords

Fig. 11. X-rav structure of [(Cp*Ru)y(pns-8)(p-CO)(u-Cl3)". Reprinted with permission from
Organometallics. Copyright 1995 American Chemical Society.
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Os5(CO)g{ps-n*-CH=CH,)(u-H),, O5,(CO)s(1-SCH,CH,8), Os5(CO)1(p-SCH,CH,S).
and Os;(CO)g(ps-n-CH=CH,)( SCH,CH,SCH,C Hj){p-H),. NMR experiments
reveal the presence of the coproduct ethylene [111]. Alkyne reactivity with the
cyclobutyne-substituted cluster Os;(CO)s{ps- C,CH,C (Me)Bu'}(u;-S) is reported.
At low RC=CR levels, the clusters Osy(CO)g{p5-SCC(Me)Bu*CH,CC(R)C(R)}
(where R =Ph, Et) may be isolated as the major products. The diphenylacetylene
derivative contains an open triosmium core with a bridging thiol ligand formed by
the formal cleavage of the cyclobutyne C=C bond and coupling of its carbon atoms
with the diphenylacetylene molecule, Photolysis of the starting cyclobutyne cluster
with  added alkyne furnishes the 1frans and cis  isomers of
[Os3(CO){ 5-C,CH,C(Me}Bu'}(us-S)],. The results of the chemistry in a large
excess of added alkyne are presented, and mechanistic schemes outlining these
cyclobutyne/alkyne activations are discussed [112]. The osmium compounds
Os(COs(p-TR - COMe)C H,CH,}, Os5(CO)o(p-1){p;-CC(Me)CH,CH,}  (two
different constitutional isomers}, and Osy(CO),4(w-1){p;- CC(Me)CH,C H;} have
been isolated from the reaction betwesn Osy(CO),(MeCN), and l-iodo-
2-methylcyclobutene. The X-ray structures of the first three compounds are included.
A mechanistic scheme showing the origin of the first three compounds from the

intermediate cluster Os;(CO),o(p-1)4ps- CC(Me)CH,C H,} is presented [113]. The
coordination chemistry of polythiaethers to Ruj(CO);, has been described.
The clusters Ru,(CO)-(n-CO),(1,1,1-n°-1,5 9-trithiacyclododecane) and
Ru3{CO)(u-COY(1,1,1-1°-1,4,7-trithiacyclononane) have been isolated and shown
to possess Fe,(CO), ,-like structures by X-ray crystallography. Both variable-temper-
ature >C-NMR spectroscopy and EXSY measurements have been employed in the
study of the fluxional behavior of the ancillary CO groups. Data are presented for
the existence of two bridge-terminal CO exchange processes. Refluxing the latter
cluster in THF leads to the new compound Ru,(CO)¢(p-12-SCH,CH,S) and the
known cluster Ru,(CO)y(p-1n?-SCH,CH,SCH,CH,S), as a result of trithiacyclono-
nane ligand degradation [114]. The reactivity of benzothiophene and
l-bromobenzothiophene with Qs3(CO),o(MeCN), has .]xﬂ' explored. Both
0s5(CO)1o(H-s CCMe)CH,C ¢Hs)(1-H) and Os5(CO)g(p3}- SCCCq Hy)(u-H ), have
been isolated and crystallographically characterized from the reaction employing
benzothiophene. Use of 1-bromobenzothiophene affords the clusters Qs;(CO),,
(R- CC(Me)CH,C ¢H5)(u-Br)  (Fig.12)  and  Osy(COY(u;- CCMe)CH,C
«Hs)(u-Br), both of which were fully characterized and their molecular structures
determined. The relationship between the various benzothiophene clusters was
demonstrated by contrel experiments [115}),

New phosphine-substituted derivatives of the p-n’-methylidyne cluster
HFe (CO}»{(u-n*-CH) have been synthesized. Use of PCy, leads to the ionic com-
pound [HFe,C)(CO),,][HPCy;]. Variable-temperature “C-NMR studies on
HFe (CO},,{PPh,}{p-n*-CH) confirm the presence of intrametal site CO scrambling,
while the '"H-NMR data (7, relaxation studies) reveal a slow dynamic process that
interconverts hydridic and agostic hydrogen sites within the cluster. The X-ray
structure of the PPh; derivative and extended Hiickel and Fenske-Hall MO calcula-
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Fig. 12, X-ray structure of Os;(CO),qp- CC{Me}CHEC #H151{p-Br). Reprinted with permission from
Organometallics. Copyright 1995 American Chemical Society.

tions on the model cluster HFe (CO),(PH ;}{(p-n*-CH) are presented [116].
053(CO),, reacts with 1,3-diethylindene to give HOs,{CO)s{p;-n>-n*n>C,3H;s).
X-ray crystallography shows that this cluster possesses a distorted tetrahedral
osmium core with one triangular face coordinated to the six-membered ring in a
uz-n*-n? fashion and the five-membered ring coordinated to a single osmium center
in an 1® fashion [117]. New tetraruthenium butterfly clusters have been prepared and
their crystal-packing forces explored. This latter aspect was studied with regards to
the relationship that exists between the molecular and crystal structures. The X-ray
structures of Ruy(CO)y5(nen*n*CeHy) and RudCO)(pe-nZn>CeHeln®-CsHy)
{two  isomers) are  discussed [118]. The tetrahedral  cluster
Ru,(COY(n*-CeHy){(113-C,H,¢) has been isolated from the reaction between
Ru;(COY{p3-n*nin?-CigH,e) and cyclohexa-1,3-diene in the presence of added
Me;NO. Thermolysis of RuCO),(n,-CeHg) in octane with excess [2.2])para-
cyclophane and Me;NO  leads 1o the new  butterfly isomers
Ruy(CO)s(ns-CeHg)(n*CigHye)  and  Ruy(COYa(p-CeHg) (u3-n*n*m?-CiH ).
Heating the former Ru, isomer irreversibly furnishes the latter Ru, isomer. Two
X-ray structures are presented [119].

The hydrogenation-isomerization of 1,3- and 1,4-cyclohexadiene using the clusters
H,Ru,(CO),;, H;Ru{CO),;, and H,FeRu,(CO),, has been investigated. Evidence
is presented showing the involvement of cluster fragmentation species as the active
catalysts in these reactions. The diene- and arene-substituted clusters and organomet-
allic species observed in solution after the hydrogenation reactions are discussed
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[120]. Various tetraruthenium clusters containing ps-semiquinone ligands have been
isolated from the reaction between Ruz(CO),, and catechol and 3,5-di-rert-
butyl-1,2-benzoquinone. The reactivity of Ru{CO)g(p;-0,CH;R,); (where R=H,
Bu') toward THF, MeCN, and alkynes has been investigated. Cyclic voltammetric
data and four X-ray structures are presented [121].

Treatment of Os,(CO}4(cyclooctene), with Os{CO)s at — 15°C gives the binary
carbonyl 0s4(CO}y;. The synthesis of  the related clusters
Os4(CO),5(PMe;){ P(OMe);} and Os,{CO), (CNBu'} is also described. All three of
these clusters exhibit planar osmium skeletons, as determined by X-ray crystallog-
raphy. **C-NMR data are presented on the fluxional properties of the CO ligands,
and the highly nonrigid behavior observed is discussed relative to a facile all-
equatorial, merry-go-round process [122]. The CO substitution chemistry of the
butterfiv cluster HRu,{CO),,(BH;) with tertiary phosphines, diphosphines, and
excess P{OMe); has been examined. Twenty-two ligand-substituted clusters have
been isclated and fully characterized in selution. The ligand stereochemistry in these
clusters is discussed, and the molecular siructures of three clusters are presented
[123]. Thermolysis of Ruy{CO),, with cyclopolyphosphane, {PhP);, at
135°C gives the new clusters  Ruy(CO),4(us-PPh),{p,-(PPh),}  and
Ru(CO)g(p-PHPh)(p-PPh){p4-(PPh),}.  Use of the activated  cluster
Ru;(CO),o{ MeCN); in the reaction led to Ru(CO) o f(PhP),}. The molecular struc-
tures of these products were crystallographically determined. Whereas the former
Ru, cluster displays a skewed, chain structure, the latter Ru, cluster adopis a
rectangular gecmetry, The X-ray structure of the Ru, cluster shows the cyclopol-
vphane ligand occupying the equatorial sites in the triruthenium plane, via the two
P atoms in the 1,3 positions [124]. The principal components of the *'P chemical
shift tensor of several phosphinidene-capped ruthenium clusters have been charac-
terized by using slow MAS *'P-NMR spectroscopy. The orientation of the phos-
phorus chemical shift tensor is discussed by using Ramsey’s theory and extended
Hiickel MO caiculations [125]. The atropoisomeric diphosphine ligands (S)-binap
and (S)}-mobiph react with HRu,(CO),, in toluene under hydrogen pressure to
give H R u,(CO),41(S)binap} and H,Ru (CO),,{{S)-mabiph}. Both clusters exhibit
a chelating diphosphine ligand, as shown by X-ray crysiallography [126]. The
reductive chemistry of H,Ru,(CO);, has been examined by using a variety of
electrochemical methods. The transient radical anion, [H,Ru,(CO),;] ", is shown to
be a precursor to [H Ru{CO},,]”. ETC behavior in HRu,(CO),, is observed in
the presence of added PPh;,, leading to mono- and bisubstituted PPh; derivatives.
Spectroscopic data obtamed by using an optically transparent thin-layer electrochem-
ical cell are presenied and used in the mechanistic discussions {127]. Phosphine- and
arsine-substituted clusters derived from HRuCO),; have been synthesized by
using {CpFe{CQ),}, as a catalyst Initiator. Good selectivily to tri- and tetrasubsti-
tuted clusters may be achieved through careful control of the ligand/cluster ratio.
The stereochemical nonrigidity of selected clusters has been explored by multinuclear
NMR studies. Correlations between the solid-state and solution structures are dis-
cussed, and the X-ray structure of H,Ru{CO)5{ P{OELl);}, is presented (Fig. 13)
[128].



M 6. Richmond ¢ Coordination Chemistry Reviews 160 ( 1997) 237 294 261

Fig. 13. X-ray structure ol H;Ru{CO},o{ F{OE1);},. Reprinted with permission from Grganometallics,
Copyright 1995 American Chemical Society.

Thietane and 1,5,9-trithiacyclodecane have been allowed to react with
H,0s4(C0), {MeCN) and H;Ru,{CO)y;. These reactions have led to the isolation
ofl___thc new clusters H M, (CO),,( SCH,CH,C Hy} and HM,(CO);
{ SCHzCHZSCHzCstCHz(IJ H,), of which the X-ray structure of the latter osmium
cluster has been solved. The catalytic efficiency of the thictane-substituted clusters
in cyclooligomerization reactions to give 1,5,9-trithiacyclododecane  and
1,5,9.13,17.2]-hexathiacyclotetracosane has been studied, with catalysis being
reported from an intact tetraosmium cluster complex. Both ruthenium clusters
exhibited extensive fragmentation and lower selectivity in the catalysis reactions. A
working cyclooligomerization mechanism using the osmium cluster catalyst is dis-
cussed [129]. Treatment of Fe,(CO)e(n-SC=CPh)(n-C=CPh) with excess
Fe(CQ), gives the tetrairon cluster Fe (CO),(ps-SHp-C=CPh). The mole-
cular structure was established by X-ray diffraction analysis [130]. The selenide
reagent CH,{Ph,P(Se)}, reacts with Ruy(CO),; In toluene Lo produce
Ru,(CO)x{dppm){p;-Se)z, Ruy(CO)o(dppm}{ps-Se)s, and Ru(CO)olps-Se)y; the
latter cluster is the first 72-electron ruthenium-selenium cubane cluster to be structur-
ally characterized [131]. The compound [Cp#Cp,Ru,S, ", which was prepared
from Cp*Ru,S, and [CpRu(MeCN );] ", has been explored m terms of the stereody-
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namic behavior associated with the Ru-Ru bonds. The difference in the arrangement
of the Ru—Ru bonds can be seen by 'H-NMR spectroscopy and cyclic voltammetry
data [132]. The synthesis and X-ray structure of [Fey(Te,).{Te)x TeMe}(CO)s]*
have appeared. This cluster is obtained from the sealed-tube reaction in MeOH
solvent containing Fey(CQO),,, Na,Te,, and Me,NBr. Ru,(CO),, reacts with
Na,Te; and Ph PBr under similar conditions to give the corresponding ruthenium
cluster [133]. A detailed study on the pairwise mobility of Ru-Ru bonds in
[(MeCpRu),S;(SMe)]* has been reported. Variable-temperature '"H-NMR data and
electrochemical studies dealing with bond-making and bond-breaking sequences
available to this cluster are presented [134].

Redox-mediated ligand-transfer reactions have been employed in the synthesis of
cyclobutadiene-substituted  clusters. Treatment of the carbido clusters
[RusC{CO),,J*~ and [RuC(CO), J*~ with [Pd(u-CPh,)(acetone),]** gives the neu-
tral clusters RusC{CO},3{(p-C Ph,) and Ru C(CO),5(p-C,Phy), tespectively. These
new clusters were characterized in solution and their solid-state structures deter-
mined, The Rug cluster exhibits one elongated Ru—Ru bond, whose origin is discussed
relative to the extended Hiickel MO data [135]. The photochemistry of
RusC{CO),(n®-C,Hy) embedded within a polymethylmethacrylate film has been
investigated. Optical excitaiion promotes the migration of the aryl ring to the apical
site, while heating reverses this process and restores the original basal isomer,
Mechanistic pathways for this isomerization are presented [136]. RusC{CO},, reacts
with NaCp, followed by treatment with HBF,, to vield the wingtip-bridged butterfly
cluster HRu;C(CO),5(n’-Cp) in high yield. Solution data and the X-ray structure
are presented. The Cp ring coordinates to the bridging ruthenium center, with the
hydride ligand bridging the Ru—Ru hinge. The chemical and structural relationships
of this cluster with RusC(CO),;(n°-C¢Hy) are discussed [137]. The use of triruthena-
borane clusters as precursors to the anionic cluster [ H,Rug{CO),,(p,-COH)J[PPN]
is described. The presence of the face-capping 1,-COH moiety has been confirmed
by X-ray diffraction analysis. This particular cluster does not serve as a precursor
to other Ru,C-carbido species [138].

A phosphaalkyne-bridged iron cluster has been synthesized from the reaction
between Fe{(CO)(p-Se), and P=CBu'. {Fe,Se,(CO)}{p-PCBu"){ Fe,Se(CO),} has
been 1solated and its X-ray structure solved [139]. The sulfido-bridged clusters
[FesS4(CO) 5>~ and [FesS,(CO),;]  have been prepared and structurally charac-
terized. The former cluster exhibits an O,-specific oxidation to give the known
cluster [Fe S4CO),,) . The mechanism associated with this transformation is
unknown [140].

The synthesis and characterization of precursors capable of affording polymeric
compounds containing the redox-active unit Ru,C are reported. Thermelysis of
Ru;(CO},, with dicyclic arene ligands having the form C,Hi(CH,),C;Hs vields
Ru,C{CO),,{n®CeH,(CH,), CeHs ). The X-ray structures of the derivatives n =8, 1,
2 have been established, and the electronic inductive effects observed in the
'H-NMR spectra discussed. The reaction between trans-stilbene (excess) and
Ru,C(CO),,; furnishes trans-RusC(COYAn*-CeH{(CH ),Ph} in good yield [141].
Oxidative decarbonylation of Ru,C(CQO),+ using Me,NO in the presence of fulvene
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derivatives produces the fulvene-substituted clusters Ru,C(CO), (fulvene). Reported
in this study are the X-ray structures of RucC(CO),,(u-n?n?-C;H,CPh,),
RuC(CO) a(us-0:n* %1 -CsH,CPhy), RuC(CO) (u-n"in'-CsH,CH,),
RugC(CO) 3 {p-n*m'-CsHC(CH,), ), and RugC(CO)»(n*-CsH,CMe,H)
(n*>-CsH,CMe,OH) [142]. The reaction of syn gas with zeolite-encapsulated
Ru™(NH,), gives [Rug(CO),5)2~. The fragmentation and reconstruction reactivity
of this cluster inside the NaX zeolite cavity is described. Structural information on
the ruthenium compounds was ascertained by EXAFS spectroscopy [143]. The
synthesis and characterization of RugC{CQ),4(n°-Ph-Ph), Ru,C(CO),,(n5-Ph-
O-Ph),  {Co4CO)},(n®n°PhSiMe,Ph), Co {CO)(nS-Ph-O-Ph), and mixed
Cr{C0})/Coy(CO)parene derivatives have been published. Detailed NMR ('H,
*C, 70, and *°Si) studies have been carried out, and the relationship between
3(*C=0) and §(""0=C) discussed relative to n-backbonding [144].
Dihydrotoluene reacts with RugC(CO),(n*C,H,Me,-1,3) in the presence of
Me;NO to give Ruy,C(CO){n°-CeH Me,-1,3)(n,-CH,Me), Ru,C(CO),,
(N*-CeH.Me,-1,3){(13-CsHsMe), and cis-RuC{CO), (n°-CH Me,-1,3)(C.HMe).
The reaction conducted with toluene vyields the bis{arene) cluster
RugC(CO),y (m°*-CeH Me,-1,3)(n°-CsHsMe). The crystal structures of the last two
clusters are presented [1435). Thermolysis of hexamethylbenzene with Ruy(CQ),, in
octane solution produces Rug(n?-p-CO),(CO),;5(M-CeMeg). The structure of this
cluster is isostructural with the known cluster
Rug(n®1-CO),(COY,5(n-CsH Me,;). While the mesitylene-substituted cluster
rearranges to the carbido cluster Ru,C(CO)4(n®-CH;Mes), the hexamethylbenzene
cluster does not undergo a similar transformation [146]. Another new cluster has
been isolated from the thermolysis reaction between Rus(CO),, and [2.2] paracyclo-
phane. X-ray diffraction analysis revealed the identity of this cluster as
RuC(CO)s(ia-n':mim?-CgH 14-u-0). Heating this cluster leads to the carbido
cluster RugC(CO) {1 n*n*-C,H o) and CO,. The origin of the oxo ligand in
the former cluster derives from the cleavage of a CO group. Mechanistic proposals
involving the disproportionation of CO are discussed [147]. A report describing the
attack of PhLi at coordinated arene rings in Ru, clusters has appeared. Addition of
PhLi to RusC(CO),o(n°-CeHg) (-1’ ?-CyHy), RuC(CO),,(n°*-CeHy)
(r-ninin®CeHg), and RugC{CO)4(1%-CeHy). followed by hydride abstraction
using (Ph;C][BF,], gives RusC(CO),,(n®-CeHsPh)(u-n’n*-CsHy),
Ru,C(CO);,(n*-CeHsPh){ps-n*n*n?-CeHg), and RugC(CO),4(n®-CoH,Phy-1,4),
respectively. Solution spectroscopic data and the X-ray structure of the last cluster
confirm the nucleophilic attack on the polyene ring in these clusters [148].
Dehydrogenation of cyclohexane oceurs in refluxing octane using Rus(CO),,. Besides
the normally isolated clusters containing C,Hg and CH, rings, the cluster
Rug(CO}3(p3-H Hpy-n*-CO){n°-MeCp) has been isolated and structurally charac-
terized. The X-ray structure reveals the C—C bond activation and ring contraction
that are attendant in the formation of the Ru, cluster. A plausible mechanism
involving cyclehexane dehydrogenation to give a cluster-stabilized cyclohexenyl
(C¢H,)  fragment is  discussed [149].  Allyl  bromide reacts with
[Ru C(CO),s(p-1*-C3H)] ™ to furnish the pentanuclear cluster
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Ru,C(CO), (u-Br)y(n>-C3H ) {p-1"-C3H,), as determined by X-ray crystallography.
The product cluster displays a pyramidal frame containing two symmetrically bridg-
ing bromide groups across the cleaved apical-to-basal edges. The reactivity of
[Ru,CLCO) 4(Me)] ™ and [RusC(CON]?~ with alkylating agents is also reported
[150]. Pyrolysis of H,Ru;{CO)(NOMe) vyields the two hexaruthenium
clusters Rug(CO),5(p-CO)(1-NH ) {(p-OMe) {;-n*-N(H )C(O}OMe} and
RugCO}6(u-COY{p-NH ) (u-OMe) (u-NCG), the structures of which were crystal-
lographically determined [151].

Triphenylphosphoniocyclopentadienide reacts with Ru C(CO),; 1o give the zwit-
terionic cluster RugC(CO)y4(n’-CsH,PPh;). The X-ray structure reveals intermolecu-
lar interactions typical of Zwitterionic compounds [152].
Ru{CO},,(Ph,PC=C-C=CR) (where R=Bu‘, Ph) is transformed into
Rug(CO}5(p-CO b p-PPh,}{p-C ) (p;-C-C=CR) in refluxing THF. The presence of
the alkylidyne-carbide ligand in the product was verified by X-ray diffraction analy-
sis [153].

Molecular hydrogen reacts with the 48-¢lectron cluster
Ru3(CO)(p-H }{p3.n*-ampy) to yield the 92-electron cluster
Rug(COY 4(1-H )g(p3.n-ampy),. Treatment of the Ru, cluster with CO regenerates
the original Ru; cluster. Reaction of the Ru, cluster with PR, {where R =Ph, 4-tolyl}
gives Ru {CO),( PR ), (p-H )s(13.n2-ampy),. One X-ray structure Is presented, con-
firming the existence of two connected Ru, fragments. The catalytic hydrogenation
reactivity of the Rug cluster has been examined, with kinctic data suggesting the
involvement of the hexaruthenium cluster as the active catalyst [154], The synthesis
and X-ray structure of the vertex-linked cluster Ru (CO},g(p5-ampy), arc reported
[155].

Thermally induced metal framework condensation of
Rus{CO){p-H){(p4,n*-SCNHPhNPh) gives the crystallographically characterized
ctuster Ru(CO) 4(u-CO)x{p4-S) (43.1°-SCNHPhNPh) (3, n>-NHPhCNHPh), along
with Rug(CO)o(p-H I (ps-S ) (3. m2-SCNHPONPh). The latter cluster reacts with
hydrogen to give Ruy(CO),4(no-H)e(n3,n*-SCNHPhNPh). The molecular structure
of this hexahydrido cluster has been ascertained by X-ray diffraction analysis [156].
Transformations of selenium-iron carboxylates in Hieber’s synthesis have been inves-
tigated. The closter [Fe Se.(CO),,]*~ has been isolated and thoroughly characterized
in solution. The solid-state structure was established by X-ray diffraction analysis
[157). The reactions of several polythiaether macrocycle ligands with
Rug(us-C 1(CO),+ are reported. Fig. 14 shows the X-ray structure of one of the four
crystallographically determined clusiers [158].

The heptaruthenium clusters Ru-C(CO),(CoHg) and Ru.C(CO},(C,,H,,) have
been synthesized from Ru,(CO),, and isopropenyl- or 1.3-diisopropenylbenzene.
The molecular structures reveal spiked octahedra, with the arene ligand coordinated
via all four of the m bonds to a metal face and by two & bonds to the spike center
[159]. The syathesis and X-ray structure of H,Os,(CO}, P(OMe); have been pub-
lished, The osmium atoms exhibit a trigonal bipyramid core that shares an equatorial
vertex with the two remaining osmium atoms. Comparisons of the title chuster with
H,0s,{CO),, are presented [160]. The disproportionation of Fe,(CO)y in THF
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Fig. 14, X-ray structure of Rug(CO), (pe-CH-SCH,;CH,SCH,CH ,SCH,CH,). Reprinted with permis-
ston from Organometallics. Copyright 1995 American Chemical Society.

affords the crystallographically characterized cluster Fe(THF ) {HFe(CQ},;},. The
solvated iron center coordinates the two Fey units via the bridging hydnide ligands
[161].

Thermelysis of Ru,(CO},, tn octane in the presence of benzene or [2.2] paracyclo-
phane allows for the isolation of H Rug(CO)g(n’-arene). X-ray diffraction data on
this cluster show that the metal core geometry is derived by removal of two capping
ruthenium atoms from the corresponding tetracapped octahedral M, cluster, The
benzene-substituted cluster fragments to H Ru(CO),, and H,Ru (CO); under CO
gas  [162]. The clusters  Rug(CO)o{pe-n-CO)(u-HHI(M®CsHq)  and
Rug(CO)4(1te-n>-COY (e ?-COWNNO-CyH o) have been isolated and structurally
characterized. The elongation of the bridging pe-n*-CO group in these clusters is
discussed relative to carbide formation, given the quantitative conversion of the
latter cluster into RugC(CO),{ps-n?m2in>-C H) and Ruy(CO},, [163.164].
Treatment of Fe(CO}; in KOH with methanolic K,Te(; gives the dianionic cluster
[Fes(CO),.Tegl® . This particular cluster is an intermediate in Hieber’s synthesis of
Te,Fe3(CO)s and Te,Fe (CO),. The sohd-state identity of this Feg cluster was une-
quivocally determined by X-ray crystallography [163].

The preparation of [HRu,,C{CQ),,)” from the thermolysis of Ruy(CO),; in the
presence of 1.3,5-C;H;Me, has been published. The corresponding dianion is
obtained by deprotonation of the HRu,, cluster using DBU. The isostructural
nitrido cluster [Ru, o N{CQ),,} is obtained from the reaction between Ru,(CO),,
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and [PPNJ{N;] or by Ru;(CO),, addition to the nitride clusters [RusN{CO),; ]~
and [RugN(CO),¢] . The X-ray structures of all three Ruy, clusters are presented,
and the CO-induced fragmentation chemistry of these clusters is fully discussed.[166]
Stepwise addition  of  PPh; 1o [Ruo{CO)plpe-C)(pu-H)}~ gives
[Ru;olCO),y4 - ((PPhy)(1s-C ) (-H )]~ (where x = 1—4). The initial site of PPh, attack
occurs at the apical ruthenium center that is connected to the u-H ligand. Subsequent
PPh; addition takes place at the remaining apical sites. The X-ray structure of the
monosubstituted cluster {Fig. 15) confirms the site selectivity associated with first
substitution step [167].

2.3, Group 9 clusters

The reaction between MeCCoy(CO), and (Me,P-n®-C;Hs)(1%CH,)Cr and
(Me,P-n®-CgH;),Cr  gives the  substitution products  (Me,P-n°-C.H)
(n®-CeHg)Cr{MeCCo4(CO)}, {(Me,P-n*C.H;),Cr} {MeCCo3(CO)s},, and
{(Me,P-n°-CeHq),Cr} { MeCCo,3(CO),} via an ETC sequence. Cyclic voltammetric
and EPR data that support the ETC mechanism are presented. The X-ray structures
of the latter two clusters are included in this report [168]. The syntheses of
[Bi{Co(CO),}[K(18-crown-6)] and [Bi{Co(CO),},JPPN] have been published,
along with the X-ray structure of the PPN salt [ 169]. The alkylidyne-capped clusters
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Fig. 15, X-ray structure of [Ru,o{CO),;{ PPhy)(pe-C)(u-H)] . Reprinted with permission from
Organometallics. Copyright 1995 American Chemical Society.
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Co,4(CO)o{py-CC(OYOCH,CH=CH,} and Co3(CO) {p;-CCO)O(CH ),
OC{0O)CH=CH,} have been prepared and polymerized to give polyacrylate resins
containing intact CCo4(CO), moicties. The X-ray structure of the former monemer
accompanies  this report [170]. The  tetrakis-trichloroacetate  ester
C(CH,0,CCCly), reacts with Co,(CO); to give the tris-cluster compound
C{CH,0,CCC0;(CO),} :{CH,O,CCCl,). A space filling model of the tetrakis deriva-
tive C{CH,0,CCC0,(CO)}, exhibits e¢xtreme molecular erowding, providing a
rationale for the absence of this product in the above reaction [171]. Treatment
of CICCo4(CQ), with M¢;NO in the presence of dppe and triphos gives the
phosphine-tethered clusters {CICCo4(CO)s}5(u-dppe) and
{CICCo04(CO)gs} { CICCo4{CO),} (p-triphos). The molecular structure of each cluster
was established by X-ray crystallography [172]. Polyhedral expansion in
Cox(CO)ita-n=n-C(Ph) C=C(PPh,)C(O)OC (0O}}(pn,-PPh,) has been observed
upon treatment with PMe,. The Aypho cluster Coy(CO)s(p-CONPMe;){p,-nn'-
C(Ph) C——-C(Pth)C(O)OC' (O)(p,-PPh,) results from the site-selective PMe,
addition to the PPh,(maleic anhydride)-substituted cobalt center. The cleaved Co—Co
bond that accompanies this reaction was verified by X-ray diffraction analysis. The
role played by the ancillary maleic anhydride ring in directing the site of PMe,
attack is discussed, and a mechanism is preseated that accounts for the polyhedral
opening of the arachne cluster upon PMe; addition and formation of the solid-
state structure of the intermediate hypho cluster. Facile CO loss occurs at room
temperature to yield the new arachno  cluster  Co;(CO)s(PMe,)

{p-min'-C(Ph)  C=C(PPh)C{OYOC (O)}(u,-PPh,), whose structure was
solved by X- ray crystal]ogrdphy [173]. PMe, addition to
Co,(CO)s(PMey} p,-n?n!-C(Ph) ¢= C(PPhZ}C(O)OC (O)}(,-PPh,) occurs by a
second-order process, as determined by UV-visible spectroscopic measurements. The
reported second-order rate constants and the activation parameters support
an associative reaction involving a rate-limiting addition of PMe, to the cluster.
The role of a coordinatively flexible maleic anhydride ring in the substitution
reactlon is presented The product cluster, Co4(CO)(PMe;),{p-n’n'-C(Ph)
C= C( PPh)C O}OC (O} {(p,-PPhy), whose molecular structure 1s shown in
Fig. 16, arises from the site-selective addition of PMe, to the maleic anhydride-
substituted cobalt center. The cyclic voltammetric behavior and the extended Hiickel
data on the nature of the HOMO and LUMO are discussed [174].

The application of atom-atom packing potential-energy calculations and computer
graphics in the study of intermolecular aggregation in crystalline samples of
(CpM )5(p3-n*n*in*-C,HR) (where M=Co, R=CH{(Ph)Me, CH,CH,Ph,
CHCHMe; M =Rh, R=H) has been discussed. Polyene ring reorientation in the
solid state has been examined by calculating intra- and intermolecular potential
energy barriers. With the exception of benzene, the facially coordinated arenes do
not exhibit any reorientation in the solid state [175]. The relationship between the
molecular and crystal structures of Cp,M;(CO); (where M=Co, Rh, Ir;
Cp=C,H,, C;HMe, C,Mes) has been studied by using extended Hiickel MO calcu-
lations, empirical atom-atom pairwise packing potential energy calculations, and
computer graphics, The observed inter- and intramolecular interactions are discussed
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Fig. 16. X-ray structure  of  Coy(CO)(PMe,); ipz-n%n'-C(Ph) C=CIPPh)CO)OC
{O1}{p,-PPh,). Reprinted with permission from Organametallics. Copyright 1995 American Chemical
Society.

and compared in crystal isomers and polymorphs. The data from
{Ind);Ir4{n,-CO), are also presented [176]. Treaunent of Cp*Co(acac) in pyridine
with potassium metal gives (m3-Cp*)(n*-CsHMes)Co and
(Cp*Co)s(u-NCH ) (p-H). The cyclometalation of pyridine was ascertained by solu-
tion measurements and preliminary X-ray data [177]. Double C H bond activation
is observed when CpCo(ethylene), is treated with cycloalkenes. Clusters containing
p-ntmtimA-(n-n?- |- and pentintn'in-coordinated alkynes have been isolated
[178]. The reaction of the Jonas reagent, CpCo(ethylene),, with various
alkenylnaphthalenc compounds has been investigated. Spectroscopic data arc
presented for clusters having the composition (CpCo)sus-n*n*n’-arene) [179].
Facile hydrogen transfer has been observed when Cp3Cos(uy-CMe){p,-H)
is tireated with (MesSi)CHN, and {EtOC(O)CHN, The diazenide
clusters CpCo,(us-CMe) (5-n'-NNCH,SiMe,) and Cp*Cos{u,-CMe}
(13-n"-NNCH,CO,Et) have been isolated and fully characterized in solution. The
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molecular structure of the former diazenide cluster was established by X-ray crystal-
lography. A scheme showing the likely pathways to the observed producis is pre-
sented and discussed [180]. The kinetics and mechanism for the formation of
CpiCos{u,-CMe), from Cp¥Cos(u,-H),(Ha-H) and acetylene have been reported.
The  kinetically  formed  intermediates  CpiCoy{n,-H)s(p;-CMe)  and
Cp¥Cos(us-H)(p;-CMe) have been 1solated, while the intermediate cluster
CpCoy(u-H)5(u3-n*-HCCH) has been characterized by ‘H-NMR spectroscopy.
Isotopic labeling studics using DC=CD give Cp¥Cos(u,-H)a(j1,-D)(pn;-CCH,D),
which is consistent with the intervention of the ethylidene dihydride cluster
CpiCoy(p,~H ), (p-CDCH,D) in the reaction scheme [181]. The tricobalt cluster
Cp¥Coy(,-H)y(us-H)  reduces CQO, at elevated temperature to afford
{Cp*Co{p-CO)}, in 45% yield. The fate of the reduced CO, could not be assessed.
Analogous reactions were conducted with CS; and phenyl isocyanate, leading to
Cp3Cos{ny-CS)py-S) and CpFCoy(p,,p,-n>-PhNCONPh). Fig. 17 shows the X-ray
structure of the former cluster. Several schemes and detatled discussions concerning
the activation of these small molecules at the tricobalt cluster are presented [182].
The molecular structure and crystal organtzation of neutral and ionic derivatives
of M, {CQO),, (where M=Co, Rh, Ir) have been investigated by extended Hiickel
and packing analysis calculations. Intermolecular hydrogen-bonding interactions
between the carbonyl groups and the hydrogen atoms of the cation have also been
studied [183]). The synthesis and NMR (*H, '*C, '70) study of diphenylmethane-
substituted  clusters  are  reported. The  clusters  studied include
Ph,CH,Co(CO),, Ph,CH,{Co,(CO)s},. Ph,CH,Cr(CO),Co(CO),, and
Ph,CH,RuC(CO),,. The inverse relationship that exists between the *C- and
70-NMR chemical shifts is explained by the effect of n-backbonding [184]. Pyrolysis
of Co,(p-MeCCMe)(CO)5(u-n':m*-Ph,PC=CPh)Co,{CO), gives the butterfly clus-
ter Co,{us-n*-PhCCC(Me)=C(Me)C{0)}{t-PPh,) (u-CO)»{CO),. whose molecular

Fig. 17. X-ray structure of CpfCoy(Ua-CS)Ly-5). Reprinted with permission from Inorganic Chemistry.
Copyright 1995 American Chemical Society.
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structure accompanies this report [185]. The X-ray structure of Ir,{CO)e(Ph,Ppy),
has been published. Two of these P,N ligands function as monodentate ligands via
phosphorus coordination, while the other P,N ligand bridges adjacent iridium centers
via the nitrogen and phosphorus atoms [186]. Ir,(CO),; reacts with Ph,Ppy to give
Ir {p-COY)CO)5(n-Ph,Ppy) {Ph,Ppy),. Treatment of this cluster with CO gives
Iry(p-CO)5{(CO)s(Ph,Ppy)s. The CO addition reaction is fully reversible, as shown
by 'H- and *'P-NMR spectroscopy [187].

Co,(CO)s reacts with BH,-SMe; to afford Co,(CO),B,H, and
Co5(CO);(p-COYB,H. The X-ray structure {Fig. 18) of the Cos cluster exhibits a
trans Co,B, octahedral core with a Co atom capping a Co,B triangular face. The
electronic structure of this same cluster has been analyzed by extended Hickel MO
calculations [188].

The bonding of interstitial carbide and nitride atoms in several clusters (Rhg,
Cog, Niy) has been examined through the use of NMR spectroscopy. The observed
shielding anisotropy suggests that the hybridization of the encapsulated atom is
dependent on the metal geometry, being sp in an octahedron, sp® in a trigonal-
prismatic core, and sp? in a square-antiprismatic metal skeleton [189]. The clusters
Co3(COY(p3-Se), CoCOYo(ha-Se)s, {Co3(CONs-Se)}a(1qa-Se,), and
Co4(CO}e(1s-Se)g have been obtained from the reaction between Co,(CO)y and red
selenium in THF. The X-ray structures of the two Cog clusters are included in this
report. Infrared and Raman spectral data are presented, with the main vibrational
modes assigned and compared with those of the related sulfur compounds [190].

Fig. 18, X-ray structure of Cog(CO),,(p-COB,H. Reprinted with permission from [norganic Chemistry.
Copyright 1995 American Chemical Society.
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The X-ray structure of Iry(CO},,(dppm) has been solved. The dppm ligand functions
as a bridging diphosphine, replacing two equatorial CO groups in the ¢is positions
[191]. Treatment of Rh,(CO),, with 1,3-cyclohexadiene in the presence of Meg;NO
furnishes the hexarhodium cluster Rhg(CO)yo(13-CO)y(m*CeHg), whose structure
was established by X-ray crystallography and NMR spectroscopy. The observed
solid-state structure is based on the structure of Rhg(CO),,(p5-CO), with the polyene
ligand replacing two terminal CQO groups [192]. Large crystallites of Ir,(CO),s have
been depeosited on silica from solution. Heating the surface-supported Irg(CO),¢ at
100°C under argon leads to Ir,(CO),, and iridium particles covered by CO. These
iridium particles are converted to Ir,(CO),, by treatment with O,, followed by CO
at elevated temperature. Aspects of this alternative synthesis of Ir(CO),, from
Ir{{CO) 4 are discussed [193]. One-electron oxidation of [Irg(CO),s]* ~, followed by
treatment with NO at low temperature, gives the nitrosyl-containing cluster
[Irg(CO}, (NO})] ™. The nitrosyl ligand adopts a linear conformation, as determined
by X-ray diffraction analysis [194].

2.6. Group 10 clusters

The structural systematics in nickel carbonyl ¢luster anions have been reviewed
[195]. Ni(CODy), cleaves the central C-C bond of 1,4-diphenyl-1,3-butadiyne in the
presence of  added dppm 10 afford the trinickel cluster
Nij(u-dppm);(p;-n'-C=CPh),. The molecular structure of this phenylacetylide-
capped cluster has been determined by X-ray crystallography [196].
Ni{cyclododeca-1,5,9-triene) reacts with 2,5,5-trimethylhex-3-yn-2-ol to give the air-
sensitive cluster Niy(alkyne),, whose X-ray structure reveals an opened Ni; triangle
[197]. Piasma desorption and fast atom bombardment mass spectrometry have been
employed in the characterization of several Ni; and Nig clusters. Strong molecular
ion peaks were found for most of the trinickel clusters by both technigues [198).
The nickel clusters Niy(L){cod), (where L=Me,SiC=C-C=CSiMe,, PhC=C-
C=CPh) have been synthesized and their molecular structures determined [199].
Treatment of nickelocene with PhLi in the presence of terminal olefins vields clusters
having the form (CpNi};CR. This method aliows for the synthesis of a wide variety
of RC-capped tris(cyclopentadienylnickel) clusters [200]. The dimeric compound
[Pt {dpmp),( RCN),]** reacts with M3(RNC)4 (where M = Pd, Pt) to give the linear
clusters [Pt,M{dpmp),(RNC),J** [201]. The steric effects of the diphosphine ligands
R,PCH,PR,; (where R = various aryl groups} on the formation and reaction chemis-
try of [Pta(ps-CO)(p-R,PCH,PR,)(0,CCF,)] " and [Pts(ps-CO)
(h-R;PCH,PR,);]** have been examined. The ligand substitution chemistry and
NMR (*H and *'P) data are discussed. Fig. 19 shows the X-ray structure of
[Pta(p3-CONp-(3,5-Cl,CeH,),PCH,P(3,5-CL,CeH, ), }5(0,CCFy)) ™ [202].

The palladium cluster Pd,(PBuy){p,-CH){p-Cl)y has been prepared from
Pd,(dba}y and PBuj in CHCI;, This 60-eleciron cluster possesses a tetrahedral core,
in agreement with PSEP theory. The molecular structure was confirmed by X-ray
diffraction analysis [203]. X-ray and EXAFS data are reported for
Pd, (CO}Y(OAc),. This cluster exhibits non-rigid behavior when stored at room
temperature for an extended period of time [204]. The first carbonylplatinum clusters
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Fig. 19, X-ray structure of [PUy(js-COMp-{ 3.5-ClLCeHy),PCH,P{3,5-Cl,C o Hato} (0:CCF)] . Reprinted
with permission from Organometallics. Copyright 1995 American Chemical Society.

possessing tetrahedral platinum cores have been crystallographically characterized,
The  structural  differences  between  [HPt,(CO)}{p-CO)(PCy,)y)*  and
Pty(p-CO),(PCy3)ReQy), are discussed [205].

The synthesis and molecular structures of [Ptg(CO),o{ ECl,),)*~ (where E=S8n.
Ge) are reported. These clusters are obtained from the reaction of [Pt,s(CO)s)°~
with SnCl, and GeCl,. The ECI, ligands cap the four independent exposed butterfly
surfaces [206].

The bonding in metal-centered hexacapped MyLg{u4-E )¢ clusters has been explored
by extended Hiickel and self-consistent field-multiple seattering-Xo calculations. The
rationalization of why clusters with different metallic valence electrons have the
same cubic molecular structure is presented [207].

2.7. Group 11 clusters

The hypercoordinate methanium cations  [(R3S81),C{Au(PPhy)};]" (where
R, =Me,, Me,Ph) have been isolated from the reaction of monoaurated bis(silyl )-
methane compounds, (R;51),CHAuPPh,, with [(Ph;PAu),;0]". Both the R, deriva-
tives have been analyzed by X-ray crystallography, which confirms the
pentacoordinate nature of the central carbon atom [208]. The synthesis and reactivity
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of [{Au(CgF 5)4( Ph,PCHPPh,), } ;Au] ™ is described. Treatment of this trinuclear gold
complex with Autacac)(PPh;) (4 equiv.) leads to
[{Au(C¢F5);Ph,PC(AuPPh,),PPh,},Au]* [209].

The alkynes HC=CSiMe,;, HC=CPh, and HC=CC,H,Me-4 react with the
copper alkoxide compounds Cu{OCH(CF,)},}(PPh;);, Cu{OCHPh,)(PPh;),, and
{Cu(OPh)(PPh;),}, to give alkynylcopper{l) complexes having the form
{Cu(C=CR)(PPh,)}, The X-ray structure of the trimethylsilyl derivative shows a
cubane-like core with py-n'm'in -acetylide ligands [210].

The X-ray structure of the copper-disordered
hexakis(phenylethynyl ypentaargentate(I) cluster [Ag, 1sCug s CeHo)s[PPN] has
been solved [211]. The reaction between Cu(MeCN ),(O,SCF,;) and LiC=CBu' in
the presence of added 2,2-bpy affords [Cus(C=CBu"),(2,2-bpy)}**, whose solid-
staie siructure conrains a nearly planar array of five copper atoms tethered by two
bridging acetylide lgands [212]. The synthesis and X-ray structure of
[(Ph;PAu)sN]** are reported. The molecular structure is based on a trigonal-bipyra-
midal AugN core [213].

3. Heteronuclear clusters
3.1 Trinuclear clusters

Treatment of (1°-CsH,SiMe,),Nb(CO)H with various coinage metal cations leads
to [{(n*-CsH,SiMe;);Nb(CO) (u-H)} ,M]* (where M =Cu, Ag, Au). The Nb-H-M
bonding in these compounds has been examined by extended Hickel analysis. The
X-ray structure of [{(n®-CsH,SiMe,;),Nb(CO}p-H)},Cu]* accompanies this
report [214].

Irradiation of equimolar mixtures of {CpW(CO),}, and {CpMo(CO);}, affords
the cluster compounds Cpy(p-n',n*-CsH )Mo, W(CO)s,
Cp,(p-1' . -CsH )MoW (CO),, and Cp,(p-n',n°-CsH,)W,(CO). Each of these
d6-clectron clusters exhibits a V-shaped metal core, as determined by X-ray crystal-
lography. 2D EXSY NMR measurements reveal the existence of a slow proton
exchange between the cyclopentadienylidene and cyclopentadienyl rings. The flux-
ional properties of these clusters have also been studied by NMR spectroscopy, with
rearrangement pathways being discussed j215]. The goild halides ClIAu{PR;} (where
R =Ph, Me) react with the anions [Cp,M(CO){p-o:C,Ph)] {(where M =Mo, W)
to give the p-alkyne bonded compounds Cp,M(CO){pu-PhC;AuPR,). These com-
pounds possess M,C, cores, as determined by the X-ray structure of
Cp,W(CO),(1-PhC,AuPPh;) [216]. The thermal stability of
Cp,Cra(p-SCMe,),(u;-8Re (CO){ NO)YCL; in the presence of CO and Co,(CC}, has
been examined. The cluster {CpCr(pu-SCMe,),(1s-S YRe (COYNQO)}Y, is the predomi-
nant product formed under both sets of reaction conditions. This tetranuclear cluster
transforms nto the antiferromagnetic compound
Cp.Cry(p-SCMey ), (13-S1,Re (COY(NO) and the paramagnetic compound
CpCr{u-SCMe,)Re (COYNO) (13-5),(u-SCMe ) Re (CO)(NO) under CO.
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Treatment of  the  antiferromagnetic  cluster with I,  affords
Cp,Cry(p-SCMe;3)x{us-5):Re (NO), whose structure has been established (Fig. 20)
[217].

The deprotonation and anion-functionalization chemistry of
Mn,(CCl(pu-H)(p-PCyH) has been investigated. Using DBU as base and the
electrophiles ClAuPR,; (where R=Cy, Ph, p-C;H,OMe, p-C¢HLF) leads to the
mono- and diaurated pairs of isomers: Mn,(CO)g(p-AuPR;)(p-PCyH) and
Mn,(CO(p-H){p3-PCy(AuPR;)}; Mny(CO)g(p-AuPR;) {u-PCy (AuPR;)} and
Mny(CO}( AuPR;),(1-PCy). These compounds have been isolated and fully charac-
terized in solution by IR, NMR {'H and *'P), and UV-vis spectroscopy. Two
representative structures have been determined by X-ray crystallography. The kinet-
ics for isomer interconversion are reportied, and the nature of the transition state
associated with these reactions is discussed [218]. Thiophenol reacts with the ace-
tylide cluster Cp*WRe,(CO)(CCPh) to yield the crystallographically characterized
clusters  Cp*WRe,(CO(us-SPh)(CH=CPh) and  Cp*WRe,(CO),(u-5Ph)
{(CH=CPh). The octacarbonyl cluster possesses a V-shaped polyhedral core with a
face-bndging thiolate ligand and a p;-n? (|| ) acetylide ligand, while the heptacarbonyl
cluster contains a triangular frame with an edge-bridging thiolate and a p;-n® (1)
acetylide ligand. Different chemistry is observed in the reaction of the vinylacetylide
clusters Cp*WRe,(CO}{CC C=CH(C H;)4} and Cp*WRe,(CO){CCC(Me)=
CH,} with thiophenol [219].

PPh; adds to [Fe,Rh(CO),gl~ to give [Fe,Rh(CO)o(PPh,)}~, which shows a
triangular metal frame and a rhodium-bound PPh, group. The report also includes
data from the reaction between [Fe,Rh{CO),F~ and ClAu(PPh;) [220]. The
clusters CpFe,Co(CO)g(5-Se), and CpFe,Co{CO),(1,-Se)(u5-S) have been prepared

Cirs T

Fig. 20. X-ray structure of CpyCry(p-8CMe,),(1;-5),Re (NO)L. Reprinted with permission from
Organometallics. Copyright 1995 Amernican Chemical Society.
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from Fe,(CO)4(u-5S¢) and CpCo(CO),. Both clusters were characterized in solution
and by X-ray diffraction analysis. Both of these products are 50-electron clusters,
possessing nidoe polyhedral structures [221]. Photolysis of a mixture of Cp,MH,
(where M=Mo, W) and {CpRu(COQ),}, vyiclds the trinuclear compounds
Cp(u,5-13-CsH )M (p-CO),RuCpRuCp(CO)H. These clusters contain the original
Ru~Ru bond, a new M-Ru bond, and one bridging (n,5-n*-CsH,) ring between the
M atom and the other Ru center. The spectroscopic and diffraction data are discussed
[222]. The reaction between Os,(CO)y(p-n1,n*-C,;H,) and CpRh(CO){PR,) (where
R=Me, Ph) yields the known clusters CpOs,Rh(CO), and Os;(CO),,(PR,}), in
addition to the new cluster CpOs,Rh(CO)(PR,}. The fluxional behavior of the CO
groups in the new cluster was examined by NMR spectroscopy. The CO exchange
pathways and the steric effect of the PMe; ligand on the CO scrambling are discussed
[223]. Rational synthetic routes to chalcogenide clusters are presented. Treatment
of Fe,(CO)E; (where E=Te, Se) with [Co(CO),]™ gives the tetrahedral clusters
[EFe,Co(CO)] . [Mn(CO),] ™ reacts with Te,Fe,(CO), to give the bridging butter-
fly cluster [Te,Fe,Mn{CQ),5]” ., while the use of Se,Fey(CO)y affords the square-
pyramidal cluster  [Se,Fe,Mn(CO);]. The X-ray  structures of
[SeFe;Co(CO),) ", [Te,FesMn(CO),0)~ (Fig. 21), and [Se,Fe,Mn(CQ),]~ are pre-
sented [224].

The rhenium carbyne complex CpRe (CO),{C(Q)YC;HB,,H,}(=CPh) reacts
with Co,(CO)y to furnish the bridging carbyne cluster
CpReCoy{(CO)s(n-CO)5(U3-CPh)(C,HB;oH,,). X-ray analysis reveals that the carb-
oranyl ligand has been transferred from the formacyl group to the cobalt center.
The product exhibits a tetrahedral core, with a bridging CO group that spans each
Co-Re  vector [225]. The synthesis and X-ray  structure  of
(CpCo),Fe(CO)L(PPh3) (13- ){p;-CNC(OQ)Ph} have been reported. This new cluster

Fig. 21. X-ray structure of [Te;Fe.Mn{CO),5] . Reprinted with permission from lnorganic Chemistry.
Copyright 1995 American Chemical Society.
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has been obtained from the reaction between Fe{CO),(PPh,),in*-SCNC(O)Ph}
and CpCo(PPh;); [226]. Six new heterometallic tetrahedrane clusters have been
prepared from RCCo,(CO)s using metal-exchange procedures. The new clusters
have the formula RCCo,M{(CO);MeCp and RCCoM,(CC)+{ MeCp); (where R=
Ph, Et0,C: M =Mo. W} [227]. Treatment of PhCCo4(CQ), with [RCpW{CQ),]
(where R=HCO, MeCO, Et(Q,C) vields the corresponding tetrahedral clusters
PhCCo,W(CO)( RCp). The new clusters were characterized by IR and 'H-NMR
spectroscopy, and by X-ray diffraction analysis in the case of the acyl derivative
[228]. The use of PhCCo,Mo(CO)3{RC({O)Cp} (where R=H, Me, EtO) in the
synthesis of chiral tetrahedral clusters is reported. Electron-withdrawing groups on
the cyclopentadienyl ring in {RC{OyCpMo(CO);] ™ retard the rate of metal exchange
with PhCCoy(CO), [229].

The reaction of Cp(CO),MnPt(u-C=CHPh)(PPh,)(L} {where L=PPh;, CO)
with Fe,(CO); in benzene at room temperature affords the p,-vinylidene cluster
CpMnFePt(p;-C=CHPh}(CO)¢(PPh;) in quantitative yield. The phosphite-substi-
tuted compounds Cp(CO),MnPt(p-C=CHPh)L, {where L=P(OEt},, P(OPr");}
react with  Fe,(CO)y, to give CpMnFePt{u,-C=CHPh}{CO);L., and
CpMnFePt{p,-C=CHPh)(CO),L. Use of the dppm-substituted compound
Cp(CO),MnPt{p-C=CHPh)(dppm) gives the analogous trimetal cluster as a minor
product and the tetrametal cluster {(dppm)PiFe {p,-C=CHPh)(CO), as the major
product {230]. Isolobal displacement reactions have been studied in py-sulfido capped
clusters, and plausible reaction pathways discussed [231]. Treatment of
FeCoy(CO)(13-S) with (RCp)M(CO);] {where R=CO,Me, CO,Et; M =Mo;
R=CO,Me. CO,Et, C(O)Me; M=W} leads to tetrahedral clusters having a
MFeCoS core. The reduction of the pendant cyclopentadienyl R group by Grignard
reagents and NaBH, has been studied, and the use of the product alcohols in cluster-
linking reactions presenied. Two X-ray structures are included in this report [232].

3.2, Tetranuciear clusters

The cubane-like compound Cp*Ti(p;-0){ Rh(COD)}, has been synthesized from
Cp*TiMe, and {Rhip,-OH)(COD)},. The catalytic activity of this compound m
Fischer-Tropsch reactions was ¢xplored, with CO conversion being on the order of
30% [233].

The sulfido-bridged clusters MeCp,Mo;CoS,{CO). MeCp;MosFeS,(SH), and
MeCp,Mo,Co,5,( PPh;}(CO) have been prepared and their molecular structures
determined. These clusters possess a tetrahedral metal core, giving a cubane-like
geometry. Cluster generalizations are made concernming the number of valence
electrons, the nature of the HOMO, and the adopted structural motif [234].

[Mn{CO),,(p-H})?> ™ reacts with ClAu{PR,} (where R=Ph, Me} and
{AuCl),(u-dppe) to give [Mny(COYya(ps-H ) {p-AuPR,)]™ and
[{ Mn,(CO),5(us-H )Aud ,{p-dppe)]® . respectively. Use of (AuCl),{triphos) leads to
three aurated-Mn clusters depending on the molar ratio of the reagents employed.
The cluster [Fe;(CO),,J° has also been used in these auration reactions [235].
Cluster expansion in Fey(CO)y{us-m?-N=CPh) with various reagents leads 1o new



M. G Richmond | Coordinarion Chemistry Reviews I60) ¢ 1997; 237 204 2

mixed-metal clusters having the composition Fey(CO}gML(p,-n-N=CPh) {where
ML =Fe(CO);, CpRh, Ru(CO);}. The unsymmetrical capping mode exhibited by
the benzonitrile ligand was confirmed by X-ray crystallography. These product
clusters possess a butterfly polyhedral core [236]. Unexpected gold-containing boride
clusters have been prepared from Cp*Ru;Rh(CO)o( BH,) and selected gold reagents.

Included in this report are the X-ray structures of
Cp*Ru;Rh(CO),(H)B{AuPPh;),(AuCl) and Cp*Ru;Rh(CO)q H)B{Au,(dppf)}
(AuCl). The linked cluster compound

{Cp*Ruy;Rh{(CO)o(H)B(AuCl)},{u-Au(dppa)Au}, has also been synthesized and
characterized in solution [237]. [H,Ru;Rh(CO),;] ™ reacts with [AuPPh,]* to give
the hexanuclear clusicr AuHRu;Rh,(CO),5(PPh,),. X-ray diffraction analysis reveals
that the geometry of this cluster consists of a bicapped tetrahedral core with the Ru
atoms defining a trigonal planc and the Rh atoms adjacent to each other. The
AuPPh; moiety caps a Rh,Ru face [238]. The reaction between Ru,(CO),, and the
carbene compound Cp,Ta(=CH,)(Me) has been cxamined with respect to CO
deoxygenation chemistry. The cluster Cp,Ta(Me){p-O)Ru;(CO),(C,H,) has been
isolated and shown to possess a 4-cumulene ligand that bridges the three ruthenium
centers. A likely mechanism illustrating the carbon-carbon bond-forming reaction
is discussed [239]. Treatment of Ruy(CO)o(p-COMe)(u-H) with Pt(PR,}{nbd)
(where R =Cy, Pr') affords the clusters Ru;Pt{CO),o( PR,){n,-COMe)(p-H). The
solid-state structure of Ru;Pt{CO), 4 PCy;)(ps-COMe)(u-H) was solved by X-ray
crystallography (Fig. 22) and EXAFS spectroscopy. Two fluxional processes involy-
ing CO scrambling have been observed by NMR spectroscopy. The lowest energy
process mvolves the equilibration of all the Ru-bound CO groups, while the higher
energy process involves the complete CO scrambling about the cluster polyhedron
[240)].

Mixed-metal butterfly acetamidediato clusters have synthesized. Treatment of
{Rus(COY(p3-0))° " with [M(COY(MeCN}]* (where M=Mn, Re) leads to
[MRuy(CO),,{n*p;-NC(p-O)Me}]~. The X-ray structure of the MnRu, cluster
exhibits a hinged butterfly array of metals with a bridging acetamidediato ligand
that tethers the Mn and two Ru atoms by the p,;-N moiety. Reactivity comparisons
are made between [Ru;(CO)o(11,-O)]* and [Fey(CO)o(u;-0)]>~ [241]. The synthesis,
structure, and bonding in the batterfly clusters [Fe;M(CO)5(-E}]™ (where M =
Mn, Re; E=0, 8) are reported. These clusters are prepared from
[Fes(CON{ps-E)* ™ and the electrophilic reagents [Mn(CO);MeCN);]* and
Re (CO)s(OS0,CFy). The X-ray structures of [FesMn(CO),,(u,-0)]~ (Fig. 23) and
[FesMn(CO), (n,-8)] are presented and their structural features discussed. The
results of Fenske-Hall MO calculations on these oxo- and sulfido-bridged clusters
are contrasted with the MO data obtained from for the clusters
[Fe(COY (O and [Fey(CO); {1-N)] ™. The variable-temperature behavior of
the CO groups in these clusters has also been studied by '*C-NMR spectroscopy
[242).

The ketenyl cluster Cp*WQOs4{(CQO)o(C,) (OC,Ph} has been isolated from the known
acetylide cluster Cp*WOs;(CO)y(C,)(C,Ph} after treatment with O,. The ketenyl
cluster loses CO upon heating 1o give the alkylidyne cluster
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Fig, 22. X-ray siructure of RU,PUCO),o(PCy,) (1,-COMe}p-H). Reprinted with permission from
Organometallics. Copyright 1995 American Chemical Society.

Fig. 23, X-ray structure of [ Fe,Mn(CQ), #H4-0}]17. Reprinted with permission from [norganic Chemistry.
Copyright 1995 American Chemical Society.



M.G. Richmond | Coordination Chemistry Reviews 160 (1997} 237 294 279

Cp*WO0s4(CO)o(C,) (CPh). Both of these new clusters were structurally characterized
by X-ray crystallography. This research provides a logical pathway for the oxidation
of a cluster-bound acetylide ligand into a carbyne fragment [243]. Reversible C-C
bond scission and C-H bond activation are reported for the butterfly clusters
Cp*W(s;(C0O),(CCR) (where R=Ph, Bu, CH,OMe) upon treatment with
MeyNO. The nature of the products observed is dependent on the R substituent,
with  the two main products being the carbido-alkylidyne cluster
Cp*WOs5(CO),o(1s-C)(p-CPh) and the carbido-vinylidene clusters
Cp*WOs(CO)(1,-CH{p-HY(CCHR') (where R'=Pr, OMe). A scheme showing the
mechanistic pathways responsible for the production of the observed products is
presented and discussed. Two representative X-ray structures are also included in
this report [244]. Skeletal rearrangement and acetylide ligand migration in
Cp*W0s,{C0O),{C=CCH,Me) have been observed. The WQs, cluster has been
synthesized from the reaction between Cp*W(CO)(C=CCH,Me) and
054(CO)o(MeCN), in  refluxing ioluene. The two isomers of
Cp*W0s,(CO),,(C=CCH,Me} isolated both contain a butterfly skeletal core and
a ja-n>-acetylide ligand. Relocation of Cp*W{CQ), moiety from a hinge site to a
wingtip site interconverts these isomers. This migration has been studied kinetically,
the results of which are discussed relative to the proposed isomerization mechanism.
The molecular structure of Cp*WOQs;(CO),(C=CCH,Me) {Cp*W(CO), wigtip
isomer, Fig. 24} has been crystallographically established [245].

The reaction of tetrahydrothiophene with HRuCoy(CQO),;, HRuRh{CO},,,
H,Ru {CQO),,, and Ru;{CO}, gives HRuCo;(CO},,(SC4Hy),
{HRuRh,(CO)g}{SC Hg}y, H.Ru(CO),(8CHg), and Ru{CO)3(SC Hyg), respec-
tively. The X-ray structures of these products are reported [246].

The mixed-metal clusters [Pty{ M(CO);}(u-dppm)s]* (where M =Mn, Re) have

-~

Fig. 24 X-ray structure of Cp*WQ0s,(C0),,(C=CCH,Mec). Reprnted with permission from
Organometallics. Copyright 1995 American Chemical Society.
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been prepared from [Pty{(u-COMp-dppm);** and [M(CO)] . Each new cluster
was characterized i solution and by X-ray diffraction analysis in the case of the
Pt;Re cluster. A tetrahedral core, with short metal-metal bond lengths, is observed
[247]). Halide addition occurs at the Pty; face in  the clusters
[Pta(ps-ReL ) (pu-dppm),] ™ {where L=CO0, ). The resulting
Pty{ps-X ) (ps-ReL; ) (u-dppm), clusters {(where X=CIl, Br, 1) reversibly lose their
halide ligand in a trend that is related to the overall stability of the cluster
(1~ =>Br~ >{l7). The X-ray structure of the iodo derivative and the addition of
[SnF;] and[SnCl,]" to the parent cationic clusters are discussed [248]. Site-selective
ligand addition in the 54-electron cluster [Pi;{ Re (CO)}{(u-dppm);] ™~ is reported to
occur at the rhenium center, giving [Pty Re (CO),L}{u-dppm),]* (where L = phos-
phite, CO, isonitriles, thiols, terminal alkynes). The solid-state structure of the
P{OPh), derivative (Fig. 25) confirms the site of ligand addition. The reversible
ligand addition and fluxional behavior of these adducts have been examined by
NMR studies. The bonding in these 56-electron products has been investigated by
extended Hiickel calculations, and the strength of the Pt Re bonds relative to the
starting cluster discussed. The higand addition selectivity is also discussed relative to
reactivity patterns exhibited by heterogeneous Pt/Re catalysts {249].

The synthesis and X-ray siructure of the stable bimetallic complex

Fig. 25, X-ray structure of [PtyiRe (CO),P{OPh),j(u-dppmi;] . Reprinted with permission from
Organometallics. Copyright 1995 American Chemical Society.
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{(1°-CH SiMc3), TI{C=CSiMe,) (C = CCu)} , have been published [250]. Oxidation
of the 60 VSE cubane cluster (n*-CsMe,Et),Mo0,C0,5,{C0}, by X, (where X=ClI,
Br, 1) furnishes the corresponding 58 VSE cluster (n*-CsMe Et),;Mo,C0,3{ X},
The structural changes that accompany the oxidation have been assessed by X-ray
crystallography and magnetic susceptibility measurements. The use of these electron-
deficient clusters as models for desulfurization reactions is described {251]. The
synthesis and X-ray structure of the first mixed-metal borole cluster have been
published. The electron-deficient ciuster {(n*-C,H,BPh)Re (CO);},Pd, was obtained
from [{n*-C,H,BPh)Re {CO),;]” and a variety of palladium reagents. The cyclic
voltammetric data are reported for this new cluster, and these data are compared
1o related 58-electron planar, triangulated clusters. The HOMO-LUMO gap m the
Re,Pd, cluster has been calculated by the use of extended Hiickel MO calculations
[252]. The valence isomerization and rearrangement reactivity in the compounds
Mn,{ AuPR,)(1,-PCy)(CO)g and Mn,(p-AuPR,}H ps-PCy(AuPRDHCO); (where
R =Ph, p-C,H,F, p-C¢H,OMe, Cy. Et, CH,CH,CN) have been studied [253]. The
reaction between {n’-C;H,C{O)OMe},Mo,(CO), and Fe,(CO)4(p-S), affords the
new cluster {n3-C H,C(O)YOMe},Mo,Fe{CO)(1s-CO(ps-5);. This cluster has
been characterized in solution and by X-ray diffraction analysis [254]. The bonding
in tetrametallic-carbide clusters has been examined by extended Hiickel MO calcula-
tions. Isomcrization schemes and the fluxionality pathways available to
CpsFe,Ru,{CO)(C,), CpiFe,Ru,(CO),4(C,), and RuCO),,(p-PPh;),(C,) are dis-
cussed [255]. The synthesis and spectroscopic characterization of the tetranuclear
vinylidene clusters Co,M{CO)e{pu,-C=C(H)CpFe(CO),} {where M=Fe, Ru;
Cp=CsH,. C;Me,) are reported. These clusters readily lose CO to give the tetra-
nuclear acetylide clusters (p,-C,H WCpFe)MCo,(CO),,. whose solid-siate structures
possess a spiked triangular array of metals. Three X-ray structures are included in
this report, along with a plausible mechanism showing the involvement of alkyne-
cluster intermediates in these transformations [256]. CO substitution by dppm in
{(COY,CoAul,(dppm} gives Co,Au{CO)(u-dppm),, whose structure was estab-
lished by X-ray crystallography [257].

3.3, Pemtanuclear clusters

The crystal structure of Cp*Ru,Rh(CO),,{H}(BH,) has becn determined, and
the pentametal frame is best described as a “spiked-butterfly”, with the rhodium
atom located at the spike position. The bonding is this cluster has been explored by
Fenske-Hall MO calculations, with ambiguities in the clectron-counting scheme for
this cluster discussed [258]. Treatment of [H,Ru,Rh(CQ),;]” with PPh, gives the
neutral cluster H,Ru,Rh(CO},,(PPh;). The X-ray structurc of the Ru;Rh; cluster
exhibits a trigonal bipyramidal core, with the rhodium atoms occupying the apical
positions. The PPh, ligand is coordinated to one of the rhodium centers {259].
Functionalization of the ketenylidene-bridged cluster [Fey(CO)o(p;-CCOJ)* ™~ using
ClAu(PPh,) gives (AuPPh;),Fe;(CO)(113-CCO). Use of allyl bromide gives
[Fe;(CO)(13-COMps-CC3Hs)] ™. The auration of other cluster complexes is also
discussed [260]. H,0s,(CO),, reacts with (bpy)Pd{CO,Me), 1o give
{(bpy)Pd } ;055;(CO),, in good yicld. The solid-state structure is based on an cdge-



282 M.G. Richmond ; Coordination Chemistry Reviews 160 { 1997) 237204

bridged square metal core [261]. Ethanethiol addition to HRuRh,{CO),, furnishes
the cluster Rh,Ru3(CO),4{p-SEt)g, as a minor reaction product. The molecular
structure was determined by X-ray diffraction analysis [262]. The bow-tie cluster
Co,Rus{ps-n?n?-PhC,C,Ph)(CO),, has been prepared in quantitative yield from
the reaction between Co,(CO)g and Ru;(CO)o(p-CO)(p5-1-PhC,C,Ph). The diyne
ligand straddles the Co,Ru, bow-tie frame, interacting with all five metal centers,
as shown by X-ray crystallography [263]. An IR study on several pentametal clusters
possessing trigonal bipyramidal polyhedra has been published. The bridging CO
groups are shown to be more sensitive indicators of molecular geometry than the
terminal CO groups [264]. The synthesis and molecular structure of the paramagnetic
cluster Co[(Cp*Co),{u,-S(ferrocene}},} have been published [265]. Condensation
of Ruy(CO);; with [CpW{CO),])~ and [Cp*M(CO)5]~ (where M =Mo, W) affords
the pentametal clusters CpWRu,(CO),{1,-H), Cp*MoRu(CO),,(u,-H)., and
Cp*MoRu(CO),{ps-H), after protonation with excess CF,;CO,H. The molecular
structure of the Cp derivative exhibits a trigonal-bipyramidal Ru,W core, with the
W center occupying an equatorial site. The two Cp* clusters exhibit an edge-bridged
tetrahedral geometry, where the tentacle Cp*M fragment bridges a Ru-Ru edge
(Fig. 26}. The facile fragmentation of these clusters under syn gas is presented [266].

3.4 Hexanuclear clusters

The following new clusters OsPd{CO),g(u-H),, OssPA(CO);(p-H)H(p-CI),
OssPA(COYe(u-H)o(p-Cl)y,  {Os3PA(COYs(p-H)y(p-Cl)},,  and  OsPA(CO),,

Fig. 26. X-ray siructure of Cp*MoRu,(CO),,(p;-H ). Reprinted with permission from Organometallics.
Copyright 1995 Amenican Chemical Society.
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(p-H)3{u-Cl)y{py) have been isolated from the reaction between H,0s4CO)y and
trans-Pd{py¥),Cl,. The X-ray structures of all five clusters have been determined
[267]). The steric properties of the ligand P{C ,H,Me-2}, in various clusters have
been examined, The particular ligand has been allowed to react with the product
formed from the reaction between [H,Ru,(CO),,)*~ and [Ag{MeCN),]" to give the
mixed-metal clusier Ag,Ru(CO},,(1a-H){P(C,H Me-2)5},. The solid-state struc-
ture displays a capped ftrigonal bipvramidal polyhedron. The ability of two of the
three C¢H Me-2 rings i each of the two P{C H, Me-2), ligands to adopt orientations
that minimize the calculated cone angle of 1947 is discussed [268]. Hg,l, reacts with
the  cluster Pt {u-CO}(PMe,Ph), to yileld the bicapped cluster
[ Pty(pu-CO)(PMe,Ph), i, -Hgl),. IR and NMR spectroscopic data and the X-ray
stracture are presented [269]. The reactivity of PtuM(C=CR)g (where M =Ag, Cu;
R=Ph, Bu") with neutral and anionic ligands has been investigated [270]. The
mixed-metal clusters MyRu(CO) 4(pa-H){p-dppf ) {where M =Cu, Ag) have been
prepared from [Ru,(CO),,(p-H), 1P~ [M(MeCN),]*, and dppf. The corresponding
gold derivative has been isolated from the reaction between [Ru,(CO){p-H),J*~
and Au,{p-dppfl )Cl,. Skeletal isomerization of the metal framework has been verified
by variable-temperature ‘H- and *'P-NMR studics. The X-ray structures of these
new clusters are discussed {271]. The first reported transformation involving the
conversion of alkynes into two methylidyne groups has been published. The alkyne
scission takes place in the reaction between Cp.MoX{CO){u-R'C;R) (where R'=
R=Me; R'=H, R=H, Me, Ph} and Ru;{CO},, in refluxing tolucne or heptane.
The isolated clusters Cp,Mo,Ru(CO),;2(u:-CR Mu;-CR) have been fully charac-
terized in solution and X-ray crystallography in the case of the butyne-derived
cluster (272]. The reaction between the butterfly cluster [HRu (CO),,(BH)] and
Rhy(C0O),Cl, furnishes the actahedral boride cluster
[Rh,Ru {CO},(B)]~. 'B-NMR data suggest the presence of both cis- and #rans-
isomers, with the latter isomer predominating in solution. This anionic cluster
undergoes auration when treated with ClAu(PCy;). The corresponding iridium
cluster, [Ir,Ru,(CO)4(B)]”. has been synthesized and its crystal structure deter-
mined. Functionalization of this Ir;Ru, cluster with ClAu({PCy;) is discussed [273].
The synthesis and reactivity investigation of new PtAg, and Pt,Ag, clusters contain-
ing bridging alkynyl ligands are reported. The molecular structure of
Pt,Agy(CeF )aips-n?-C = CPh),{ PPhs}, accompanies this repert {274]. The reaction
of [Fe,(CO)(u-RE}(p-CO)] (where RE=various thiol and seleno groups} with
S,Cl, affords a variety of single-, double- and triple-cluster complexes {275]. The
synthesis and X-ray structural determination of
[P1{COY( PCy;)Re (p-0)1(u-OH ) (ReQ )] ™ (Fig. 27) are reported, and the data are
discussed relative to Pt/Re-AlO; catalysts. Extended Huckel MO calculations on
the model cluster [Pt{CO)(PH;),Re0Q,]” have been carried out, and the evidence
for Pt/Re multiple bonding presented [276].

3.5. Higher nuclearity clusters

The photolysis of R;PAuN; leads to the reductive elimination of azide and
generation of R,PAu™ moieties, which combine to yield Au clusters. Irradiation of
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Fig. 27. X-ray structure of [P1s(CO4(PCy,hRe (-0),(n-0H 1 ReQ, )] * . Reprinted with permission from
Journal of American Chemical Society. Copyright 1995 American Chemical Sacicty.

R,PAuN, in the presence of M(dppe)(N,), {where M=Pd, Pt) gives heteronuclear
Pd;Au and Pt/Au clusters, in addition to a PdAu,, cluster that possesses a complete
Au,, icosahedron containing an encapsulaied Pd atom [277]. Thermolysis of the
mixed-metal  dicarbide clusters  {py-C=CFeCp(CO),}Ru4(CO)g(p-H)  and
[{ps-C=CFeCp(CO),} Ru{CO)]~ leads to coupling of the (C;)FeRu, cores and
formation of the Theptanuclear clusters Cp.Fe.Rus(ps-C;),(C0OY- and
CpFeRug(ps-Cy) (ps-C,HY(CO)y4, and the octanuclear cluster
Cp,Fe,Rug{pe-C),(CO), 5. Mechanisms are presented that deal with the direct radi-
cal and thermal coupling of these precursor clusters as a route to the observed
products [278].

The synthesis and X-ray structure of Ru,C(CO),s(u-dppf ) have been published.
Variable-temperature *'P-NMR data reveal a high degree of stereochemically non-
rigid behavior. Cyclic voltammetric data confirm the existence of a significant degree
of electronic communication between the redox-aciive sites, The HOMO is presumed
to be largely ferrocene-based but with considerable Rug-cage character, while the
LUMO is primarily cage-based with added ferrocene character. The paramagnetic
behavior of this cluster was ascertained by magnetic susceptibility studies [279].
[Irs(CO),s]*~ reacts with [AuPPh;]~ to yield Ir(CO),s( AuPPh,),. whose molecular
structure consists of an octahedral arrangement of iridium atoms and a face capping



Fig. 28, X-ray structure of Pt Ru ] Au(PELy)}.(CO),(n-H),.
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Organometallics. Copyright 1995 American Chemical Society.

Reprinted with permission  from

AuPPh; moiety. The remaining AuPPh, group spans one Ir Au edge. The synthesis
and X-ray structure of [Ir,(CO),,(HgCl1),]*~ are also presented [280]. Deprotonation
of Pt3Ru4(CO)z (p-H}¥p-H); using [Buy,N]J[OH], followed by treatment with
[Au(PEt;)]*, affords the layer-segregated clusters PtyRug{ Au(PEry)}(CO),, (p-H);
and PtRu {Au{PEL)} ACO);, (u-H), (Fig. 28). Both clusters were characterized in
solution by IR and 'H-NMR spectroscopy, and their solid-state structures were
established by X-ray crystallography [281].

4. Abbreviations

dcac
ampy
binap
bma
bpcd
bpm
bpy
COD

acetylacetonate

2-amino-6-methylpyridinate
2,2%bis(diphenylphosphino)-1,1"-binapthyl
2.3-bis(diphenylphosphino}maleic anhydride
4,5-bis(diphenylphosphino)-4-cyclopenten-1,3-dione
2,2"-bipyrimidine

2.2%-bipyridine

1.5-cyclooctadiene
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Cp cyclopentadienyl

Cp* pentamethyleyclopentadienyl
Cy cyclohexyl

dba dibenzylideneacetone

DBU 1,8-diazabicyclo][5.4.0]undec-7-ene
dmpm  bis{dimethylphosphino}methane
dpmp  (Ph,PCH,)LPPh

dpb 2.3-dipyrid-2-ylbenzoquinoxaline
dpp 2.3-dipyrid-2-ylpyrazine

dppa 1.2-bis(diphenylphosphinojacetylenc
dppe 1 2-bis(diphenylphosphino)ethanc
dppf 1.1"-bis(diphenylphosphino}ferrocene
dppm bis{diphenylphosphino)methane
dppp 1.3-bis{diphenylphosphino)propane

Fc ferrocenyl
MAS magic angle spinning
Mes mesityl

MeCp  methylcvclopentadienyl
mobiph 22"-bis{diphenylphosphino)-6,6'-dimethoxy-1,1-biphenyl
PPN bis(triphenylphosphine}iminium

py pyridine

TFA trifluoroacetic acid
THT tetrahydrothiophene
Tol tolyi
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