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1. Dissertat ions  

T h e  r e a c t i o n  o f  C p 2 T i C 1 2  w i t h  e x c e s s  H 2 S e  in  t h e  p r e s e n c e  o f  t r i e t h y l -  
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( C p T i ) 5 ( ~ t 3 - S e )  0. T h e  s y n t h e s i s  o f  ( C p T i ) s ( ~ t - O ) ~ 2  is a l s o  d e s c r i b e d .  T h e  r e d u c t i o n  
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chemistry of these and related clusters has been examined and the results discussed. 
The reaction chemistry of Cp_,Ti(CO), and H2S in the presence of traces of H20 
affords a variety of polynuclear sultido and oxo clusters [ 1 ]. 

The desulfurization catalysis and redox chemistry of several M%C% clusters have 
been explored. (C>Me4Et)2M02C02S4(CO) 4 has been allowed to react with thiiranes 
and thietanes. Besides the corresponding organic alkenes, the insoluble solids that 
accompany these reactions analyze for (CsMe4Et)2Mo,CozS, (where x = 5 - 8 ) .  
Treatment of these sulfide clusters with CO gives back the original Mo2Coe cluster. 
The hydrogenation properties of (CsMeaEt)2M02C%S4(CO)4 have also been exam- 
ined and the relationship of this catalyst to the conventional Co Mo S/A1203 
catalyst discussed. The synthesis and X-ray diffraction structures of 
(CsMe4Et):Mo2M2S4(NO) 2, (CsMe4Et)eWzM2S4(NO)2 (where M - F e ,  Co) and 
(CsMe4Et)2W2Co2S3(CO)s are presented. The first four clusters exhibit a cubane 
skeletal core [2]. The synthesis of the cubic clusters Cp*CpCr~MO4 (where M =Cr,  
V ) are reported from the starting material [Cp*Crqa3-O)]3(~ta-O). The electrochemi- 
cal properties and the temperature dependence of the magnetic susceptibilities of 
these clusters were investigated [3]. Sundry Cp*Cr- and Cp*Mo-oxide clusters have 
been prepared and characterized by X-ray crystallography and traditional solution 
spectroscopic methods [4]. 

Group VII and VIII metal clusters have been employed in studies involving the 
activation and catalytic cyclooligomerization of thietane. Treatment of 
3,3-dimethylthietane and thietane with Re~(COh0(MeCN)_,(IJ3-H)3 yields the new 

I I I I 

cluster complexes Reg(CO)m (SCH2CMe_,CH:) (la3-H)3 and Re,~(CO) m (SCHeCH_,CH:) 

(i.t3-H) 3, respectively. The nucleophilic ring opening of the thietane ring 
has been studied by using halide anions and MeaN. The resulting products were 

fully characterized in solution and by X-ray analysis. Me,S addi- 
I I 

tion to Res(COho (~t-SCH_~CH_~CH,) (ta3-H)3 gives the zwitterionic cluster 

Re3(CO)~o(la-SCHzCH2CH2SMe2)(la-H)3, which contains a sulfonium-substituted 
thiolate ligand that bridges one edge of the cluster. The reaction of 
Os4(CO)Lt( MeCN )(bt-H )4 and Ru4(CO)a2(~t-H )4 with thietane has also been investi- 
gated. The X-ray structures of the product clusters are presented and the cyclooligo- 
merization activity of these ruthenium and osmium derivatives discussed [5]. The 
oxidation of [Pt31Re(CO)31(bt-dppm)3]- using M%NO, 02 and H,O, is shown to 
yield the oxo clusters [Pt3{ Re(CO)31(bt.~-O),,(l~-dppm)3]+ (where n = 1 3), along with 
the hexa-oxo cluster [Pt,~(ReO0(bt3-O)~(la-dppm)3] +. The direct synthesis of 
[Pts(ReO,0(la-dppm)3] + from MeReO~ and [Pt~(g-dppm).~(ja3-H)]+ is presented. 
Reactivity studies involving nucleophilic additions to [Pt31Re(CO)31(la-dppm)3]~ 
and [Pts(ReOD(In-dppm)s] + show site selectivity related to the formal oxidation of 
the coordinated rhenium center. The use of these clusters as models for oxide- 
supported PtRe catalysts is discussed. Data from extended Htickel MO calculations 
and XPS studies are presented and used in a discussion on the bonding in Pt~Re 
clusters [6]. The isolation of KRe3(CO)9, Re4(CO)lz(OH)_,(OEt)2.2EtOH, 
Re4(COh2(OH)4 8H,O and KRe3(CO),~(OH)4 from the'. reaction between 



M.G. Richmond / ('oordmation (7wmi~tr.r Review~ 168 (1998) 177 231 179 

Re(CO)sCI and KOH under a variety of conditions has been demonstrated. The 
molecular structure of each of these clusters was established by X-ray crystallography 
[7]. A higher yield synthesis of the known cluster Mnts(CO)24(THF)12 has been 
reported. The reaction of this MnL5 cluster with Fe(CO) 5 gives the mixed-metal 
cluster [la-Mn ( TH F )z]zFe2(CO)8 [ 8 ]. The temperature-programmed reaction ( TPR ) 
profile of [Re(CO)3OH]4 supported on AI20 3 has been explored. IR spectroscopic 
measurements revealed the presence of Re(CO)3(OAI)(HOAI )2 after activation at 
480K. Similar studies have also been conducted with the carbide clusters 
[ReTIrC(CO)2.~] 2 and[R%IrC(COhTIRe(CO)3}2] 2 [9]. 

The synthesis and electrochemical properties of H2Ru3(RC2R')(CO)~, _,,(PR)'),, 
have been published. The reaction of Ru3(CO)~2 with 3,5-di-wrt- 
butyl-l,2-benzoquinone and catechol affords the tetraruthenium clusters 
Ru4(CO)8(~t3-O2C~H2R2) 2, which contain ~t3-semiquinone ligands that bridge the 
cluster by terminal and bridging oxygen atoms and an q"-aryl ring. The ligand 
substitution chemistry and fragmentation reactivity are also reported. The activation 
volume for the conversion of (la-H)2Ru3(CO)9(IJ3-rl3-EtSCCMeCMe) to 
Ru3(CO)~(g-SEt)(g3-rl3-CCMeCHMe) has been determined. On the basis of the 
kinetic data, it is proposed that this reaction proceeds by a dissociative rate-limiting 
step involving either a C S bond or Ru Ru bond cleavage [10]. The clusters 
(t.t-H)Ru4(CO)9(la3-COMe)I(PPh2)3CHI and (I.t-H)3Ru3(CO)v(g3-CPh)'~(PPh2)2- 
CHPPh2} have been prepared and characterized in solution. The kinetics and 
activation parameters for the reaction of (~t-H)3RH3(CO)o(I.13-CSEt) to  

(I a-H )Ru3(CO)9(I~3-CH_,SEt ) have been measured. The proposed mechanism is based 
on a rapid, reversible loss of CO, followed by the tbrmation of an agostic Ru H C 
bond. The rate-determining cleavage of the agostic bond is also supported by 
the measured volume of activation. The reactivity of hydrogen with 
(~t-H)2Ru3(CO)s[13--PBut]2 and the results of detailed mechanistic studies are 
presented. The synthesis and spectroscopic characterization of the new clusters 
(la-H)2Ru3(CO)s[g-PCy2]2 and (la-H)Ru3(CO)8[p--PCy2]3 are included [11]. The 
reaction between 1-phenylthiocyclobutene and Os3(CO)lo(MeCN )2 gives two new 
products, whose thermolysis reactivity has been explored. The compound 4-tert- 
butyl-4-methyl-l-phenylthiocyclobutene has been allowed to react with 
Os3(CO)~0(MeCN )2 and Ru3(CO)12. All new products were isolated and thoroughly 
characterized. The reactivity of l-iodo-2-methylcyclobutene, l-bromocyclobutene 
and benzothiophene with Os3(CO h o(MeCN )2 has been investigated [l 2]. The reac- 
tion of polysulfides and polyselenides with Fe(CO)s affords the anionic clusters 
[FedCO)12S~,] 2~ and [Fes(COhaSe2] 2 . When these clusters are treated with nickel 
and palladium complexes, mixed-metal clusters have been isolated [13]. 

The phosphido clusters Ru4(CO)13(g-PR2)_~, Ru~(COh3(g~-PPh), 
H2Ru4(CO)I2(g3-PPh), Osa(COh3([t3-PPh)and Ru4(COh3(IJ3-PNPr i) have been 
prepared and their reactivity studied. It is shown that [Ru4(COh3] -~ reacts with 
added R2PCI to give the electron rich butterfly clusters Ru4(COh3(g-PR2)~, which 
in the case of R = Ph is shown to undergo a reversible skeletal transformation to 
yield (~t-H)Ru4(CO)1olIJ-PPhz)[la4-(C~,H4)PPh ]. This latter cluster represents the first 
example of a triply bridging bis(aryl )phosphido ligand. The reaction of 1,3-diynes 
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with Ru4(CO)13(g3-PPh) has been fully investigated. The products of the diyne 
insertion reactions have been characterized by solution and solid-state methods. 
Evidence for diyne trimerization and co-dimerization with added alkynes is dis- 
cussed [14]. The hydroboration of various osmium clusters has been 
explored. Catecholborane reacts with [Os3(COhl] 2 to give [(l~-H)Os3(COhl] 
while BH 3 -THF reacts with the same starting cluster to produce 
[(t~-H)Os3(CO)9(la3-qZ-HC=CH)] . The cluster [Os3(COlg(g.~-CCO)] 2 reacts with 
BH3" T H F  to give a quantitative yield of the previous acetylene-coordinated cluster. 
When the same reaction is conducted with excess BH 3 • THF,  the alkylidyne cluster 
(~t-H)3Os3(CO)9(g3-CMe) may be isolated. Included in this dissertation are 
the X-ray structures of  [ P h 3 P M e ] 2 [ M 3 ( C O ) 1 1 ] ' C H 2 C l  2 (where M = R u ,  Os), 
[PPN][(g-H )Os3(CO)9(~t3-rl2-HC'-CH)] and (g-H)3Os3(CO)9(I.13-CMe). Results 
from the use of Fe3(CO112, Ru3(CO)12 and H2FeRu3(CO)12 as CVD reagents are 
presented. The metallic films were analyzed by the usual arsenal of surface science 
methods [15]. Treatment of the tantalum carbene complex Cp2Ta(CHa)(Me) with 
Ru3(CO)I 2 leads to the cluster Cp2Ta(g-O)Rua(C4H4)(CO),, which is shown to 
possess a bridging 4-carbon cumulene moiety. Spectral and structural data pertaining 
to the early steps of this reaction are presented and discussed [16]. 

The synthesis and study of sterically demanding compounds that contain multiple 
cluster moieties have been published. The use of the trichloroacetate esters 
p-C~,H4(O2CCC13) 2 and C(CH202CCC13) 4 in the construction of the multi-cobalt 
cluster complexes p-C6H4[O2CCC03(CO)9]2 and C[CH~O~CCCo3(CO)9]3- 
(CH202CCC13) is described [17]. The two clusters [Bi4Cog(CO)8(g-CO)s] 2 and 
[BisCo14(CO)12(g-CO)8] 2 have been obtained from the reaction between 
[Bi2C04(CO)1l ] and (rI%C~,HsMe)Mo(CO)3 upon oxidative work-up. MePCI2 
has been shown to function as a halogenation reagent in the reaction 
with [ Bi4Fe4(CO)13] 2 . The use of MePC12 (one equiv.) leads to 
[Fe2(CO)6(g-H)Biz{Fe(CO)4}] and [Bi3Cl4(la-Cl)4lg3-Fe(CO)3}] 3-. Bromination 
of Te2Fe3(CO)9 with CBr 4 initially proceeds to give Te2Fe2(CO)~, which upon 
reaction with additional CBr 4 gives the novel cubane-like cluster 
Fe3(CO)gTe4(g3-CTeBr4). The results of extended HiJckel MO calculations on model 
cluster systems related to these clusters have been reported [I 8]. 

2. Homometallic clusters 

2.1. Group 4 clusters 

The low-yield synthesis of (CpTi)6(la3-Te)6(la3-O) 2 from Cp2Ti(TeSiPh3) 2 with 
excess PPh3 has been published. The solid-state structure of this cluster was 
established by X-ray crystallography [19]. Various allylic Grignard reagents have 
been allowed to react with [Cp*Ti(la-O)C1]3 to give the allyl oxotrimers 
[Cp*Ti(p-O)]3R,,Cl3 ,, (where n =  1-3, R =allyk n =3 ,  R=cro ty l  ). The thermal sta- 
bility of these complexes has been examined and the resulting products characterized 
by solution and X-ray methods [20]. The redox properties of cyclopentadienyl(oxo)- 
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titanium complexes in non-aqueous solvents have been explored. The cluster 
[(CsH4TMS)Ti]4(g-O)o exhibits an electrochemically and chemically reversible 
0/1- redox couple, followed by a multi-electron reduction process. An EECCEE 
mechanism is proposed and substantiated by a comparison with the related com- 
pound [(CsH4TMS)TiCI(bt-O)]a. The electrochemical properties of the mixed-metal 
complex [(MeCp)2Ti(bt-MoOa)2] ~, have also been examined. The presence of  the 
molybdate bridges increases the stability of the electrogenerated reduction products. 
It is concluded that these poly-oxo clusters do not function as good models for 
electron reservoirs [21 ]. 

2.2. Group 5 cluster,s' 

Sodium amalgam reduction of [Cp*VCI(p.-N)]2 gives the diamagnetic cubane 
cluster [Cp*V(g3-N)]4, which was characterized in solution by NMR spectroscopy 
(~H, ~3C and 5W) and by X-ray crystallography. On the basis of the observed V V 
and V N bond lengths, it was concluded that strong V N bonds exist. An electro- 
chemical study reveals a stable one-electron reduction process [22]. 

2.3. Group 6 clusters 

Site-selective hydrogenolysis, hydrogenation and alcoholysis have been docu- 
mented in the octahedral cluster W6(bt-H )4H (p.-CPr i) (bt-OPri)7(OPri)s [23]. The tri- 
nuclear cluster Mo3(bt-PyS )2(bt3-PyS )e(CO)~, has been isolated in trace amounts from 
the reaction between Mo(CO)3(MeCN )3 and pyridine-2-thione. The X-ray structure 
of  this cluster reveals a bent open geometry involving the three molybdenum centers 
with two doubly bridging and two triply bridging PyS ligands [24]. The thermolysis 
reaction of CpMo(CO)3H with Me,S gives, as one of the products, the trinuclear 
cluster CpMo(CO)(bt-SMe)2Mo(CO)2(bt-SMe)Mo (CO)2C p . X-ray diffraction 
data confirm the make-up of the metallic core [25]. Treatment of 
(qS-MeO2CCp)2M02(CO)4 with (Ia-SEt)2F%(CO)~, in refluxing xylene produces the 
cluster (rlS-MeO2CCp)4Mo4(la3-S)2(la-CO)4, whose structure has been established by 
X-ray crystallography [26]. Amalgam reduction of Cp*Mo(SBut)3 affords the cluster 
complex (Cp*Mo)3Sa in high yield. X-ray diffraction analysis (Fig. 1) has confirmed 
the nature of the metallic core. Extended Hfickel MO calculations indicate that this 
cluster possesses seven cluster electrons, allowing for a comparison with the known 
six-electron cation [(CpMo)3S4] + previously prepared by Dahl. Cluster expansion is 
shown to arise from the population of an anti-bonding orbital of e symmetry [27]. 

2.4. Group 7 clusters 

Disproportionation of Mn2(CO)lo in methanol or T H F  in the presence of 
NazSe gives [Mn(CO)5] and [Mn3Se2(CO)9] 2 . The X-ray structure of the Mn 3 
cluster, as the [PPh4] + salt, provides unambiguous evidence for the first manganese 
complex with a mixed carbonyl selenido ligand sphere. The paramagnetic nature of 
this cluster and the role of the asymmetric carbonyl bridge in controlling the 
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Fig. l. X-ray structure of (Cp*Mo).~S+ Reprinted with 
1996 American Chemical Society. 
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coordination polyhedron are discussed [28] Cluster catalysis in hydrogenation and 
isomerization reactions has been explored in rhenium phosphido complexes. 
Treatment of Re2[p-P(p-XC~,H4)2]2(CO)s (where X = H .  Ft  with H, in xylene at 
220 C gives the unsaturated rhenium clusters containing delocalized rc bonds: 
R%(g3-H )2[itl-P ( p-XC~,H4)2]3(CO)(,, Re4(la-H )4[g-P( p-XC~,H 4).z]a[~h-P (p-XC~,H4)]- 

(CO)u and Rea(I-t-H)z[bt-P(p-XC6Ha)2]3[ga-P(p-XC6H4)]2(CO)~.. In addition to the 
full solution characterization of these clusters, the X-ray structure of the second 
cluster was determined. These clusters are reported to hydrogenate and isomerize 
l-hexene without any cluster fragmentation up to 180 C .  The effect of the X 
substituent on the catalytic reactivity is discussed [29]. Reaction of orthomanganated 
N,N-dimethylbenzamide with SO2 gives the tetra-manganese complex 
Mn4(CO)~,(thiosalicylate)2, which is shown by X-ray analysis to contain four 
Mn(CO) 4 groups linked by two triply bridging thiosalicylate moieties [30]. 
Re3(CO)~0(MeCN)2(~-H)3 reacts with N.N-diethyl-N'-p-tolylthiourea to produce 
Re3(CO)~o[la-SC(NEt2)NH(p-tolyl)](la-H )3 in quantitative yield. X-ray crystallog- 
raphy confirms that this is the first example of an S-coordinated bridging thiourea 
moiety [31]. 

The details associated with the expeditious synthesis of 
Re3(CO)l~( MeCN )(g-H )3 from Re2(CO)s( MeCN )2 have appeared [32]. The reduc- 
tion of [188ReO4] to [lSSReC13(CO),~]-' and 18SRe3(CO)lz(IA-H) a is described. 
Similar procedures have been employed with [~TcO4] to give the first prepared 
and structurally characterized la-hydrido bridged technetium cluster 
Tc3(CO)I,ila-H)3 [33]. The anionic cluster [H4Re3(CO)9][Re(CO)~(DMF)3] forms 
in quantitative yield when H4Re4(CO)I 2 is treated with DMF in CHC13. The three 
rhenium atoms of this 44-electron cluster form an isosceles triangle, as determined 
by X-ray analysis. Two hydrides are shown to bridge the two long Re- Re single 
bonds, with the other two hydrides bridging the Re Re double bond. This unsatu- 
rated cluster reacts with ligands to give [H4Re3(CO)gL] (where L = C O ,  Py, PPh 3, 
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MeCN), Variable-temperature NMR data on [H4Re3(CO)9 ] are discussed relative 
to the observed solid-state structure [34]. Spectroscopic titration of H4Re4(CO)12 
with chloride ions has provided evidence for the intervention of an electron-precise 
cluster as an intermediate in the fragmentation reaction to unsaturated triangular 
rhenium anions [35]. The phosphorus longitudinal relaxation times (T~) in a series 
of H3Re3(CO)~ ~P clusters have been measured in order to probe the 3~P coordination 
geometry about the cluster polyhedron. The TI values are dominated by relaxation 
by the scalar coupling process. Dipolar relaxation in these complexes is irrelevant 
[36]. The addition of [M(CO)5]- (where M=Mn,  Re) to the unsaturated 
dimer Ree(CO)~(IJ-H )2 furnishes the trinuclear anionic clusters 
[ReM (CO)0(IJ-H)ReH (CO)4] • X-ray diffraction analysis of the R% cluster (Fig. 2) 
reveals the presence of a fully staggered L-shaped core. Variable-temperature ]H 
and ~3C NMR studies of this R% cluster indicate the presence of a hydride/carbonyl 
exchange that involves a windshield-wiper'motion about the HxRe(CO) fragment. 
Thermolysis of the same cluster gives the known cluster [Re3tCO)l:(la-H )2] , while 
protonation with strong acid yields HRe(CO)~ and Ree(CO)~(vt-H )2 [37]. 

2.5. Group 8 clusters 

Both molecular mechanics and atom atom pair potential calculations on the solid- 
state dynamics of Fe:~(CO)12 have been carried out [38]. Hydrogen bonding in 
organometallic cluster compounds has been investigated by analyzing the neutron 
and/or X-ray diffraction data deposited in the Cambridge Structural Database. 
Significant M H...O interactions have been found and discussed with respect to 
C H-..O hydrogen bonds [39]. Structural and bonding trends in binary osmium 

023 
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Fig, 2. X-ray structure of{Re2(COi<~(lu-lt iReH(CO):] . Reprinted with permission frolll Organomctallics. 
Copyright 1996 ,American Chemical Society, 
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carbonyl clusters have been examined by using available structural and enthalpy 
(M M) data [40]. 

The use of Ru3(COJl2 as a catalyst precursor in the addition of aromatic imines 
at the ortho carbon-hydrogen bonds to olefins has been described. Aldimines and 
ketimines may also be employed in place of imines [41]. Regioselective acylation of 
the imidazole ring using Ru3(CO)12, CO and olefins has been achieved. These 
reactions proceed by activation of the imidazole C H bond, followed by carbonyla- 
tion and olefin coupling [42]. A report describing the allylic amination ofcyclohexene 
via an interrnolecular C H bond functionalization sequence has appeared. The 
reaction employs Ru3(CO)12 as the catalyst precursor and an awl nitro compound 
in the presence of CO [43]. The catalyst system composed of Rua(CO)lz/bpy sup- 
ported on SiO2 has been examined by FT-IR spectroscopy. Cluster fragmentation 
to new ruthenium/bpy surface species was observed. The role played by the solvent 
is crucial in determining the nature of the surface species [44]. 

RH3(CO)t2 reacts with isopropenylbenzene to give several products 
including the allyl clusters Rn3(~t2-H ) (CO)9(la3-rl 1:q 1:93-C3H 2Ph) and 
Rus(g)-H ) (CO)~4(g4-q 1: q 1:i,13:r13-C3 H 2Ph). X-ray diffraction analysis indicates that 
the isopropenyl side arm interacts with the cluster core. The polyhedral core of the 
latter cluster contains a Ru4-butterfly arrangement with a wing tip-hinge edge 
bridged by the remaining ruthenium atom. Thermolysis of the former cluster affords 
the known alkyne cluster Ru~,C(CO)ls(~t3-ql:rll:q2-CeHPh) [45]. The reaction 
between diazoindene and Ru3(COh2 gives Ru3(CO)10(rlS-C~H~,), as a result of the 
insertion of "CoH(," into one of the Ru Ru  bonds of Ru3(CO)~2. The clusters 
Ru3(CO)8(rlS-C~H6)2 and Ru3(CO)dqs-CoH,)3 (two different metallocyclic forms) 
are also produced. Three X-ray structures accompany this report [46]. The activation 
of C-H bonds via Ru Ru bond scission has been examined in the thermolysis 
reaction of the isopropenylbenzene cluster Ru3(CO)s(C~H 10)- Of the several products 
formed in low yield, the new cluster Ru3(CO)8(C,~Hs) has been isolated and fully 
characterized in solution and by X-ray crystallography [47]. The use of an arene 
ligand as a template for cluster formation has been investigated by allowing 
Ru3(COh2 to react with 1,4-diisopropenylbenzene. When the reaction is carried out 
in refluxing oclane, the following clusters may be isolated: Ru4(COho(C~2H14), 
Ru3(CO)8(Cl2Hl2), Ru~,H(CO)ls(C12H|l), Ru~,H(CO)ls(CI2H13), Ruz(CO){,(CleHI2), 
RU.TC(CO)l~.,(C12HI2}, Ru3H (CO)o(C12H11). RusH (CO)14(C12Htl) and 
Ru(,C(CO)Is(CllHm). Four X-ray structures are presented and the pathway for 
ligand-moderated modular cluster build-up discussed [48]. Thermolysis of 
Ru3(CO)I 2 with 1,3.5-trisisopropenylbenzene affords two isomeric clusters having 
the formula Ru4(CO),~(ClsH20). Each of these clusters has had their molecular 
structure established by X-ray analysis [49]. Reaction of either c/v-cyclooctene or 
trans-cyclododecene with Ru~(CO }12 at 100 C gives Ru3(~t-H )(CO}9([_t3-rl2-CsH12) 
and Ru3(ta-H)(CO),~(~t3-q2-CuH>~), respectively. Both products have been charac- 
terized in solution and by X-ray crystallography. Prolonged heating of Ru3(COh2 
and cis-cyclooctene yields HRu3(CO)dCsH~), as determined by IR and 
NMR analyses [50]. Treatment of Fc3(COh2 with 1.2-(3,5-cyclohexadieno)- 
buckminsterfullerene in refluxing benzene leads to cluster fragmentation and 
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[rl4-1,2-(3,5-cyclohexadieno)buckminsterfullerene] Fe(CO) 3, whose X-ray structure 
has been determined [51]. Refluxing buckminsterfullerene (C~,o) with Ru3(CO)I z 
yields a black precipitate, whose identity was established as Ru3(CO)9(C~,0), on the 
basis of FAB mass spectrometry and IR spectroscopy. X-ray diffraction analysis 
confirmed the presence of the face-capping arene ligand and the exact nature of the 
cluster a s  Ru3(CO)o(~3-rl2,rlZ,rl2-C60) (Fig. 3) [52]. 

A thorough mechanistic study of the phase-transfer-catalyzed reduction of nitro- 
benzene to aniline using Fe3(CO)~2 has been published. It is demonstrated that 
hydroxide reacts with Fe3(CO)12 to give the radical anion cluster [Fe3(CO)12] and 
not the hydrido cluster [HFe3(CO)u] -. In the presence of nitrobenzene it is the 
radical anion that functions as the reducing agent. The hydrido cluster is completely 
unreactive under comparable reaction conditions [53]. Treatment of Ru3(CO)12 with 
(4S, 5S)-(-)-2-methyl-5-phenyl-2-oxazoline-4-methanol (L) furnishes the chiral 
ruthenium cluster HzRu~,(CO)14L 2. X-ray analysis shows that the metal frame con- 
sists of two Ru3 triangles having weak interactions between two edges [54]. The 
reaction between Ru3(CO)~2 and Ni[rll,rl2-CsHsC2(CO~_Me)2]Cp gives the dinuclear 
complex Ruz[IJ-rI~-O:rl2-C(CO2Me)=CHC(O)OMe]Cp as the only isolable product. 
X-ray diffraction analysis reveals that the C(COzMe)--CHC(O)OMe moiety bridges 
the two ruthenium centers by a la-q~:rl2-vinyl interaction and ester coordination 
[55]. Os3(CO)12 is readily protonated in anhydrous HF, which upon addition of 
WF0 produces single crystals of [HOs3(CO)~2][W20,F~]. The solid-state structure 
has been determined and the hydride located by difference Fourier techniques and 
the geometry of the CO ligands [56]. A detailed study of alkyne activation at several 
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Fig. 3. X-ray structure of Ru3(CO)q(p3-i]2,rl2,i]2-C,,o). Reprinted with permission from Jotu-nal of 
American Chemical Society. Copyright 1996 American Chemical Society. 
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triruthenium clusters has been published. Methanol catalyzes the elimination of 
chloride ion from [PPN][Ru3(/~-CI)(~-PhCCPh)(CO)~] in the presence of dppm to 
afford the unsaturated cluster Ru3(~t-PhCCPh)(CO)7(dppm ) and/or the correspond- 
ing octacarbonyl cluster. The 46-electron cluster is extremely active towards ligand 
substitution, which has been extensively examined, Alkyne C C bond scission reac- 
tions and alkyne coupling sequences are discussed. The X-ray structures of four 
complexes are presented. Mechanistic schemes for alkyne activation are shown, and 
the involvement of intramolecular bridge opening/closing reactions as a route to 
productive chemistry is discussed [57]. The reactivity of the charge-compensated 
carboranes n i d o - 7 - N R 3 - 7 - C B t o H ~ 2  (where R=var ious  alkyl groups) with 
Ru3(COh2 in refluxing toluene has been investigated. The major products from 
these reactions are the triruthenium clusters Ru3(CO)~(rlS-7-NR3-7-CB1oH~o). The 
structure of the NMe~ derivative has been solved by X-ray crystallography, and the 
solution NMR data discussed relative to the structure of each cluster [58]. The 
carborane n i d o - 7 , 8 - M e 2 - 7 . 8 - C 2 B , H  9 reacts with Ru3(CO)I 2 in CH2C12 to produce 
both Ru(CO)30]5-7,8-Mez-7.8-C2BoH,~) and Ru3(CO)s(t]5-7,8-Mee-7,8-C2BgHo). 
The reactivity of the latter complex with phosphines has been explored. Four X-ray 
structures accompany this report [59]. Diene activation at three metal centers 
has been demonstrated in the reaction between (Cp*Ru)3(~t-H)3(lu3-H)2 
and 1,3-butadiene or isoprene. The final 1,3-dimetalloallyl cluster 
(Cp*Ru)3(~t-H)4[~3-t]3-C(Me)CHC(R)] has been fully characterized in solution and 
by X-ray crystallography in the case of the isoprene derivative {Fig. 4). NMR 
analyses reveal the presence of an intermediary triruthenium ~-rl2:q2-s-cis-isoprene 
complex, which converts to the 1,3-dimetalloallyl end-product over the course of 
one week. The role of an agostic C -H  interaction in the intermediate complex and 
the results of variable-temperature NMR studies are discussed [60]. 

The study of Os3(COh,(MeCN)2 and Os3(COht(MeCN) with HD or with a 

C35 ~,~ C36 

C29 ~ (227 

CI 3 C26 

Fig. 4. X-r~ly structure of (Cp*Ru)3{~a-H)4[B-rI-':w'-C( Me)C(Me)CH ]. Reprinted wilh permission from 
Organometallics. Copyright 1996 American Chemical Society. 
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mixture of H_,D2 has been carried out in order to study the H/D isotopic exchange 
at osmium clusters. The kinetics and activation parameters for these reactions are 
reported and a mechanism involving the reversible oxidative addition and reductive 
elimination of H2 from H2Os3(CO)lo by way of a fluxional tetra(hydrido, deuterio) 
species is discussed [61]. The synthesis and use of Os3(COho(la3-~2-succinimido 
4-pentynoate) in protein labeling reactions are described. The Os3 cluster functions 
as the Bolton Hunter-like reagent, as verified by various spectroscopic techniques. 
An average coupling ratio between the Os3 marker and bovine serum albumin is ca. 
20 [62]. Reaction of the carbene cluster Os.dCO),)(l_t3-1]-':rl2:rl2-C~,H~Ph) with either 
Ss or cyclohexenesulfide takes place to give the corresponding thioketone cluster 
Os3(CO)o(g3-112:rle:rl2-C~,HsPhS). Solution NMR data confirm the presence of a 
coordinated cyclohexadienyl ring and thioketone moiety. Reactivity studies involving 
protonation and hydride reduction are described, and the chemistry of the ambivalent 
thiol group is discussed [63]. Both Ru3(CO)12 and Ru3(CO)1o(MeCN )e have been 
examined for their reactivity with 1,4-diphenylbuta-l.3-diyne. Besides the several 
mono- and bimetallic ruthenium complexes isolated, the two clusters 
Ru3(CO)d~t-CO)(~ts-PhCeC~CPh) and Ru4(COhe(g4-PhC_,C-CPh) were also iso- 
lated. The X-ray structure of the Rua cluster has been solved. Reaction schemes 
involving mono-yne intermediates are presented and discussed [64]. The linking and 
fragmentation of alkynes at Ru3(CO)3(~_I-CO)(J.t3-CO)[I.t3-Ce(CF3)2]Cp2 have been 
thoroughly investigated with added alkynes. Over ten new complexes have been 
prepared and their spectroscopic properties reported. The X-ray structures of four 
triruthenium clusters are included in this report. It is demonstrated that the react- 
ivity pathway observed is dependent on the nature of the substituents attached 
to the alkyne linkage [65]. Protonation of Os3(CO),~(~t-CO)(~t3-2ci,l'le-HC--CR) 
(where R=CH_,OH, CMe,OH)  and Os3(la-H)(CO),~(bt-CO)(bt3-cr,2q"--C=CR) 
(where R = C H , O H .  CMe_,OH, C M e = C H , )  leads to the cationic 
clusters [Os3ICO),~(g-CO)(I, t3-3cr,rl2-HC--CCR',)] + (where R ' = H .  Me) and 
[Os3(la-H)(CO),~(~,t-CO)(~t3-2cs,2rle-CCCR~)] * {where R ' = H ,  Me), respectively. 
PPh3 reacts with these clusters to give phosphonium complexes. Synthetic details 
and spectroscopic data are presented along with the X-ray structure of 
Os3(CO)s(~-CO)[HC2(CMe:-CH2)COC(CMe: CHe)CH] [66]. The reaction of 
Ru3(COh2 with Me3NO in the presence of nitriles leads to Ru~(CO)I e ,,(RCN ),, 
(RCN =acetonitrile, adiponitrile, phenylenediacetonitrilc: n = 1 3). It is shown that 
the number of coordinated nitrile ligands depends on the nitrile concentration and 
to a lesser extent on the Me~N():Ru~ ratio. Conditions related to the high yield 
synthesis and isolation of Ru3(CO)9( MeCN )3 are presented. The fluxional behavior 
of the ancillary CO and MeCN ligands about the cluster polyhedron has been 
studied by wtriable-temperature NMR spectroscopy. Exchange pathways are dis- 
cussed and it is shown that the actiwltion energy for CO exchange is related to the 
number of RCN ligands present [67]. The isomerization kinetics lk~r the transforma- 
tion of Ru3(CO)~(g-H )3(la3-CCOeMe) to Ru3(CO)dla-H )2(I,t3-1]X-CHCOeMe) and of 
Ru~(CO)~(~I-H )3(bl~-CSEt) to Ru3(CO),(~_t-H)(Ia~-q-~-CH_,SEt) have been measured 
by IR spectroscopy. While the former starting cluster undergoes isomerization in a 
process thal does not involve dissociative CO loss, the latter starting cluster reacts 
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by a different mechanism. CO inhibition data, the entropy of activation, and activa- 
tion volume suggest a mechanism involving reversible CO loss prior to the 
rate-limiting step but following an intramolecular rearrangement in 
Ru3(CO)9(II-H )3(I.t3-CSEt). The role played by the methylidyne substituent in deter- 
mining the extent of anchimeric assistance in the intramolecular rearrangement 
reaction is outlined. The relevance of these C H bond formation reactions to 
those that take place on metal surfaces is discussed [68]. Borane reduction of the 
ketenylidene moiety in Os3(CO)dla-H)2lbts-CCO) gives the methylidyne-capped 
cluster O%(CO)o(bt-H)s(la3-CMe) in moderate yield. Depending upon the nature 
of the reducing agent employed, the intermediate vinylidene cluster 
Os3(CO)o(~-H )2{bl3-rl2-C:-CH2) could be observed by NMR analysis. Use of the 
isotopically labeled Os3(CO)~([Lt-H)2(I.t3-13CCO} ill the reduction reaction gives 
Os3(CO)9(~.t-H )3(~3-13CMe) without any evidence of isotope scrambling. The X-ray 
structure (Fig. 5) of Oss(CO)~(bt-H )s(las-CMe) is included in this report [69]. 

Heating Fes(CO)~2 with [Na]2[Te] and [Ph4P][Br ] in MeOtt at 80 C affords the 
tellurium-capped cluster [Ph4P]2[FeaTe2(COh4]. Use of [Cs]2[Te]3 in H,O leads to 
the hydrido cluster [Cs][HFesTe(COL]. The X-ray structures of these clusters are 
reported, and the ~25Te NMR chemical shifts have been recorded [70]. Treatment 
of Fe3(COh2 with SnR2 (where R=2.4.6-triisopropylphenyl, 2,6-diethylphenyl, 
pentamethylphenyl ) gives the diiron complexes Fe2(CO)8(~a-SnRz). Two X-ray struc- 
tures are presented and the details of the M6ssbauer data are interpreted with 
respect to other related systems [71]. The new lead iron cluster 
[PhaP][Fe3(CO)dla-CO)(PbPPh3)] has been obtained from the reaction between 
[PhaP]2[Fe3(CO)lt] and C1PbPPh.v The open and linear Fe Fe Pb linkage was 
confirmed by X-ray crystallography. The redox chemistry of this cluster was explored 
and the nature of the HOMO was established by MO calculations. The site preference 
for attack by the "PbPPh~'" fragment on [Fe3(CO)~] 2 is contrasted with lhat of 
attack by a "AuPPh 3"" fragment using MO data [72]. Photolysis of 
Os(CO)4(GeMe2)2 in hexane gives the triosmium cluster [Os(CO)~(GeMe2)]3 and 
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Fig. 5. X-ray structure ofOs3(C())~,(14-H )3[p.13-CMe). Reprinted with permission fi'om Inorganic Chemistry. 
Copyright 1996 American Chemical Society. 
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Os4(CO)lz(GeMez)  4. The molecular ,~tructure of each clu.qter hag been erystallo- 
graphically determined. Cluster build-up schemes using an osmium germylene 
species (Os Ge) are discussed [73]. Ru~(CO)~2 reacts with SnR, (where 
R=2,4.6-triisopropylphenyl) at low temperature or with the corresponding 
trimer (SnR2) 3 at high temperature to produce Ru3(CO)m(/.t-SnR2) 2 and 
Ru3(CO)dl.t-SnR2)3. Else of Ru3(COh,(dppm) in place of the parent cluster and 
(SnR2)3 leads to Rus(CO)s(dppm)(la-SnR2)> When the monomeric tin reagent is 
used, only the diruthenium complex Ru,(COb,(dppmI(la-SnRe) is obtained. Four 
X-ray structures are presented and discussed [74]. 

The electron-transfer catalyzed substitution of PPhs for CO in Ru3(CO)l_, using 
dibenzoylethene has been investigated by using a factorial design experiment. 
Maximum turnover numbers were observed when high concentrations of 
Ru3(CO)12 and PPh.~ were employed. The use of other phosphines and Bu'NC 
display analogous substitution reactivity [75]. The previously assigned solution 
structures for Fe3/CO)~[P(OR)3]3 (where R = Me, Pr i) have been checked by' X-ray 
crystallography. The solid-state structures were found to be in complete agreement 
with the predicted structures. The isopropyl derivative possesses pseudo D~ symmetry 
and is analogous to that observed in related ruthenium and osmium clusters [76]. 
Thermolysis of Ru3(CO)1e and (9-anthracyl)diphenylphosphine affords the bow-tie 
cluster Rus(CO)13(Hs-tl~:qe:l]3:F13-CI4Hs-l]'-PPh), whose X-ray structure confirms 
the unique g5 interaction of the ligand with the pentaruthenium core. Also isolated 
from this reaction were the triruthenium cluster Ru3(CO)s(I,I-H)2(Iu3-C~aH-PPh2) 
and the tetraruthenium cluster Ru.~(CO)lI(/a4-C14HvPPh2). Both of these clusters 
may be considered as anthracyne complexes derived by double metalation of one of 
the unsubstituted aryl rings [77]. Oxidation of PhePNP(Ph)2P(Ph)eNPPh~ by sele- 
nium gives the diselenide ligand Ph2P(Se)NP(Ph)eP( Ph)2NP(Se)Ph2, which when 
allowed to react with Ru3(CO)12 in the presence of Me3NO yields the seleno- 
bridged cluster RudCO)~,(fl3_Se)e(~i_pph,)[PhePNP(Ph)_,NPl)h~_]. _~lp NMR and 
X-ray diffraction analyses confirm the identity of the product 1178]. The unsaturated 
cluster Os3(CO)v(PhCePh)(dppm) reacts with P-donor ligands to yield 
Os3(CO)~(PhCePh)(dppm)L [where L = P B u  3, PPh.~. PMe,Ph, P(OMe)s]. Solution 
spectroscopic data reveal thai these products exist in three isomeric forms, the ratio 
of which depends on the polarity of the solvent employed in the rcaction. The X-ray 
structures of the isolated PBu3 isomers and one of the P(OMe) 3 isomers have been 
solved. The P(OMe)s-substituted clusters undergo facile decarbonylation to give the 
unsaturated duster Os3(CO)~,(PhC_,Ph)(dppm)[P(OMe).s]. The other phosphine 
clusters show no tendency to undergo a similar decarbonyhttion [79]. 
Pyrolysis of Ru.s(CO),~(bt-dppm)(PPh 3) in toluene solution gives as the 
major products Rua(I.t4-PPh)(J_t4-PPh_~C~,HaCO)(H-PPh,CH_~)(CO) s and Ru.~[j_t.s- 
PPh(C~Ha)](p-PPh2CH 2)(H-PPh2)(CO b,, along with minor amounts of 
Ru.~[I-t~-PPhCHePPh(C~,Ha)](CO),~ and Ru2(~.t-PPhC~,HaPPhCH_,)(COb, ,,(PPh3), 
(where tt=0, 1 ). The role played by the oxidative addition of the aryl C H bond 
and P C bonds to the cluster, benzene elimination and carbonylalion of the aryl Ru 
bond in these transformations is discussed. The X-ray structures of the major 
products and Ru2(I.~-PPhC6HaPPhCHe)(CO)~, are reported [80]. The electron-deft- 
cient cluster Os.dCO)s(bt,~- H ) ( f t -  H )l~t - PBu~)_~(~l-dppm) has been obtained 
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from Os,,(COtu~(p-dppm) and PBu~H in refluxing diglTy'me. X-ray crystallography 
confirms the unsaturated state of this cluster. The resistance of this cluster to add 
CO even under high pressure conditions suggests that the unsaturation is a result 
of the high steric demands exerted on the metallic core by the two phosphido ligands 
[81 ]. COT has been allowed to react with Ru3(CO)10(~t-dppm) in refluxing T H F  to 
afford the new clusters Ru~(CO)¢,(I,l-dppm)(I,t-CsH~), Ru3(CO)5(g3-PPhCHzPPh2)- 
(~_13-C~Hsj(Ph), Ru3[/,L~-PPhCH2PPh(C~,H4)](g-CsHs)(/_t-CO)(CO)4 and Ru 3- 
(I-l-H)[~3-PPh2CHPPh(C¢,H3](~-CsH,,)IH-CO)(CO)4, all of  which have been slruc- 
turally characterized by X-ray crystallography. The bonding mode adopted by the 
ancillary ligands is discussed [82]. Phosphine substitution at the alkylidyne capping 
ligand in Os3(COl<~(I,I-H )~(I,I~-CCI ) is observed when dppm, dppe or dppp is allowed 
to react with the cluster in the presence of added DBU. The isolated dusters include 
Os3(CO)<~(/_t-H )2(/~I3-CPPh2CHnPPh2), Os~(CO)<,(lu-H )2(~i3-CPPh2CHeCH2PPh~ _) 
and [Os.~(CO)d~i-H)2(~i3-Cx)]2(~l-dppp). The intramolecular ring closure lkmnd 

r 1 
in the first t~o  clusters yields Os~(C() MI, I-H ):~(~,,-CPPh2CH2PPh2) 

F I 
and OsdCO)~(I,I-H)_~(I_i,,-CPPh~CH~CH~PPH_~). The solid-stale strnctnres of the 

linked dppp cluster and the ring-closed dppm cluster have been determined by X-ray 
analysis [83]. 

The tetrahedral cluster Ru4(CO)~(~,I-H)(~,~-PPhCH2PPh2)(I.t-qI:qS-CH_,CsMe4) 
has been obtained as the major isolable product fiom the thermolysis reaction of 
Ru.~(CO)m(la-dppm) with pentamethylcyclopentadiene. The nlolecular structure of 
the product was ascertained bv X-ray crystallography [84]. Bulky secondary phos- 
phines have been studied for their reactivity with Ru~(COh,(l,t-dppm). The use of 
R,PH Iwhere R=Bu ' ,  I-Ad) leads to the electron-deficient dusters 
R u:~(CO h(l-I-CO) (~i~-H )( ~t-H )( ~i-PR_,)_q ~_l-dppm) in good yields. The expected mono- 
phosphine intermediates Ru~(CO),(R2Ptt )(la-dppm) could be isolated under con- 
trolled conditions. When the less sterically demanding ligand Cy2PH is used. the 
electronically saturated cluster R u,~(CO),,(~l-H)2(!,l-PCy_,)2(~l-dppm) was obtained. 
The structural features of two of the~e clusters are discussed in detail [85]. 
The hydrido chister Os3(CO)~o(I-I) _, has been allowed to react with dppm 
and Ph2PPy to yield the monodcntate P-bonded conlplcxes Os3(CO)m(fI)_, 
(dppm) and Os~(CO)~o(H),(Ph,PPy). respectively. The dppm-linked cluster 
( H t,(CO)l,Os~(~,l-dppm)Os~(CO)l~>( tt )2 may be isolated by using a 2:1 stoichiometry 
of cluster to ligand. All of these compounds have been characterized in solution 
by IR and NMR I~H and sip) spectroscopies. The reaction of Os,~(CO),,(H)_, 
with (iI"-(~,H(>) R uCl2(d ppm ) furnishes the mixed-metal chister 
(rl~'-C(,H<3RuCl,(l,t-dppmtOs~(CO),>(Ht, [86]. The kinetics for H~ addition to 
Ru:~(CO).d~t--H )2(~-I- PBu~)2 have been examined. The reaction displays a rate law 
that is lirst-order in cluster and hydrogen and inverse order in CO. The rate-limiting 
step inw~lves the oxidative addition of It 2 by a three-center transition state at a 
single ruthenium center after the reversible dissociation of CO. Givcn that the related 
cyclohexyl and phenyl phosphido clusters do not react with h}drogen, it is suggested 
that the steric bulk of the &'r/-butyl groups promote the prerequisite (70 loss. 
Activation parameters and the results of deuterium l<inetic isotope studies allo~ for 



II. G. R i c lm l (md  ( 'oordiml l io l l  ('lteJnislr~' Rerieu'~ 16X ( 1~9,~,',, 177 231 191 

the formulation of a working mechanism. The energy of the unbridged Ru Ru bond 
of the starting cluster has been estimated to be ca. 47 59 kJ mol 1, on the basis of 
the temperature dependence of the equilibrium constant t'o1" hydrogenation [87]. 
The reaction of the activated clusters Os3(COh2 ,,(MeCN ),, (where n - 1 ,  2) with 
diphenylvinylphosphine gives the corresponding phosphine-substituted clusters 
Os3(COh2 -,,( PhePCH: CH2),,, while the use of Os3(CO}10 ( H ): yields 
Os3(CO)lo(bt-H )H(PhzPCH-=CH,).  The ruthenium clusters Ru3(CO)I, ,,- 
(Ph_,PCH CHe),, (where /7= 1. 2) have been prepared by using Ru3(COhe with a 
catalytic amount of sodium benzopheuone ketyl. Thermolysis of 
Os3(CO)ll(PhzPCH CH:) occurs with activation of the terminal vinyl (27 H bond 
and formation of Os3(CO),(I.L-H )(bt3-PhePCH--CH). Analogous vinyl activations 
were also observed in the ruthenium clusters. The details of the solution spectro- 
scopic data and the X-ray structures of Os3(CO)II(Ph:PCH:::-CH:) and 
Os3(CO)o(IJ-H)(la3-Ph:PCH CH) are presented [88]. The two isomers of 
Os3(CO)dla-H)(PPh3)(g-rle-CH CHe), which are obtained From the reaction 
between acetylene and Os3(CO),(g-H )e(PPh3), have been isolated and crystallo- 
graphically characterized. The solution structures and the slow interconversion or 
these isomers have been investigated by variable-temperature NMR measurements. 
These same isomers have also been obtained by treating Os3(CO)o(IJ-H ):(PPh3) with 
high pressures of ethylene, by way of the intermediate cluster 
Os3(CO)9(IJ-H )2(PPh3)(~a-CHCH3) [89]. 

The use of Os3(CO)11(PH3) in the construction of hexaosmium clusters has been 
published. This phosphine-substituted cluster reacts with Os3(COh ~( MeCN ) to give 
the phosphido-bridged cluster Os~,(CO):2(bt-H )(IJ-PH2) and the phosphinidene- 
capped cluster OsdCO)21(~t-H),(~-t-PH). Use of the bis(acetonitrile) cluster 
Os3(COjm( MeCN )2 gives Os~,(CO):~( MeCN )(bt-H )(I.t-PH2). Each of these hexaos- 
mium clusters was characterized by IR and N MR spectroscopies and X-ray crystal- 
lography in the case of Os~,(CO)e_,(la-H )(I.t-PHeL which indicates thal the phosphido 
moiety serves as a linking ligand that joins both Os3 triangles. Further phosphine 
ligand actiwltion has been observed when Os~,(CO):e(bt-H)(tJ-PH2) and 
Os~,(COJ21(MeCN)(Ia-H )(}-L-PH2) are refluxed in xylene solution. Here the clusters 
[Os6(CO)ls(I.L~,-P) ] and Os(,(CO)ls(Ia-H )(bt(,-P) have been isolated [90]. A report 
describing the systematic synthesis of substituted hexaosmium phosphide and phos- 
phinidene clusters has appeared. Treatment or" either Os3(COhl(PH3) or 
Os.~(CO)m(la-H)(bt-PH2) with Os3(CO)ll ,,L,,(MeCN) [where tl= 1, L=PMe3,  
Bu~NC: H = 2, L = P(OMe)3] furnishes hcxaosmium clusters. Full solution character- 
ization and the X-ray structures of three clusters are presented. Structural differences 
found in the two P(OMe)3-substituted clusters relative to other phosphine-substi- 
tuted derivatives are attributed to the steric influence associated with the bulky 
phosphite ligands [91]. Cyclophosphane reactivity with Os3(COh~(MeCN) and 
Os3(CO)m(/.t-H) 2 has been investigatecl. (F3CPh and (F~CP)s react with the 
acetonitrile cluster to give OsdCO)ll(I.t-PHCF3)Os3(CO)II(t.t-H ) while reaction 
with the hydrido cluster furnishes both Os3(CO)lo(la-H )(~-t-PHCF 3) and 
Os3(CO)'~([-t-H )2(/Aa-F'3CPPCF3)Os.',(CO)'~(I -|-H )2" Pyrolysis of ( F3CP)4 with 
Os3(CO)~, at 209 C yields the tctraosmium cluster Os4(CO)I.~([_t3-PCF3) :. When the 
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same cyclophosphanes were allowed to react with Ru3(CO)I 2, the clusters 
Rua(CO)12(la3-PCF3) 4 and Rus(CO)Is(Iaa-PCF3) were obtained depending upon the 
cluster/cyclophosphane ratio employed. Use of the hydrido cluster Ru4H4(COh2 
allows for the isolation of Rua(CO)12(bt-H )2(la-PCF3)(Ia3-PCF3) 2. Details of solution 
IR and NMR data are discussed. The X-ray structures of six products accompany 
this report [92]. Treatment of Os3(CO)m(g-H)_, with (EtP)5 at 80 C gives 
Os3(CO)s(la-H )(bt-q3-psEtsH ) and Os3(CO)1o[1,3- ( EtP)5 ], while the use of ( PhP)5 
at room temperature produces Os3(CO)s(].t-H )(la-@-PsPhsH ). The bis(acetonitrile) 
cluster Os3(COIlo(MeCN)2 reacts with (EtP)s at room temperature to yield 
Os~(CO)lo[l,2-(EtP)s]. All compounds have been characterized by IR and NMR 
(tH and 31p) spectroscopies. Three X-ray structures are included in this ,'eport [93]. 
A pair of inversion isomers having the formula Os3(CO)m (PPh) 5 have been isolated 
from the reaction between (PPh)5 and Os3(CO)lo(MeCN)z. The cluster 
Os3(CO)lo[(PPh)s] ~ has been isolated when a 3:1 ratio of cyclophosphane to 
cluster was employed. Treatment of Os3(CO)ll {Pph)s with Ru3(CO)II(MeCN) 
generates the cluster (OC illOS3[( PPh)s]Ru3(CO)ll. The interconversion of the two 
inversion isomers and mode of cyclophosphane chelation have been examined by 
two-dimensional 31p NMR spectroscopy [94]. Tetra kis(trifluoromethyl ) 
diphosphine reacts with Ru3(CO)I 2 in refluxing xylene to give 
Ru4(CO)13[~ -P(C F 3)2]  2, Ru4(CO)j4[I . t -PICF3)2]  2 and Rua(CO)11[I.t-P(CF3)2] 4. 
Treatment of H4Ru4(COh2 with ICF3)2PP(CF3)2 under identical reaction conditions 
affords Ru4(CO)~2(~-H )3[bt-P(CF02]. Variable-temperature ~H NMR measurements 
have been carried out on the last cluster in order to study the fluxional behavior of  
the three hydride ligands. All four products have been structurally characterized by 
X-ray crystallography. Several of these products are also obtained from the thermoly- 
sis of Ru3(CO)w and (CF3)2PH [95]. 

Site-selective basal substitution occurs in Ru3(CO)~(I-t3-S)2 when treated with the 
redox-active l igandbpcd in the presence of Me3NO. The product cluster 
Ru3(CO)7(bpcd)(bt3-S)2 represents the first example of a cluster derived from 
Ru.~(CO),~(bt3-S)2 that contains a chelating diphosphine ligand. The X-ray structure 
of the product confirms that the bpcd [igand chelates one of the basal ruthenium 
sites. Cyclic voltammetry studies show the existence of a reversible one-electron 
reduction and an irreversible metal-based oxidation. The nature of the HOMO and 
LUMO in the cluster was established by carrying out extended Htickel MO calcula- 
tions on the model cluster Ru3(CO)7(H~-bpcd)(I.t3-S)2 [96]. The reaction of 
PhsPSe with Fe3(COh2 yields six products belonging to three different families of 
clusters. A complicated mixture of products is also obtained when the same reaction 
is conducted with Ru3(CO)~2. A discussion of the solid-state structures of four 
clusters is presented. HPLC was used to separate the six iron complexes, whose 
elution was dependent on the degree of phosphine substitution and the type 
of cluster framework present [97]. The first example of a structurally char- 
acterized complex possessing a bt3-P S moiety has been published. Treat- 
merit of the triferriophosphonium salts [Cp3Fe3(CO),(~3-PH)][FeCI~] and 
[', Cp2Fe2(CO)2(~t-CO)} CpFe(CO)~(t.t3-PH )][ FeCI4] with DBU, followed by reaction 
with sulfur gives the triferriophosphane complexes [Cpye3(CO)~d(l.t3-P--S ) and 
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[ICp2Fe2(CO)2(Ix-CO)}CpFe(CO)2](Ia3-P--S), respectively. The X-ray structure of 
the latter complex confirms the presence of the g3-P S moiety [98]. 

The imido-capped cluster Ru3(CO)lo(la3-NPh) reacts with PPh3 under thermal 
and Me3NO activation to give Ru3(CO)9 (pPh3)(g3-NPh) and Ru3(CO) 8- 
(PPh3)z(la3-NPh). Both alp NMR analysis and X-ray crystallography reveal that 
each substitution reaction proceeds in a regio- and stereoselective fashion. The 
mono-substituted cluster has an axial PPh3 group while the bis-substituted derivative 
contains an axial and an equatorial PPh3 group at adjacent ruthenium centers. The 
redox properties of these derivatives and the parent cluster were explored by cyclic 
voltammetry, with the stability of the 0/1 redox couple decreasing as the number 
of PPh3 groups increases [99]. Cluster build-up schemes starting from 
Ru3(CO)lo(g3-NOMe) are described. Thermolysis of Ru3(CO)lo(la3-NOMe) in octane 
solution gives Ru~,(CO)~3(la-CO)(g3-NH)(gs-N)(g3-OMe)[~t2-vla-C(O)OMe] as the 
major product, along with a minor amount of Ru4(COh2(l~4-N)(la-OMe). The 
molecular structure of the Ru~, cluster reveals a distorted square-pyramidal core 
composed of a Rus(I~5-N ) frame. The remaining ruthenium center caps one of the 
triruthenium planes through some of the bridging organic ligands. Vacuum thermoly- 
sis of Ru3(CO)10([13-NOMe) affords both Ru6(CO)adla-CO)2(g4-NH)(g-OMe)2 
and Ru(,(CO)1dla-CO)_,(la4-NH)(Ia-OMe)(la-NCO) in moderate yields [100]. 
Nitrosobenzene reacts with Ru3(CO)lo(~3-NPh) to give Ru3(CO)7- 
(g3-NPh)z(p.-rlX-ONPh)_,, whose molecular structure is shown to consist of a tri- 
ruthenium core that is capped on two sides by two phenylimido moieties and 
two nitrosobenzene bridging ligands across the two non-bonding Ru-..Ru edges 
[101]. The reactivity of [Rug(CO)10(NO)] has been fully examined as a 
route to g~-nitrene clusters. Methylation using CF:~SO3Me leads to both 
Ru3(CO)to(~t3-NOMe ) and Ru6(CO)I,(g-CO)(la-H )(la4-N H )[g3-rl-'-C (O)OMe]. 
Hydrogenation of this former cluster gives Ru3(CO)lo(g3-NH ) and 
Ru3(CO)9(la-H)2(la3-NOMe). When the hydrogenation is carried out with added 
Ru3(CO)12, both Ru,,(CO)I~,(Ia-CO)z(g-H)(la4-NH)(~a-OMe) and Ru5(CO)I3(].I-]-t)3 
(g4-NH)(ja3-OMe) may be isolated. Thermolysis reactions have been carried out 
and the products fully characterized is solution. Ten X-ray structures have been 
solved and are presented in this report [102]. Kinetic studies on phosphine ligand 
substitution in the activated triruthenium clusters [PPN][Ru3(CO)9(g3-rI-~-XPy)] 
(where X-=2-substituted pyridyl group: PhN, MeN, S) are reported. These 
reactions are first-order in cluster and ligand concentrations, suggesting an 
associative nucleophilic attack of the entering ligand on the ruthenium center, 
coupled with opening of the g-X bridge. This process produces adducts of the form 
[PPN][Ru3(CO),(g-rlz-xPy)L]. The influence of the ancillary bridging ligand on the 
reactivity of the cluster is discussed [ 103]. 3-N- Diphenylprop- 
2-enimine reacts with Ru3(CO)l 2 in refluxing heptane to aflbrd 
Ru2(CO)~(PhC~-CHCH N Ph)2, Ru3(CO),(~t-H)(la3-rlZ-PhCH2CH2C=NPh), 
Ru3(CO)dPhC--CHCH--NPh)z  and Ru4(CO)lo(PhC-CHCH--NPh)2.  Solution 
1R and NMR data are presented and the X-ray structures of all four products are 
discussed relative to the bonding mode adopted by the nitrogen ligand [104], New 
1,3-diaryltriazenido clusters of ruthenium and osmium have been synthesized. 
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Ru3(CO)12 reacts with R N - - N N H R  (where R=p-C~H~X and X = F ,  Br, H) to 
produce Ru3(CO)~o(Iu-H)(Ia-RNNNR). Treatment of Os3(CO)11(MeCN) in 
CH2CI 2 with the above triazenes affords the linear osmium clusters 
Os3(CO)~j(CI)(q2-RNNNR). Spectroscopic data and a working mechanism 
accounting for the opening 0t" the triosmium core are presented. The X-ray structures 
of Ru3(CO)lo(J-t-H )(Ia-C~FsNNNCJs) and Os3(CO)ll(C1 )(rl::-C~FsNNNC~,Fs) are 
included in this report [105]. New anthracene-containing supramolecular osmium 
complexes have been synthesized from Os3(CO)9(~a-H )3(la3-CC1 ) and pyridyl-substi- 
tuted anthracenes. The three complexes isolated include Os3(CO),~(g-H)2 
(B3-CNCsH4CH CHCI4H~), Os3(CO),(t.t-H)2(P.3-CNCsH4CH2CHzC14Hg) and 
Os3(CO)~t~.l-H )(t.t3-CNCsH4CH==CHC14H,0, of which the X-ray structures of the 
latter two clusters have been determined, uV/'vis spectroscopic data indicate the 
existence of significam Os3 anthracene interaction in the ground state of the first of 
these products [106]. Reaction of Os3(COho(MeCN )~ with [PPN][NO2] yields the 
nitrite cluster [PPN][Os3(CO)I~,(/a-rl2-NO2)], which undergoes protonation by 
HBF 4 • Et,O to give Os3(CO):o(g-H )(la-rl2-NO2). X-ray crystallography confirms the 
presence of the la-rl2-nitrite ligand in both clusters [ 107]. The linear osmium cluster 
Os3(COh:(H)(rlz-C~,FsNNNC~,Fs) reacts with Os3(CO)t1(MeCN) in hexane at 
60 C under vacuum to produce the "spiked" tetraosmium cluster 
Os4(CO)I4(g-H)(rl'-C~FsNNNC,Fs), while reaction with Os3(CO)lo(MeCN) 2 in 
CH2C12 at room temperature gives the "spiked" hexaosmium cluster complex 
Os~,(CO)2t(la-H)(MeCN)(rI-'-C~,FsNNNC~,Fs). Thermolysis 0[" this last cluster 
proceeds to afford Oss{COhT(la-H)(rl2-C~FsNNNC~,Fs) and Os5(CO)1~,. The 
transformations exhibited by' these clusters and their polyhedral shapes are dis- 
cussed in detail [108]. l-Hydroxypyridine-2-thione reacts with Os3(COh1(MeCN) 

N to yield Os3(CO)to(g-H)[ia-rI~-SCsHaN(O)], Os3(CO)m(Ia-H)]rl--SCsHa (O)] and 
Os3(CO)9(l~l-H I[~a-rl2:111-SCsH4N(O)]. Use of Os3(CO)lo(MeCN )2 yields primarily 
the first product along with a trace amount of the last product. Reaction of the 
same pyridine compound with the isocyanide clusters Os3(CO)~o(CNR)(MeCN) 
(where R = benzyl, Pry leads to the formation of Os3(CO)~)(~-H )- 
(CNR}[rl-'-SCsH4N(O) [, Os3(CO)I()(I~[-FII-(" NHCH2Ph)[rl2-SCsH4N(O)] and 
Os3(CO)~(~a-H )(CNR)[IJ-rl~-SCsH4N (O)1 . Thermolysis of Os3(CO)lo(i.l-H )- 
[la-rl~-SCsH4N(O)] at 80 (7 generates Os3(CO),~(g-H)(~l.~-SPy), Os3(CO),~(g-OH ) 
(la3-SPy) and CO,. Four X-ray structures have been solved, of which Os3(CO)t0 
(Ia-H)[g-rI~-SC~H4N(O)] is shown below in Fig. 6. The versatile bonding modes 
exhibited by the N-oxide group are discussed [109]. 

The catalytic hydrogenation of diphenylacetylene to cis- and trans-stilbene is 
reported to be catalyzed by the cluster [Ru3(CO)s(i.t-H ) (p.3-ampy)- 
(g, rl~:q-~-PhC=~CHPh)][BF4]. On the basis of kinetic studies and spectroscopic 
data, it is proposed that catalysis takes place via a cationic triruthenium species. A 
working mechanism is presented and discussed [110]. The reaction o1" neutral and 
anionic nucleophiles with [Ru3(CO)s(~-t-H)(g3-ampy)(la-PhC~-CHPh)][BFa] has 
been studied. Monodentate ligands add readily to the cluster to give 
[Ru3(CO)~ ,,L,,(~l-H )(l~-ampy)l~a-PhC~CHPh)][BF4] Iwhere ~ = 1 3 ), while dppm 
causes the reductive elimination of cis-stilbene and production of 
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3 4  

Fig. 6. X-ray structure o1" Os.~(CO)a~,I/a-H)[~i-I-II-SCsH.~N(O)]. 
Orgmlometallics. Copyright 1996 American Chemical Society. 

Reprinted with permission from 

[Ru3(CO)7(la-dppm)(la3-ampy)][BF4]. NaOMe deprotonation of the starting cluster 
gives Ru3(CO)8(bt~-ampy)(~t-PhC--CHPh) while reaction with NaOH yields cis- 
stilbene and Ru3(CO)9(la-H )(bt~-ampy) [ 111 ]. Two alternative routes for the synthesis 
of Ru3(CO)9(bt-H )(D,I]2-o-HNC(,HzMezNH2) and Ru3(CO)8(~t3,~le-o-OC~,HaNH2) 
are reported from Ru3(CO)12 and RuC13.nH20. The thiol derivative 
Ru3(CO),(~t-H )(g,~2-o-SC~,HaNH2) is best prepared from 2-aminothiophenol and 
Ru3(CO)12. The molecular structure of this last cluster was established by X-ray 
crystallography [112]. The synthesis and reactivity of ruthenium clusters containing 
a bridging l-azavinylktene ligand have been published. Ru3(CO)I  2 reacts with the 
lithium salt of benzophenone imine to afford [Ru3(CO)lo(~t-N -CPh2)] , which after 
protonation gives the corresponding bridged cluster Ru3(CO)lo(g-H )(I,t-N- CPh2). 
The direct reaction of benzophenone imine and Ru3(CO)12 c a n n o t  be used as 
a route to the desired product. Dppm reacts with Ru3(CO)m(la-H)(la-N---CPh2) 
to produce Ru3(CO)s(lu-dppm)(la-H)(g-N CPh 2) and Ru3(CO)7(g-dppm)- 
(dppm)(~t-H)(~t-N--CPh2). In each of these clusters the dppm ligand bridges the 
same Ru Ru edge. The latter cluster was examined by X-ray diffraction analysis, 
which proved the presence of the ~]~-dppm ligand. The thermolysis chemistry of 
these clusters was also investigated, with orthometalation of the azavinylidene's 
phenyl group being observed [ 113]. 

Thermolysis of Ru3(CO)~2 with pyridine gave a mixture of 
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Rus(CO)lo(la-H )(bt-NCsH4) and R%(CO)s(g-H )2(p.-NCsH4)2. X-ray analysis of the 
latter cluster confirms that it is the first crystallographically characterized Ru3 cluster 
containing two orthometalated N-heterocycle ligands. Dppm reacts with 
Ru3(CO)lo(bl-H )(I.t-NCsH4) to give a mixture of products, along with 
Ru3(CO)s(bta-l12-pPhCH2PPh2)(g-NCsH4), whose solid-state structure was estab- 
lished by X-ray analysis. This same product is also obtained in low yield from the 
reaction between pyridine and Ru3(CO)lo(bt-dppm). Use of dppe, with its more 
flexible chain, leads to more complex mixtures of products. Whereas the thermo- 
lysis of Ru,~(COho(g-H ) (bt-NCsH 4) gives [Ru2(CO)4(bt-H )(g-NCsHa)2]- 
[Rul0(CO)2~(la-H)(ix6-C) ], thermolyses of the other pyridine-containing clusters 
afford only intractable mixtures [114]. Treatment of Oss(CO)i0(MeCN)z with 

r 1 
4-methylthiazole yields Osg(CO)lo(bt-H ) (Ia-2,3-rle-C=NCMe=('HS), which displays a 

thiazolide ligand that is coordinated to the cluster core via the nitrogen and carbon 
atoms of the (7 N bond. The reactivity of this cluster has been examined in PPh 3 
substitution reactions. An additional reaction occurs with 4-methylthiazole at 110 :C 

~ I- 1 , [ 1 

to give Os~(CO)s(Ja-H )2 (•-2,3-)1 --C=NCMe=CHS) (~-2,3-rl--C=NCMe=CHS) and 

Os3(CO)8(~-t-H )2 (~t-2,3-W -C=NCMe=CHS) 2. Ru3(COh2 has been allowed to react 

with 4-methylthiazole in the presence of sodium benzophenone to give Ru3{CO}I 0 
I I , I I 

(g-H) (I~-2.3-rl2-C=NCMe=CHS) and Ru3(CO)s(la-H )2 (g-2,3-rl--C=NCMe=CHS). 

depending on the amount of heterocyclic ligand used. All new complexes were 
characterized in solution by IR and NMR spectroscopies. The molecular structures 
of three clusters are presented [115]. A detailed study describing the molecular 
transformations of bicyclic nitrogen heterocycles with triosmium clusters has been 
published, lndoline reacts with Os3(COho( MeCN )2 to initially give 
Os3(CO)t0(g-H )(la-rle-CsHvNH ), which decarbonylates thermally to afford the cor- 
responding nonacarbonyl cluster. Os3(CO)dg-H )2(bt3-q2-CsH-,N ) exists as a tauto- 
merit mixture involving la-alkylidene imino and ~,t-amido aryl bonding modes. The 
kinetics and equilibrium constant associated with the decarbonylation have been 
measured. Dehydrogenation of these tautomers furnishes Oss(CO),~(I-t-H)2- 
(g3-rl-'-CsH4NH). Tetrahydroquinoline reacts with Os3(CO)lo(MeCN)2 to give a 
related tautomeric pair having the formula Os3(CO)dj.t-H)(~x3-rl2-C,)H~N), along 
with Os3(CO)~o(la-H)[g-rlLC~HIoN(Me)CN]. This latter cluster results from the 
nucleophilic attack of the quinoline's nitrogen atom on a coordinated MeCN ligand. 
The reactivity differences between the indoline-, tetrahydroquinoline- and isotetrahy- 
droquinoline-substituted clusters are discussed [116]. The synthesis and characteriza- 
tion 0t" triosmium clusters containing Ia-q ~ and la-rll:rl°-phenyl groups have been 

described. Treatment of Oss(CO)~(IJ-H )2 [la-rl--C=N(CHz ) ] Br with Ph2Hg gives the 
r 1 

la-rl~-phenyl complex Os3(COho [tJ-rl--C=N(CH,) 3](~-t-rl l-C~,Hs). This cluster trans- 

forms into the ft-rl~:rl~'-phenvl, cluster Os3(CO)s [I~-q--C=N(CH_~) 3](#-rl~'-~' C H ) . q  - ~, s 

in refluxing octane. The molecular structure of this latter cluster was unequivocally 
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established by X-ray crystallography. Ambiguities associated with the location of 
I I 

the hydride ligands in Os3(CO)9(p-H)e[p-rl 2- C=N(CH2) 3]Br have been addressed 
by investigating the solution dynamics and X-ray structure (Fig. 7) of the related 

cluster Os3(CO)~(~a-H)2 P-q--t-=NCH(MeICHeCH-" Br. Carbon nitrogen disorder- 
ing was eliminated by the introduction of  the 2-methyl group [117]. 

The reaction of Fe3(COh, with thiophene and benzothiophene is accelerated by 
microwave heating when carried out with added Fe30 + No desulfurization was 
observed [ 118]. The kinetics and mechanism for isomerization of  
HRu3(COlg(I, t3-q2-EtSCCMeCMe) to Ru3(CO)0(p-SEt)(p3-rl:LCCMeCHMe) have 
been reported. An intramolecular process involving significant Ru Ru or C S bond 
cleavage in the transition state is favored, on the basis of the reported activation 
parameters. The large activation volume rules out a rate-limiting step involving CO 
loss and C H bond reductive elimination [119]. The difunctional ligands 
2-mercaptobenzoic acid, 3-mercaptopropanoic acid and 2,6-dicarboxypyridine react 
with Os3(COho(MeCN )2 to give the linked clusters [Os~(CO)~oH]2L. Full solution 
characterization and two X-ray structures are presented [120]. The electrochemical 
behavior of [Fe3(CO)~(Ft3-S)] ~ has been reinvestigated, allowing for the isolation 
of the new cluster [Fes(COh4S,] 2 and the known cluster [Fe,,(COh_,S,]: . X-ray 
crystallography has been employed in the structural analysis of each of these clusters. 
Bulk electrolytic oxidation of [Fes(CO)14S2] 2 gives [Fes(CO)~4S2] , whose ESR 
signal was recorded in solution. The one-electron oxidation is chemically reversible 
in CH2C12 but not in MeCN solution. It is demonstrated that oxidation of 
[F%(CO)dla3-S)] 2 gives [F%(CO)~j(Ft,~-S)] and that it is this latter cluster that is 
involved in the formation of [Fes(CO)~4S2]" (where n = 0  2) [121 ]. The protonation 
and ligand substitution chemistry in the triruthenium sulfonohydrazido-capped clus- 
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Fig. 7. X-ray s t ructure  ol'Os:~(CO),~(p-H )e ~ t - r l 2 - C = I N ~ H I M e ) { - -  DI2CDI2 ~ ~ ' ~ " - "  " - ~ ' '  ~ "  Br. Repr in ted  with permis-  

sion from Organometal l ics .  Copyr igh t  1996 Amer ican  Chemical  Society. 
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ter Ru3(CO)9(bt2-H)[bt3-rl2-H2NNS(O)2Mes] has been explored [122]. PPh 3 ligand 
substitution occurs in Ru3(CO)q(btz-H )(Ia3-rl2-SCNHPhNPh) to give 
Ru3(CO)9 _,,( PPh3),,(I.t2-H )(bt3-qz-SCN HPhNPh) (where n = 1, 2). Both clusters were 
fully characterized in solution and by X-ray crystallography. Thermolysis of the bis- 
phosphine cluster or the parent cluster in the presence of PPh 3 (2 equiv.) aflbrds 
the sulfur-capped complex Ru3(CO)v(PPh3)(P_2-rl2-C~,Hs)(i.t2-PPh2)(p3-S). The sub- 
stitution reaction involving dppc produces Ru3(CO)7(dppe)(ta2-H )- 
(Ia3-rl2-SCNHPhNPh), whose dppe ligand is bound cis to the ~t2-S moiety and cis to 
the bt2-hydride ligand [123]. The synthesis and structural analysis of an electron- 
deficient Ru 3 cluster that contains a chiral sulfoximido capping ligand have been 
published. The reaction between Ru3(CO)12 and methylphenylsulfoximine produces 
Ru3(CO)9(I-t,-H )[laa-NS(O)MePh] in good yields. It is shown that N-H bond actiwt- 
tion of enantiomerically pure MePhS(O)NH does not affect the chirality of the 
sulfur stereocenter [124]. N-Sulfinylaniline, an SO, analog, reacts with Ru3(CO)~, 
in refluxing toluene to give low yields of Ru3(COIg(g3-NPh)(t.t3-S), 
Ru3(CO),~(].t3-NPh) 2, Ru4(CO)lo(l-t-CO)(~.ta-q2-SNPh)(la~-S)and Ru4(CO)w(la-CO) 
(la4-rl2-SNPh)(g4-NPh). Use of Ru3(CO)Io(MeCN)2 leads to Ru3(CO)0(la3-NPh) 
(~t3-S) as the major product in good yield. With tile exception of the known cluster 
Ru3(CO)9(la3-NPh)2, all clusters were subjected to X-ray analysis. A mechanism 
accounting for the formation of Ru3(CO)~(Ia3-NPh)(I, t3-S) and the results of 
variable-temperature ~3C NMR studies are presented [125]. The photoclnemical 
reactivity of the 2-mercaptopyridine-substituted clusters [Os3(CO)~oH ]2 
(g-SCsH3NCO,), Os3(CO)IoH[SCsH3N(OH)] and Os3(CO)lo H(SCsHqN) 
has been studied. Photochemically induced decarbonylation readily occurs, and 
the pyridyl nitrogen moiety coordinates to the third osmium center in these 
clusters. The quantum yields for these reactions are reported. Two of tile three 
products have had their structures established by X-ray crystallography [126]. 
Ru3(CO)~2 in refluxing toluene reacts with diphenyl-2-thienylphosphine to 
give Ru3(CO),~(p2-H )(~3-PhzPC4H2S ) (major) and Ru3(CO)s(].t2-H )- 
(p3-Ph2PC4H2S)(PhzPC4H3S) (minor). The cyclometalated thiophene ring in the 
major product was veritied by X-ray diffraction analysis ( Fig. 8). This same cluster 
exhibits a dynamic interchange between the cr and i"12 interactions of the thienyl 
group, as determined by variable-temperature NMR measurements. Thermolysis of 
Ru3(CO)9(~2-H )(la3-Ph2PC4H2S) with Ru3(COh2 produces the tetraruthenium clus- 
ters Ru4(CO)ll(la4-PPh)(laa-CaH2S) and Ru~(COhl(g4-PPh)(la4-C,H4). These pro- 
ducts arise through the formal elimination of benzene and thiophene, respectively. 
The molecular structure of the latter Ru 4 cluster accompanies this report [127]. 

UV irradiation of [Os(CO)4(SnMe2)]2 produces the tetraosmium cluster 
Os4(CO)14(SnMe2)4, whose X-ray structure shows an essentially planar Os4Sn 4 core 
comprised of a central rhomboidal Os2Sn2 moiety with each Os atom part of two 
outer Os2Sn triangles. Treatment of [Os(CO)4(SnMe2)]2 with Me sNO leads to 
Os4(CO)l,~(g3-O)2(SnMe2),~ in low yield. The solid-state structure of this cluster 
reveals a central six-membered (OsOSn)2 ring to which are fused two OsOSnO rings. 
The outer rings share a common OsO edge with the central ring. Thc observed 
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Fig. 8. X-ray structure of Ru3{CO),(t_t_,-H )(I-U-Ph2PC4tteS). Reprinted with 
Organometallics. Copyright 1996 American Chemical Society. 

permission from 

cluster structures are discussed relative to Polyhedral Skeletal Electron Pail- theory 
[128]. The reactivity of [Et4N][Sb{Fe(COh}4] with alkyl halides and dihalides has 
been explored [129]. Fe=(CO)~,(IA-Se)= reacts with the diyne compounds 
HC CC--CR (where R = T M S ,  SnBu3) to yield [Fe=(CO),Se2]z(~-s-trans-C4H2). 
The 1,3-butadiene ligand is coordinated to the Fe2Se 2 core in a tram' fashion, as 
determined by X-ray analysis [130]. Ru3(CO)12 reacts with allylbenzene or 
4-phenylbut-l-ene to give the tetraruthenium clusters Ru4(CO)lo(C~Hm) and 
Ru4(CO)1o(C~H12), respectively. The molecular structure of each cluster was 
crystallographically determined [131]. The isolation and characterization of the 
products formed from the reaction between Os4(CO)lo(la-I-t)4(MeCN) 2 and 
cyclohexa-l,3-diene are reported. Besides the formation of four known tetraosmium 
clusters possessing a cyclohexa-l,3-diene derived ligand, the new clusters 
Os4(CO)lo(p . -H )(la~-rll:q-':ql-C~,Hs)(rl3-C~,Hg), Os4(COho(B-H )2(rI%C(,HsC~Ho) 
and Oss(COh3(~l-H )2(q4-C¢~H~) have been isolated. The molecular structure of each 
new cluster has been solved, and the 1H NMR data on the first of these clusters, 
which possesses a cyclohexyne allyl moiety, are discussed. The hydrogenation and 
dehydrogenation steps observed in these reactions are contrasted with the chemistry 
found on metal surfaces [132]. 

Treatment of either [Cp*Ru(la3-Cl )]4 o r  Cp*RuCI(g-C1 )2RuCp*CI with HeS gives 
the hydrosulfido-bridged complex Cp*RuCI(Ia-SH)2RuCp*C1. Thiols react with 
[Cp*Ru(la3-C1 )]4 to produce Cp*RuCI(I,t-SR)2RuCp*CI (where R - Et, tolyl ), which 
upor! reaction with Wilkinson's catalyst (2 equiv.) yields the triangular mixed-metal 
cluster (Cp*Ru)2(ge@I)(Ia3-S)2RhCIe(PPh0 [133]. Diferrocenyl dichalcogenides 
undergo reaction with [Cp*Ru(bt3-C1 )]4 to give the ferrocenylchalcogenolate-bridged 
ruthenium complexes [Cp*RuCI(Ia-EFc)]2 (where E=S,  Se, TeL Sodium amalgam 
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reduction of these complexes in the presence of 1.3-butadiene leads to 
[Cp*Ru(bt-EFc )]2(bt-s-trans-qe:q2-C4H 6) [134]. 

Cluster expansion by metal fragment addition to nido clusters has been docu- 
mented in the reaction of nido Ru3(CO)~[I%-PC(CO)But]2 with 12-valence electron 
fragments. Use of Ru~(CO)te and Fee(CO),) allows for the isolation of the 
tetrametallic clusters Ru4(CO)lo(~-CO)[~4-PC(CO)But]2 and FeRu~(COho- 
(la-CO)[la4-PC(CO)Bu~]2, respectively. Both clusters are coordinatively saturated 
given the presence of seven skeletal electron pairs and a ch~so MaP 2 polyhedral core 
[135]. Thermolysis of Ru3(COh2 with 1,3-COD affords the clusters 
Ru4(CO)12(t-14-112-C~ HI0) and Ru4(CO)12(~_I4-FI2:l]Z-CsH10). These isomeric clusters 
differ only in the overall electron donation from the CsH ~o to the cluster. The former 
cluster possesses 60 electrons while the latter cluster contains 62 electron. X-ray 
studies reveal that both polyhedral frameworks are based on a butterfly structure. 
The bonding interactions between the polyene ligand and the cluster have been 
investigated by extended Htickel MO calculations [136]. The 64-electron butterfly 
cluster Ru4(CO),~(H-PPh2),(CeBu')2, which was obtained from the thermolysis of 
Ru2(CO)<,(p-PPh2)(C2BuU, undergoes C C bond coupling to g~ve the diyne clusters 
Ru4(CO)~(la-PPh2)2(C~Bu~) and Ru4(CO):(IJ-PPh2)2(C4Bu[). The structural iden- 
tity of the diyne clusters was determined by X-ray crystallography [ 137]. The clusters 
Ru4(CO)L~(PNPr~) and Os~(CO)13(PNPr ~) have been synthesized from 
[Ru4(CO)t3] 2 and [Os4(COh3] e . The latter reagent is prepared from Os,~(CO)12 
and [Os(CO)4]-' , providing a facile route to this dianion. Both tetrametallic clusters 
are decarbonylated to M4(CO)lz(PNPri). and which upon chromatography fin'- 
nishes [Ma(COh2(PO)] . These clusters showing the coordination of a phosphorus 
monoxide moiety possess a square-pyramidal M4P arrangement of atoms. X-ray 
cryslallographic data indicate that considerable double-bond character is present m 
the P-O moiety. Fig. 9 shows the X-ray structure of Osa(CO)~,~( PN Pr'_,) [138]. 

A review dealing with the intramolecular interactions and supramolecular organ- 
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Fig. 9. X-ray structure of Os4(CO)~(PNPr~). Reprimed with permission from Oiganometallics. Copyright 
1996 American Chemical Society. 
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ization in polynuclear clusters has appeared. The factors responsible for molecular 
cohesion of isomeric clusters have been evaluated [139]. A second crystal form of 
O%(CO)16(Ia-H )2 has been observed by X-ray diffraction analysis [140]. The ligand 
substitution reactivity of the square-pyramidal cluster F%(COhsC with several small 
P-donor ligands has been investigated. A rapid and reversible addition of L is 
observed via polyhedral cluster expansion to the butterfly adduct Fes(COhsC(L).  
Slow CO loss follows to give the corresponding mono-substituted products 
Fe.s(CO):4C(L). Rate comparisons for cluster expansion are made to the analogous 
Rus(COhsC, with the Fes cluster reacting ca. 103 slower due to its smaller size. 
Reactions with ligands having a Tolman cone angle > 136 are much slower and do 
not afford isolable products [141]. Treatment of Rus(CO)13(las-C_,PPh2)(ra-PPh 2) 
with dppm gives the spiked butterfly cluster Rus(COhe (dppm) 
(las-CePPhe)(ia-PPh2), which contains a chelating dppm ligand. Reaction of the 
aminophosphine ligand PPh2(C~,H4NHz-2) with the same cluster produces 
Rus(COho(I,I-CO)(bts-C2H )(~a-PPh2)2(I-t-PPh2C~,H4NH-2) as the major product. The 
deprotonated anilinophosphine ligand is coordinated to a triangulated square Rus 
core. Use of the olefinic phosphine PPh_~(C~HaCH--CH_,-2) leads to a number of 
products. The molecular structures of four clusters were established by X-ray crystal- 
lography [142]. The two clusters Rus(CO)ll(las-C,)(la-PPhe)2(p.-C1)_, and 
Rus(CO)~_,(la-H)[gs-CC(PPh2)](la-PPh2)(~t-C1) are obtained from 1he reaction of  
Rus(COh3(gs-CzPPh,)(la-PPhe) with 5-chloro-4-chloromethyl-2,4-dimethylpent- 
1-ene. Both clusters were structurally analyzed by X-ray diffraction methods. The 
former product represents the second known example of a cluster that contains a 
C_, moiety coordinated to a pentagonal Ru5 core [143]. Alkyne coupling reactions 
with a cluster-bound dicarbon moiety (C2) are described. The alkynes P h C = C R  
(where R = H .  Ph) react with Rus(CO)lI(l_ts-C2)(~.t-SMc)2(I.I-PPh2) 2 to give 
Rus(CO)~0(Ias-CCCPhCR)(I.t-SMe)2(la-PPh2) 2. In the case of phenylacctylene, the 
pentagonal Rus cluster core is retained, whereas an envelope-type core is lkmnd in 
the diphenylacetylene ligand reaction. The nature of the C C bond coupling products 
was ascertained by X-ray crystallography [144]. The formation of butatrienylidene 
by Ru5 clusters is described. Treatment of Rus(CO)  11(j-tS-C2)(I-I-SMe)2(].t-Pph2)2 with 
(TMS)2C2 yields Rus(COho(Ja4-CCCCHTMS)(Iu3-SMe)(la-SMe)(bt-PPh2)2 as a mix- 
ture of geometric isomers. Alkaline hydrolysis removes the TMS group and gives 
the corresponding butatrienylidene cluster. The latter cluster exhibits an open enve- 
lope conformation, as determined by X-ray analysis. Thermolysis of this same cluster 
under a CO purge at 80 C affords Rus(CO)ll(Ias-CCCCH2)(~_t-SMe)2(j_t-PPh2) 2, 
which is shown to possess a spiked rhomboidal Rus frame [145]. 

A review discussing the synthesis, isolation and characterization of polynuclear 
arene clusters has been published [146]. The planar hexaosmium cluster 
HOs~,(CO)20([,t-rle-NCsH4CH CH ) has been isolated from the reaction between the 
alkylidyne cluster H2Os~(CO)~(~,t.~-NCsHaCH=CH2) and Os3(CO)m(MeCN )2. The 
94-electron Os~, cluster exhibits an tmprecedented planar Os{, geometry in which an 
open Os3 chain is fused to an edge of an Os3 triangle by two Os Os bonds 
and one bridging hydride group [ 147]. The X-ray structure of 
(p-H)Ru(,(CO)Is(PPh.0(~ts-S)(lag-rla-SCNHPhNPh), which is obtained iYom the 
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reaction of the hexadecacarbonyl cluster and PPh 3, confirms the presence of a 
significant degree of cluster deformation upon substitution. The substitution chemis- 
try using MezS, PBu3, P(OMe)3 and Bu'NC with the same starting cluster was also 
examined and the site of ligand attachment discussed [148]. The synthesis and X-ray 
structure of OsdCO)10(p-CO)(p-H ) ( r l2 -CJsNNNC,Fs)  are reported. The isolated 
product originates from the intermediate cluster ()s~,(CO)2o( ~t-H )- 
(MeCN)2(rl2-C~,FsNNNC~Fs) [149]. Treatment of [Os~(CO)ll(H)] with cupric 
salts in CHzCI 2 gives several known cluster products, including the new cluster 
Os3(g-H)(COho(p4-q3-COx)Os3(p-H)(CO)lo . This cluster has been fully charac- 
terized in solution and X-ray diffraction analysis, which confirms the presence of 
the p4-rl3-carboxylate moiety [150]. 

The synthesis, electrochemical behavior and X-ray structures of 
[Fe4N(COJll{PPh(C~H4FeCsH~)2 ] , [Fe~,N(COhs] 3 and [Fe~,N(H)(COh~] 2 
are presented. The synthesis of the 15N-labeled hexairon clusters has allowed for 
the measurement of the NMR chemical shift and IR bands of the interstitial lu6-N 
ligand [151]. The ultraviolct-laser-desorption mass spectra of Ru~C(COhT, 
Ru,C(COh4(rI%C6HsMe) and Ru~,C(CO)12(rl%C~M4Me2)(p-C~H;Me) have been 
recorded. The clustering process commonly found in such mass spectrometry studies 
is discussed [152]. Pentamethylcyclopentadiene reacts with the carbide cluster 
Ru,C(CO)I-  to produce the chelated cluster Ru~,C(COh~(p-q~:@-CHzCsMe~). Cp 
groups may be introduced into Ru~C(CO)~v to give Ru~,C(COhzCp2 by treatment 
with nickelocene in refluxing hexane. The NMR and IR data for both clusters are 
reported, and the molecular structure of each cluster was established by X-ray 
analysis [153]. A second solid-state isomer of [PPN][Ru~C(CO)Is(C3Hs)] has 
been obtained from a hot methanol solution of the cluster. Both isomers of this 
cluster possess identical IR and variable-temperature IH and ~3C NMR spectra: 
however, the differences m the carbonyl stereochemistries are documented 
by X-ray crystallography [154]. Thermolysis of Ru,C(CO)lv with dimethyl 
cyclohexa-l,3-diene-l,4-dicarboxylate affords the isomeric cluster complexes 
Ru~,C(COh4[r 1 -C(,H4(CO2Me)2-1,4] and Ru(,C(CO)14[I_I3-rI-:rI-:FI--C¢~H,1 - 
( C 0 2 M e ) 2 - 1 , 4 ] .  The solid-state architectures of these clusters and their potential use 
in copolymerization reactions arc discussed [155]. Nitric oxide has been allowed to 
react with [PPN]2[RuaC(CO)I( J to yield the nitrosyl cluster [PPN] 
[Ru6C(CO)15( NO)] in good yield. Additional reaction with NO leads to the pentaru- 
thenium cluster RusC(CO)14( NO)(NO2). The presence of the nitrosyl and nitrite 
groups was determined by X-ray analysis. Reaction of NO with the allyl cluster 
[PPN ][ Ru(,C (CO)15(C3H5)] gives both Ru~C(CO)I4(C3H~)(NO) and 
RusC(COtl 1( NO)2(NO2). The cluster RusC(COh 3(C3Hs}(NO2) ( Fig. 10) has been 
isolated from the reaction of Ru,C(CO)H(C3Hs)(NO) with NO [156]. 

Thermolysis of Ru3(CO)12 in ethanol gives the hydridoruthenium cluster 
[ R u m H 2 ( C O ) 2 5 ]  2 . Use of  methanol and H20 as solvent furnishes the high nuclearity 
cluster [RulaH(COt2=] 3 X-ray analysis of both clusters shows related metal cores, 
with the latter cluster being a square-faced capped congener of the RUlo cluster. 
The tH NMR data and reactivity with [Au(PPh3)]* are described [157]. The high 
yield synthesis of [ Rn2(la-H ) ([.I-NCsH4)2(CO)4( PY )2][RUlo( g-]-[ )( ~l~,-C ) (CO)24] from 
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Fig. I0. X-ray structure of  RusC(C()),d(':~Hs)(NO:). Reprinted ~ith permission 
Copyright 1996 American Chemical Society. 
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the thermolysis of Ru3( ~,t-H )(Ia-NCsH4)(CO) m is presented. When the same reaction 
is conducted in the presence of [Ph4P][BF4], the corresponding Ruto cluster may be 
isolated as the [PhaP] + salt in moderate yield. The phosphine substitution chemistry 
exhibited by the Ru m cluster has been investigated. Hydride and CO ligand fluxion- 
ality in the new clusters has been examined by t3C EXSY measurements [158]. 
[Ph4P][Ruu)(~,t-H)(p~-C)(CO)_,,] reacts with P(OMe)3 (2 equiv.) to give a mixture 
of mono-, bis-, tris- and tetrakis-P(OMe)3 substituted Rut{, clusters. This report 
includes the X-ray structure of [Ph4P][Ruu)(la-H )(bt~cC )(CO)~_, ~ P(OMe)_, ~, 2]- which 
reveals that the two P(OMe)3 groups occupy apical sites on the cluster. Use of dppa 
( 0.5 equiv. ) affords the linked icosaruthenium cluster dianion 
[1Ruto(l~t-H)(bt~,-C)(CO)>~,e(lu-dppa)] -" as the major product [159]. 

2.6. Grow) 9 clusters 

The ligand stereochemistry about the clusters M3L3(CO) 3 (where M = C o ,  Rh: 
L = C p ,  Cp*, qS-lnd) and C03Cp3(I, t3-rl-':q":rl2-RR'CoH4)(where R = R ' - H ,  Me, 
Et: R = M e .  El, Pr i, R ' = H )  has been examined by using MM3 calculations [160]. 
The triangular clusters Cp,~M 3(P3-CH )(la-H ) (where M = Co, N i) have been prepared 
from Cp*M (acac) and MeLi. Both clusters are paramagnetic. The 46-electron cobalt 
cluster possesses degenerate orbitals that are half-occupied, accounting for the 
observed paramagnetism. The 49-electron nickel cluster has a single electron m an 
a'_, orbital, as expected. The trihydride cluster Cp~Co3(p,~-CH )(#-H )3 is obtained 
from the reaction of Cp*Co3(tb-CH)(I.t-H) and H2. Bond-length comparisons 
between these clusters are made relative to the electron count [161 ]. Thermal and/or 
photochemical activation of (rl 5- 1,2.4-But3CsH,)Co(CO)2 with white phosphorus 
leads to the trinuclear complexes [(rl s - 1,2,4 - Bt|I~CsH2)Co]3P ~ and 
[(qs-I ,2.4-Bu~CsHe)Co]3PI~.  The molecular structure of the Ps derivative has 



204 M.G. Richmond/O)m'dhTathm Chemi~'tt3" Reviews 168 ( 199& 177 231 

been solved [162]. Nucleophilic attack on the face-capping ligand in 
(CpCo)3(la3-q2:rl2:q2-p-fluoro-a-methylstyrene), which was prepared from the reac- 
tion between p-fluoro-a-methylstyrene and CpCo(la-C~,Me6), occurs when treated 
with hydride or phenyl anion. These anions react by way of fluoride displacement 
[163]. Metal versus ligand protonation has been explored in the clusters 
(CpCo)3(~3-q2:rl2:q2-arene) {where arene=isopropylbenzene, 1,4-diethylbenzene, 
1,2-diphenylethane, 1,1-diphenylethane). These clusters are protonated at the three 
metals to give [(~t3-H)(CpCo)3(la3-q2:q2:q2-arene)]+. The X-ray structure of the 
l,l-diphenylethane derivative (Fig. 11) confirms the site of protonation. Arene 
ligands bearing unsaturated substituents are protonated at the [3-carbon of the side 
chain. The site-selective nature associated with these protonations is explained by 
extended Hfickel MO calculations, using both charge and overlap control argu- 
ments [ 164]. 

Coe(CO)s and perttuoro diphenyl sulfide react to give the sulfido-capped cluster 
Co~(CO)~(C~,Fs)(bt3-S). X-ray analysis shows that the C~,F s ligand binds to a single 
cobalt center by an aryl Co sigma bond [ 165]. The cluster 
C%(CO)9[la3-CSi(OH)3] has been the subject of an X-ray study, which has revealed 
an oval framework structure consisting of eight monomeric units. This cluster and 
a polyethylene glycol derivative were examined as catalysts in the hydroformylation 
of 1-hexene. Catalysis proceeds without an induction period and with high conversion 
and high chemoselectivity to the corresponding aldehydes [166]. Treatment of 
Co3(CO)9[bt3-CSi(OH)3 ] with EMe3 (where E=A1, Ga, In ) in  THF leads to the 
group 13 heterosiloxanes [C03(CO)9{ [.t3-CSi (OE)3' TH F}]4 in good yields. Full solu- 
tion characterization and the X-ray structure of the AI complex are presented. The 
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Fig. 11. X-ray slructurc of[fla3-H )(CpCo)3 [p3-qe:rle:q2-( Ph2CHCH3){] + . Reprinted wilh permission from 
Organometallics. (7opyright 1996 American Chemical Society. 
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hydroformylation of 1-hexene has been investigated in order t o  identify the active 
catalyst species in solution. The A1- and Ga-containing heterosiloxanes are more 
active than the In analogue. The presence of Coe(CO)s during hydrofk)rmylation 
suggests that cluster decomposition is occurring and that lower nuclearity species 
are presumably responsible for some of the observed hydroformylation activity [ 167]. 

The reaction between Co.4CO)d~3-CFc) and the diphosphine ligand bpcd fur- 
I I 

nishes the cluster C03(CO)~,[l~2-rl2:rll-C(Fc) C=C(PPh2)C(O)CH2C(O)] (l-l_,-PPhe). 

The precursor cluster C03(CO)7(bpcd)(p3-CFc) was observed in solution by IR 
spectroscopy but was found to be unstable, transforming into the C03ICO),, cluster. 
The X-ray structure confirms the identity of the C03(COb,[ta2-rle:rll-C - 

I I 
( FC)C=C( PPh~_)C(O)C HeC(O)] (la2-PPhz). Electrochemical analysis by 

cyclic voltammetry reveals the presence of three reversible, one-electron processes 
assignable to the 0/1+. 0:1 and I /2 redox couples. The composition of the 
HOMO and LUMO was assessed by carrying out extended Hfickel MO calculations 
[168]. The clusters C o 3 ( C O ) o ( ] . I 3 - C R )  (where R = M e ,  CO2Me) have been allowed 
to react with the unsaturated phosphine ligands PhePCH CH_,  and 
(Z)-PhzPCH CHPPh,.  All clusters were characterized by spectroscopic 
methods and X-ray crystallography in the case of 
C03(CO):[(Z)-Ph2PCH :CHPPh2](bt3-CCO2Me) [169]. Face versus vertex coordina- 
tion of  tridentate crown thioethers in several C03(CO)dlJ~-CR) (where R=C1, Me, 
Ph) has been explored. Six-membered crown thioethers coordinate to the axial sites 
of the cluster to give C03(CO),,(la3-crown)(ta~-CR), whereas the nine-membered 
crown ethers replace all three CO groups at a single cobalt center to produce 
C03(CO)s(i,i-CO)(crown)lla3-CR). Seven X-ray structures are presented and the 
structural differences discussed [170]. The clusters C03(CO)- ,,( PPh3),,[Ve-ll2:rll- 

[ I 
P(ph)C=C(PPh2)C(O)OC(O)] (where n = 0, 1 ) have been prepared fl'om the thermo- 

lysis reaction of C04(CO)<~(mesitylene) and the ligand bma. The X-ray structure of 
the PPh~-substiluted cluster (Fig. 12) con|irms the P Ph bond cleavage and transfer 
of the phenyl group to a transient IJe-PPh 2 ligand to produce the PPh.~ ligand in 

[ I 

Co3(CO)~,(PPh3)[la2-rle:rll-P(Ph) C=C(PPh2)C(O)OC(O)]. Electrochemical compari- 

sons between these clusters and the known carbene-bridged cluster 
[ I 

Co3(CO)~,[la2-rl2:rll-C(Ph) C=C(PPh2)C{O)OC(O)] (~-I,-PPh2) are discussed [171 ]. 

The Rh4(CO)~2-calalyzed hydroformylation of 1-. 2- and 3-vinylpyrrole at 40 C 
yields the corresponding branched aldehydes with high ~.-regioselectivity [172]. 
Rh4(CO)I2 has been employed as a catalyst precursor in the double carbonylation 
of diiodomethane in the presence of triethylorthoformate to give diethylmalonate m 
good yield [173]. The cluster Rha(CO)lo(g-bpna p) was synthesized from 
Rh2(CO)4CI 2 and bpnap under CO. The molecular structure was established by 
X-ray crystallography. The hydroformylation of l-octene was investigated with lhis 
cluster as catalyst. A moderate n/h ratio was found lk~r the product aldehydes [ 174]. 
The hydroformylation of(  IS. 5S)-( - ) -  and (1R. 5R)-(+)-[~-pinene has been studied 
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Fig. 12. X-ray slruclure of ('o~(('O)(,(Fq'h.~)[bt_,-ll~:q'-P(Ph) C=C(PPh,)C(O)OC(O)]. Reprinted wilh 
permission from ()rganomet:dlics. ( 'op3right 1996 American ('heroical Socielv. 

by using catalyst mixtures of Rh4(CO)le or Rh<,(CO)t+ and Co:(CO)> ttigh diastere- 
oselectivity is observed [175]. The hydrot\+rmylation of simple olefins has been 
studied by using clusters supported on unfunctionalized inorganic carriers. The 
nature of the surface species and proposed reaction sequences are described [176]. 
The deuterioformylation of 1,1-diphenylethene using Rh4(CO)le gives 
3,3-diphenylpropanal-l,3-d> the monodeuterated olefin 1,1-diphenylethene-dz and 
the labeled normal aldehyde. -'H NMR studies demonstrate that a tertiary alkyl 
rhodium intermediate :is formed in a greater amount than the normal isomer, and 
which undergoes [~-hydride elimination without formation of the branched aldehyde. 
It was concluded that any analysis based on the regioisomeric ratios of the product 
aldehydes may lead to erroneous conclusions regarding the importance of tlle perti- 
nent metal alkyl intermediates [177]. 

Ligand substitution in Co4(CO)m(bta-PPh)e with PhPMe2 (2 equiv.) gives the 
corresponding bis-substituted cluster Coa(CO)s(PhPMe_,)_,(bta-PPh)_, as the major 
product. X-ray diffraction analysis shows that the PhPM% groups adopt a 1,3-cis 
orientation about the cluster polyhedron. Generalizations pertaining to the 
regiochemistry and stereoselectivity in thc substitution of I~,o CO groups in this 
genre of cluster are discussed with respect to the capping laa-PPh moiety [178]. The 
reaction of [RhCI(I.5-COD)]e with para-toluidine and BuLi leads to 
Rh4( bt-N-toly I )e( I-5-('OD)a- This cluster is the first example of an bt3-imido rhodium 
system. Here the two tolylimido ligands cap either side of a Rh.~ triangle by nitrogen 
coordination, with the ring of one phenyl group binding an isolated Rh(1.5-COD) 
fragment. The X-ray structure confirms the molecular structure of this cluster [ 179]. 
The reversible i'ormation of raftlike imido-bridged rhodium clusters by the migration 
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of RhLn + fragments has been described [180]. The synthesis and characterization of 
Ira(CO)s(I,t-CO)3(IJ-PPhaPy)(PPh2Py) > lra(CO)s(la-CO)3(bt-PPhPy2)(PPhPya) 2 and 
lra(COTs(la-CO)3(la-PPys)(PPy3) 2 from Ira(COh_~ and pyridylphosphines are pre- 
sented. The reactivity of these clusters with CO is discussed [ 1 81 ]. The first diimine 
complexes of Ira(CO)l: have been prepared. Treatment of [Ir4(CO),IX ] (where 
X =Br,  I7 with aromatic diimines in the presence of silver(17 salts furnishes the 
clusters Ir4(CO)~0(N-N) (where N N=l ,10-phen,  4,7-Meephen, 5.6-Meaphen, 
3,4,7,8-Me4phen, bpy, 4.4'-Me, -~_ ,.~, ~'-bpy). The X-rav~ structures of the first and last 
of these derivatives reveal that the diimine ligands chelate to a basal iridium center 
[182]. Reduction of [I(Cp*Rh)z(tx-CHe)aI2(bt-S47] 2" with NaBH4 leads to the 
dinuclear complex (Cp*Rh) z ( l a -CH, ) z (b t -S : ) ,  as determined by ~H NMR and FAB 
mass spectrometry [1813]. [lra(COhlBr][EtaN] reacts with PhaPPy (2 equiv.) to give 
Ira(CO)t0(PhaPPy)2. Both ligands act as monodentate P-bonded ligands that are 
coordinated to two of the basal iridium atoms in an axial and equatorial position. 
The fluxional behavior of these pyridylphosphine ligands was examined by variable- 
temperature 3~p NMR spectroscopy. The reactivity of this cluster with added 
[Cu(MeCN )4][BFa] and [Ag][PF~,] is discussed [184]. 

Rh~,(COh6-catalyzed carbonylation of 2-alkynylbenzaldehyde under water-gas 
shift conditions leads to the production of novel tricyclic lactones [185]. A report 
on the analysis of ~3C and ~70 chemical shift tensors of Rh~,(CO)u, has appeared. 
The electronic structure of the Rh~, cluster was investigated by using electron localiza- 
tion functions, which reveal that the bonding electrons are mainly localized on 
the unbridged octahedral laces [186]. The reaction between Co2(CO)s 
and p-(C13C)eC~,Ha atlbrds the new cluster p-[(OC)~Co3C]2C~,H+ The related 
clusters [(OC)oCo~CC(O)]C,,Ha-C6Ha-[C(O)CCo3(CO)~] and m-[(OC)~Co3CC- 
(O)CHz]aC(,H 4 have been synthesized by similar techniques. Cyclic voltammetric 
studies have been carried out and electronic communication through the benzene 
spacer of the first cluster has been observed [ 187]. 

Ethanol synthesis from CO, on a TiO2-supported catalyst derived fl-om 
[PPN]e[Rh~0Se(CO)22] is reported. The EXAFS spectra of the supported catalysts 
were investigated under a wtriety of conditions [188]. 

2.7. Group 10 chts lers  

A publication discussing the recharacterization of the clusters 
[I Pt(diphosphine)(RNC)i 2Pt] 2+ has appeared. These compounds have been deter- 
mined to be Pt Hg Pt mixed-metal systems. ICP emission spectroscopy was used 
to determine to ratio of the metal atoms [189]. The complex [Pt,(v-PPha)e(C,,Fs)a] 
reacts with c i s -P t ( C ~ ,F s ) 2 ( TH F  )2 to give [Pts(ju-PPh2)2(C,,Fs)s] , whose X-ray struc- 
ture shows the presence of an unusual ~13-PPh(I,2-rl2-ph)-K~P phosphido ligand 
and semibridging C~,Fs ligands [190]. The ability of halide ions to bind with the 
clusters [Pd3(H-dppm)~(CO)] 2 ~ and [PtPdCo(l,t-dppmje(CO).~(ButNC)] + has been 
examined by UV-vis spectroscopy. The binding varies as 1 >Br  >CI . with the 
Pd3 cluster exhibiting the highest binding constant. MO calculations on 
[PdeCo(l-t-dppm)2(CO)4]- have been carried out in order to predict the composition 
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of the lowest electronic bands in this and related clusters [ 191]. The self-assembled 
monolayers of 4-[IJ3-iodo-tris{bis(diphenylphosphino)methane}]-trinickel-isocyano- 
phenylenesulfide have been examined by cyclic voltammetry. The rectification beha- 
vior exhibited by this and other structurally similar clusters is discussed [ 192]. The 
binding properties of unsaturated Pd~ clusters may be altered by changing the nature 
of the diphosphine ligand employed. Use of the dpam ligand to give 
[Pd3(g-dpam)3(CO)] 2+ has allowed for an increase in the size of the cavity in clusters 
of this genre. The binding constants for several neutral and anionic substrates have 
been measured by UV-vis spectroscopy. The larger cavity size of this new cluster 
has also been demonstrated by consideration of the solved X-ray structure [193]. A 
spectroelectrochemical study on the trinickel clusters [Ni3(B3-L)(/a3-1 )(i, t2-dppm)3] + 
(where L = various carbon capping ligands) has been carried out [194]. The photo- 
induced oxidative degradation of the unsaturated clusters [M~(g-dppm)3tCO)] -'+ 
(where M = Pd, Pt) by chlorocarbons and chloride ions has been described. Detailed 
photochemical experiments have been conducted and the phototransformations 
occurring during the early stages of the reaction discussed [195]. CO reacts with the 
dinuclear complex Ptz[pz-P( But)2]2( H )2[P( Bu~)zH ]z to afford the new Pt~JPt ul! trian- 
gular cluster Pt3[g-P( But)2]3( H )(CO),. The X-ray structure of this 44-electron cluster 
is presented (Fig. 13). along with detailed multinuclear NMR data. A working 
mechanism leading to lhe t\yrmation of this Pt3 cluster is discussed, and the reactivity 
of the cluster under high pressures of CO ,.md phosphine ligands is described [196]. 

The synthesis arid X-ray structure of the tetrapalladium cluster 
[Pd(bt-CI)',g-Io-K-PhSCHCHeC(,Fs)I] 4 have been published [197]. 

Reduction of PtCIe(MeeS)_, with excess NaBHa in the presence of dppp affords 
the cluster compound Pt~j ft-COb,(J->dppp)e(dppp)2 in high yield. This cluster contains 
two separate Pt3 clusters bridged by two la-dppp ligands. Reaction with either 
[T1][PF~>] or mercury leads to the duster cryptate complexes [T1Pt~,(CO)6(dppp)3] " 
and HgPt~,(CO)~,(dpppb, respectively. The X-ray structure of the thallium derivative 

O 

Fig. 13. X-ray structure of PI,[la-P(Bu*),]3(H)ICOb. Reprinted with permission 
(hemistry. ('opyrighl [996 American Chemical Socieiy. 

t'rom Inorganic 
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reveals that the TI ÷ ion is bound in sandwich fashion to all six platinum atoms 
[198]. A report describing the bicluster oxidative addition at Pto(la-CO)0(la-dppm)3 
and [Pt6(CO)dg-dppm)3] 2+ has appeared. Here the formation and reactivity of the 
clusters Pt6(la3-SnX3)2(bt-CO)0(g-dppm) 3 (where X = F, C1, Br) are discussed relative 
to intertriangular Pt Pt bonding [199]. NaBH4 reduction of PtC12(Me2S)2 in 
the presence of CO and diphosphine ligands furnishes the clusters 
P%(g-CO)6(bt-P P)2(P P)2 (where P P  =dppe, dppp, dppb, dpppe, dpph). The trap- 
ping of Hg, TI + and AuPPh3 ions is described. Extended Hiickel MO calculations 
on both trigonal prism and trigonal antiprism cluster HgPt6 geometries reveal that 
there is little barrier to rotation in these clusters, indicating that the observed solid- 
state structures are determined by steric and packing factors [200]. 

The "'ship-in-bottle" synthesis of [Ptls(CO)3o] 2 encapsulated in ordered hexago- 
nal mesoporous channels of FSM-16 is reported. This material was analyzed by 
X-ray powder patterns and EXAFS spectroscopy. High water-gas shift reactivity is 
reported for this cluster [201]. The synthesis and X-ray structure of the large 
nuclearity cluster [Ni32C6(CO)3j 6 have been published. This cluster is obtained by 
CO degradation of [Ni38C~(CO)a2] ~- and from the thermal decomposition of 
[NiloC2(CO)16] 2 in diglyme solvent at 110-C [202]. 

2.8. Group 11 clusters 

The copper clusters [Cu3(dppm)3(/.t3-rl 1-C ~ CR)] 2+ and [Cu3(dppm)3- 
(~t3-rl~-C=CR)] + (where R = P h ,  Bu t) have been prepared and their luminescence 
chemistry studied. The X-ray structure of [Cu3(dppm)3(~t3-rll-C~CBut)][PF0]2 
accompanies this report [203]. The synthesis of the homoleptic copper( I ) complexes 
[Cu(SePy)]4 and [Cu(SePy*)]4 [where SePy* = ( 3-TMS ) pyridine] has been described. 
X-ray analysis reveals that both clusters possess a tetrametallic core of copper(I) 
ions bound to two doubly bridging Se atoms and a pyridine nitrogen atom. The 
latter cluster decomposes at low temperature to give pure ~-CuSe thin films [204]. 
The photolysis of [Cu(C~,H2Me3-2,4,6)]5 ill the presence of organic halides has been 
explored [205]. 

3. Heteronuclear clusters 

3.1. Trinuclear clusters 

W(CO)5(THF) reacts with Fe2(CO)6(la-SeTe) and Fe2(CO)6(g-SSe) to give the 
nido clusters WFe2(CO)10(g3-Se)(~t3-E ) (where E = S, TeL These clusters were charac- 
terized in solution by IR and NMR ('3C, 77Se, 125Te) spectroscopies and by X-ray 
crystallography in the case of the Te-capped cluster. The X-ray structures of the 
known clusters WFe2(CO)~o(~t3-Se)2 and MoFe2(CO)xo(g3-Se)2 are also presented 
[206]. The heterometallic clusters (~t2-S2)(Cp*Ru)2(g3-S)(~2-$2)MS (where M = Mo, 
W) have been isolated from the reaction between Cp*RuCI(la-CIj2RuCp*CI and 
excess [MS4] 2 . The molecular structure of each cluster was solved by X-ray analysis. 
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PEt 3 reacts with the WRul cluster to give Cp*Ru(PEt3)(la2-S2}W 
(g2-S2)RuCp*(PEt~) [207]. The synthesis and characterization of trinuclear clusters 
taining a M Hg M linkage (where M=Cr,  Mo, W) have been published. These 
clusters may be isolated from the reaction between [M(CO)3(rls-- 
CsHaZCsH4-rl5)M(CO)3] 2 [where Z=C(O)CHzCH2C(O ), CH2CH2OCH2CH2] 
and PhHgCI [208]. CO substitution in the mixed-metal cluster (MeCp)MoFeCo 
(CO)8q~3-S) with dppe produces (MeCp)MoFeCo(CO)dta-dppe)(la3-S). The dppe 
ligand is shown to bridge the Fe Co bond by X-ray diffraction analysis [2091. The 
reaction of (ta-H)2Fe3(CO)9(~t3-Se) with [CpW(CO)3]2 in refluxing m-xylene gives 
two products, one of which is the cluster (~l-H)WFe2(CO)sCp(~L~-Se), whose X-ray 
structure was solved. The other product is presumed to be W2Fe(CO)vCp2(I,b-Se), 
on the basis of spectroscopic analyses and combustion data [210]. Treatment of 
SFeC02(CO)~ with [(RCp)Mo(CO)3][Na ] (where RCp=HCO, MeCO. EtOCO) 
yields the clusters SMoFeCo(CO)s(RCp). Reduction of the aldehyde and ketone 
side chains by NaBH 4 is described. The X-ray structure of the acetyl derivative is 
presented [211]. The barriers to vertex rotation in FeC02(CO)~S, and 
CpMoCo2(CO)s(CHt have been analyzed by extended Htickel MO calculations. 
Rotation of the Fe(COb moiety by 60 leads to a weakening of the M-M bonding 
interaction with the FeCo 2 triangle [212]. The iA3-vinylidene clusters 
Mo2Ru(CO)vCpz(j_b-C--CHR') (where R '= H, Me, Ph, COzMe) have been synthe- 
sized from Ru3(CO)12 and Cp2Mo2(CO)4(I,t-HC~CR' ). The X-ray structure of 
Mo2Ru(CO)TCp2(~b-C -CHMe) shows that the Mo2Ru triangle is face-capped by 
the vinylidene ligand which is c>bound to the two Mo centers and rt-bound to the 
ruthenium atom. Also isolated from these reactions are the hexanuclear bis(alkyli- 
dyne) clusters Mo2Ru4(CO)~2Cp2(g3-CH )(g3-CR'). In the case of R '=H,  this repre- 
sents the first example of the scission of ethyne into two methylidyne fragments at 
a metal cluster [213]. A study describing an approach to mixed-metal clusters 
containing selenolate and tellurolate ligands has been published. The X-ray structure 
of tCO)4Mn(l~t-TePhl2Co(CO)(g-SePhI3Mn(CO)3 is discussed [214]. Thiophenol 
reacts with the oxo-acetylide cluster Cp*W(O)Re2(CO)s(Ia-C: CPh) to furnish the 
binuclear complex Cp*W(O)Re(COhq, i-H )(la-C CPh) in high yield [215]. 

Treatment of Re2(CO)7(MeCN)(I,L-H)(~I-C2Ph) with [C0(CO)4] ;AuCI(PPh3) 
gives the cluster Re2Au(CO)s(PPh3)(I,I-C2Ph) as a minor by-product. The syn- 
of Re2Au(CO)d PPh3)(la-dppm)(la-C2Ph) and Re2(CO)d la-H )[F-I-(PPh2) 2- 
CHIAu(PPh3)I](Ia-C2Ph) arc discussed. The metalated dppm ligand in the latter 
cluster was verified by spectroscopic methods. An analogous Re,Rh cluster contain- 
ing a CH(PPh2) 2 ligand is also reported [216]. 

Metal triangle rotation in the solid state of Fe2Ru(CO)~, and FeRu2(COh2 has 
been demonstrated by variable-temperature X-ray crystallography. The phase change 
from a noncentrosymmetric and ordered structure at low temperature to a disordered 
centrosymmetric phase at higher temperatures provides the evidence for triangle 
rotation in the solid state [217]. Variable-temperature X-ray diffraction and 13C 
MAS NMR data are presented for Fe2Os(CO)~2. The reported data support the 
existence of a low-energy process involving the in-plane rotation of the Fe2Os triangle 
that occurs in steps of 60 within a relatively rigid icosahedral carbonyl manifold. 
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The higher energy fluxional process involves a localized axial equatorial exchange 
of CO groups on the Os(CO)4 moiety. EXAFS spectra indicate that identical 
structures are present in the solid phase and THF solution [218]. The mixed-metal, 
mixed-chalcogenide cluster CpFe,Co(CO)o(iJ3-S)(la,~-Te ) has been synthesized from 
CpCo(CO)2 and Fe:(CO){,(IJ-STe). The full solution characterization and the X-ray 
diffraction structure are discussed [219]. Photolysis of [Cp*Fe(la-NO)]~ with 
Cp*Co(ethylene) leads to NO transfer from iron to cobalt and formation of 
Cp~Co3(p3-NO)2 and Cp.~Co3(P3-NO)([.I3-CMe ). The latter cluster was examined by 
X-ray diffraction analysis, which revealed a statistical disordering of the 
las-bridging groups. The unexpected cluster Cp*Co3(g3-CO)(IJ3-O) was also 
observed, while the only containing iron product, Cp~Fe3(IJ3-NH)([.t3-NO), was 
isolated in low yield [220]. The tbur clusters Cp(CO)2Ru[[.t3-1]l,rl2. 
rl3-C(O)CH C--CH2]Fe2(CO) 0. (CO)3Fe(g2-CO)RuCp(IJe-CO)Fe(COI3(ia3-rl 1- 
CCH --CH2), Cp(CO)2Ru [~4-/1 t,tl'~,rl3.r 11-CH2CCHC(CH )C Hz](CO)3FeFe(CO),- 
(la2-CO)Ru(CO)C p and (co)yeRu(CO)CpFe(CO)s(I,b-rll ,r l l ,q3-CCHCHet have 
been prepared from the thermolysis reaction between Fe2(CO)o and 
CpRu(CO)a(CH C=CH2).  Two X-ray structures and the reactivity of these clusters 
are described [221]. Several chiral clusters have been obtained from the reaction 
between SFe('o~(CO),, and [{RC(O)Cp}M(CO)3 ] (where M = M o ,  W: R = H ,  

EtO) using electron-transfer-catalysis conditions [222]. The 1,5-COD 
and in Fe2(CO)6(~t:~-S)_,Pt(I,5-COD) is replaced by Ph2PPy to afford 
Fez(CO)dg3-S )2Pt(Ph2PPy)_~. X-ray analysis indicates that the Ph2PPy ligands coor- 
dinate to the platinum center by the phosphorus atoms. Cyclic voltammetry studies 
and the results of extended Hi~ckel MO calculations, which address the nature 
the HOMO and LUMO, are presented [223]. Various ferraboranes have 
n allowed to react with Co2(CO) s to give mixed Fe/Co clusters. The new 
sters isolated include Fe2Co(CO)9(tx-CO)(BH_,), FeCo_,(CO)0(~t-CO)( BH ), 
FeCo2(CO)~(BH), and HF%Co(CO)lz(BH ). A radical-based substitution mecha- 
nism is proposed for the observed Co(CO), fragment addition and exchange reac- 
tions [224]. The synthesis of Os:Pt(CO)s(PPh3) from Os2(CO)s(~-rl~,rl~-C2H4) and 
Pt(PPhs)2(rl:-C2H4) is described. The molecular structure of the product (Fig. 14) 
shows an Os,Pt triangle with the PPh 3 ligand bound to the platinum center. Variable- 
temperature NMR data indicate the existence of three isomers in solution as a result 
of PPh 3 redistribution about the cluster. The mechanisms and energetics of the 
isomerization sequences were determined by 3~p NMR selective inversion magnetiza- 
tion transfer experiments [225]. 

The synthesis and X-ray structure ( N BD derivative) of 
[(diene)Rh {IJ-O(AuPPh3)2} 2] 2 ~ (where diene = NBD, 1,5-COD) are reported. The 
geometry of these double oxygen atom centered clusters having an unusual trigonal 
pyramidal oxygen is governed by the Au Au and Au Rh bonds [226]. The prep- 
tion of the heterobridged heterotrinuclear clusters [M(g-Pz)(~-PPh~)- 
( 1,5-COD)]2Pd (where M =Rh,  lr) has been published [227]. 

The reaction of syn-[Pt_,(la-dpmp)_,(XylNC)2] 2+ with [MCI( 1.5-COD)] 2 
(where M - R h ,  ir) gives the linearly ordered Pt Pt M clusters 
[Pt2{ MCI( XylNC )} ([J-dpmp)2( XylNC )]2 + and the asymmetrical A-frame clusters 
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Fig. 14. X-ray structure of Os2Pt(CO)s(PPh.~). Reprinted with permission from Organometallics. 
Copyright 1996 American Chemical Society. 

[Pt2{ M( XylNC)}(I~-C1 )(ILt-dpmp)2( XylNC )]2+. Three X-ray structures have been 
determined, and the existence of Pt-Pt and Pt M dU-d 9 covalent and d ~ d  s dative 
bonds, respectively, are discussed [228]. Direct Ag-Pt2 interactions in pentafluoro- 
phenyl A-frame complexes have been verified by X-ray crystallographic studies [229]. 

Au2Cl2(dppf) reacts with Li2S (1:1 ratio) to give S(Au2dppf), which has been 
allowed to react with neutral and cationic gold( I ) fragments to yield various polynu- 
clear complexes. The X-ray structures of S(Auzdppf)'2CHCl 3, [(~t-Au2dppf)- 
I S( Au2dppf )} 2][OTf ]2 8CHC13 and [S (AuPPhzMe)2( Auzdppf )][CI04] 2 • 3CH2C12 
are reported [230]. The synthesis and characterization of trinuclear Au2Ag and 
Au2Cu complexes with mesityl bridging ligands have been published [231]. 

3.2. Tetranuclear clusters 

Treatment of Cp2Ti(SH)2 with [Rh(la-OMe)(tetrafluorobenzobarrelene)]2 yields 
the cluster CpTi(Ia3-S)2[Rh(tetrafluorobenzobarrelene)]3. The X-ray structure was 
determined and the unusual structural parameters discussed relative to the deactiva- 
tion of metal sulfide catalysts [232]. CpzTa(CH2)(Me) has been allowed to react 
with Ru3(CO)12 to give Cpz(Me)Ta(IJ-O)Ru3(C4H4)(CO)9, which contains a 
4-carbon cumulene ligand that bridges the three ruthenium centers. The use of this 
early-late metal cluster in CO bond reduction and cleavage reactions is discussed 
[233]. 

The synthesis of[Mo3Re(COh2H4] 3 from [ReH,] 2 and Mo(CO)3(diglyme) has 
been published. The solid-state structure reveals a pseudo-tetrahedral arrange- 
ment of M(CO)3 fragments, while variable-temperature N MR measurements indi- 
cate that the CO ligands are fluxional. The ancillary hydrides are static on 
the NMR time scale [234]. P C bond activation has been observed during the 
thermolysis of CpWIr3(COb(p.-CO)3(PPh3). Isolated from the reaction are 
CpWIr3(CO)7(jJ-CO)3[g3-rl2-PPh(CoH4)] (major product) and CpWIr3(CO)L~ (minor 
product). Starting with the bis-substituted PPh3 analogue gives the previous major 
product and its PPh3-substituted analogue. The X-ray structures of both 
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PPh3-activated clusters confirm the identity of these products [235]. The new cluster 
Cp2Mo2Fe2STe(CO)7 is obtained as the major product from a refluxing benzene 
solution containing Fe3(CO)~(S)(Te) and Cp2Mo2(CO) o. The X-ray structure of this 
and five other related chalcogenide-capped clusters are included in this report [236]. 
Coupling of phenylacetylene and CO is observed in the reaction between 
[WOs3(CO)13(l.t-CO)([.t-H)] and phenylacetylene. A moderate yield of 
WOs3(CO)12{~t-H)[bt3-r13-C(H)C(Ph)C(OH)] is obtained. The spectroscopic and 
crystallographic data for this cluster are discussed [237]. A detailed investigation on 
the intermediates involved in the reaction of CpWOs3(CO)II(I.t3-CTol ) with H2 and 
H20 is presented. Decarbonylation of CpWOs3(CO)ll(I.I3-CTol) with Me3NO. 
followed by reaction with H2 and H20. produces CpWOs3(CO)t0(bt3-CTo] )(bt-H )2 
and CpWOs3(CO)10(la3-CTol)(la-O), respectively. Thermolysis of the hydrido 
cluster with H20 affords the hydrido oxo alkylidene cluster 
s rn-CpWOs3(CO)9(}.t~-CHTol )(bt-O)(~t-H ), where the tolyl group on the alkylidene 
ligand is oriented s)'n to the la-oxo ligand. The tetrahedral cluster 
CpWOs4(CO)0(la-O)(la3-CTol) is obtained from the decarbonylation of the deca- 
carbonyl butterfly cluster. All clusters have been characterized by IR and NMR 
spectroscopies and mass spectrometry. The X-ray structures of two 
clusters were crystallographically solved [238]. The X-ray structure 0t" 
Mo2Co2(la-CO)4(CO)qCp2(bt4-Me2C 2) is reported, along with the synthesis of related 
alkyne derivatives [239]. The tetrahedral clusters Cp2Mo2Ru2(Ia3-S )2([.1.-SR)2(CO)4 
have been synthesized from Ru3(CO)12 and Cp2Mo2(l.t-S)2(bt-SR)2 in refluxing THF. 
Both Mo,Ru faces are capped by the triply bridging sulfido ligands, as determined 
by the X-ray structure of the Pr i derivative [240]. Dimerization of the diynyl ligand 
has been demonstrated in the reaction between CpW(CO)3(C CC~CI-I) and 
Ru~[bt3-HCeC~C',CpW(CO).~',](~t-CO)(CO)9. The unusual WRu3 cluster isolated 
was fully characterized in solution and its solid-state structure solved by 
X-ray analysis [241 ]. The synthesis of the butterfly cluster 
Cp2Mo2Co2(CO),a(I . t3-CPh)2(g4-C2Ph2)  is described. The role of a CaPh4 intermediate 
complex is considered, and the unequivocal identity of the product determined by 
X-ray diffraction analysis [242]. Thermolysis of R%(CO)tI[Ph2PC~,HsCr(CO)3] 
affords two isomers of the benzyne cluster Ru3(CO),(C6H4)[PPhC~,HsCr(CO)3] 2, 
while the osmium analogue decomposes to Os3(CO)0(C~,H4)[PC~,HsCr{CO)3] and 
Os3(CO)~(PhPC6Ha)[Ph2PC6HsCr(CO)3]. The thermolysis reactions of the related 
isopropylphosphine complexes have also been examined. Four of the products were 
characterized by X-ray crystallography [243]. Site-selective substitution in 
CpWir3(COh 1 by phosphine ligands has been observed. The course of these reactions 
was assessed by NMR spectroscopy and X-ray diffraction analysis. The X-ray 
structures of CpWlr3(CO)7(bt-CO)3(PPh3) ( Fig. 15), CpWlr.~(CO)a(bt-CO)3{ PPh3) 2 
and CpWIra(CO)v(Ia-CO)3(PMe3) are included in this report [244]. 

The electrochemical properties of [Mn3(CO)12(I.lg-H )(tx-HgM)][PPh,] (where 
M =various metal carbonyl fragments), [', Mn3(CO)12(I-t3-H )l 2Hg] 2 , 
[{ Mn3(CO)12(J_t3-H )Au} 2(dppe)] 2 and [{ Mn3(CO)12(itl3-H )AuI,,(AuCI )3 ,,]" 
(where n = l  3) have been investigated by cyclic voltammetry and coulometric 
methods. All clusters exhibit a quasi-reversible oxidation and an irreversible reduc- 
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Fig. 15. X-ray structure of CpW]r3(CO)-(i_l-(70)3(PPh3). Reprinted x~ilh permission fi'om 
Organometallics. Copyright 1996 American Chemical Society. 

tion, with both redox responses being localized on the Mn3Hg and Mn3Au 
cores [245]. The synthesis and X-ray structure of the paramagnetic 
cluster [Ia-Mn(TH F )2]2Fe2(CO)s are reported [246]. Reaction of 
[PPN][Fe3(CO)glCCOC(O)Mel] with [PPN][Re(CO)5] affords the metalated ace- 
tylide cluster [PPN][F%(CO)9{CCRe(CO)s}], whose X-ray structure (Fig. 16) con- 
firms the attack on the beta carbon of the CCOC(O)Me coordinated ligand [247]. 

The isomeric Cp*Ir( rl4-2,5-dimet hylthiophene) and Cp*lr(C,S-2,5- 
dimethylthiophene) complexes have been allowed to react with Ru3(COhz. Both 
iridium complexes yield the CO-substituted cluster Cp*Ir- 
(rl4-2,5-dimethylthiophene)Ru~(COh~, in which the heterocyclic ligand is rl 4- 
coordinated to the iridium center and S-coordinated to a ruthenium atom in the 
equatorial plane. The identity of  this cluster was ascertained by X-ray diffraction 
analysis [248]. New rhenium platinum clusters exhibiting a spiked-triangular core 
have been synthesized from the reaction between ReePt(COjs(i,t-H )e(I,5-COD) 
and [Re(CO)s] or [ H Re_,(CO),~] . The X-ra-v structures of 
[Re2Pt(CO)d~t-H)21Re(CO)sl] and [ReePt(COMg-H)21HRe,(CO),,]] are pre- 
sented, and the fluxional behavior of the ancillary hydride ligands has been investi- 
gated by variable-temperature NMR studies [249]. 

The new butterfly cluster Ru3IrHa(CO)12CI has been prepared and the 
hydride ligands shown to bridge Ru Ru edges by X-ray crystallography [250]. 
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Fig. 16. X-ray struclure of [PPN][Fc.~(CO),){CCRe(CO)~'~]. Rcprinted wilh permission 
Organometallics. Copyright 1996 American Chemical Society. 

from 

Treatment of HRuC03(CO)12 and H3Ru3Co(CO)12 with the tridentate 
phosphine ligand HC(PPh2) 3 produces HRuCo3(CO),~[ HC( PPh2)3] and 
H3Ru3Co(CO)9[HC(PPh2)3], respectively. The P-ligand coordinates to a Co.~ face 
in the former cluster and to a Ru2Co face in the latter cluster, as determined by 
X-ray analysis [251]. The reactivity of HRuCo3(CO)9[HC(PPh2)3] and 
H3Ru~Co(CO)9[HC(PPh2)3] with PMe2Ph has been studied and the resulting 
PMe2Ph-substituted clusters fully characterized [252]. The tetranuclcar cluster 
Ru2(CO)(~(~t-PPh2)(~t--FII,1]~4~:Fi2,FI~.a-('-C C--CBut)Co2(CO)~, has been pre- 
pared and structurally characterized [253]. The bridging of a diallyl ligand derived 
by the unsymmetrical coupling of two allenyl groups has been found in 
CP2Fe2Rux(CO)a{la2-CO)(}a4-rl"-C~,H¢0. This cluster, which was obtained from 
CpRu(CO)21CH C CH2) and Fe2(CO),,, was structurally characterized [254]. The 
reactivity of Cp*Ru3RhH (CO),,(BH2) with dppf and dppa has been examined, with 
the X-ray structure of Cp*Ru3RhH2(CO)~(~t-dppf ){ AuB), which was obtained from 
Cp*Ru3RhH_~(CO)8(~t-dppf )( BH ) and Au2C12(dppf ), being reported in this publica- 
tion [255]. Ferrocene chromophores have been introduced into Ru~ and Os 3 clusters 
and examined by electrochemical and diffraction methods. The clusters studied have 
the form M3(CO)lo(bl-H )[~,I-NCsH3C~,Ha(rls-CsHa)Fe(rlS-Cp)] [256]. The air-stablc 
clusters HOs3ICO)lo(O2CCsH~FeCsH5) and [ H O s ~ ( C O ) I o ] 2 ( ( ) 2 C C s H a F e C s l t a C 0 2 )  

have been prepared flom Os.~(CO)~o( MeCN )2 and the appropriate ferrocenecarboxy- 
lic acid. The clectrochemical properties were examined by cyclic w)ltammetry and 
the molecular structures determined by X-ray crystallography [257]. The reaction 
between Os3(CO)m(MeCN)2 and Fe[CsH4(C:TMS)]2 at room temperature 
affords Os3(CO)m[Iacq-'-FelCsH4(C2TMS)12 ] and the decarbonylated product 
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Os3(CO)~[bt3-rl4-Fe[CsH4(C2TMS)12]. The presence of a metallobutadienyl ligand 
in the latter cluster is supported by X-ray analysis. Cyclic: voltammetry studies 
reveal a reversible one-electron oxidation at the ferrocene moiety and an irrever- 
sine two-electron reduction at the 0% core [258]. The known 
cluster Os3(CO)lo[(rl s-CsH5) FeCsH4CCH ] and the new cluster 
Os3(CO)~[[(rlS-CsHs)FeCsH4CCH}2CO] have been obtained from the reaction 
between Os3(CO)lo(MeCN )2 and ethynylferrocene. The linking of the two ethynyl- 
ferrocene groups by a metal carbonyl group affords a 2,6-bis(fcrrocenyl)vinyl 
allyl ether, as determined by spectroscopic and crystallographic techniques [259]. 
The gold(I )-gold( III ) complexes S (Au2dppf)[Au(CsFs)3] 2 and 
S(AuPPh3)2[Au(C~,Fs)3]2 have been synthesized and structurally characterized [260]. 

Treating Ru3(COh2 with [Rh(CO)4]- leads to the anionic cluster 
[ R u 2 R h 2 ( C O h 2 ]  2 . ]'his anion reacts with acids and AuPPh~CI to give 
[Ru2Rh2H(CO)I2] (Fig. 17) and [Ru2Rh2(AuPPh3)(COh2] , respectively. 
Whereas the parent cluster and the monohydride possess a tetrahedral Ru2Rh2 
metallic core, the gold derivative exhibits a trigonal-bipyramidal frame with apical 
ruthenium and gold atoms. The fluxional behavior of these clusters was studied by 
~3C NMR spectroscopy [261]. 

The ionic complexes [Au2(P P)2][Co(C0)412 are  shown to be intermediates 
in the synthesis of Co,Ath complexes. While the unobserved inter- 
mediate [ A u 2 ( g - d p p m l 2 ] [ C o ( C O ) 4 ] 2  transforms into C%Au:~(CO)~,(g-dppm)2 and 
[(OC hCoAu]2fla-dppm) in solution, the isolated ionic complex 
[Au_,(g-dppip)_,][Co(CO)4]2 provides evidence for the proposed reaction mechanism 
[262]. The oxidatively induced reductive coupling of PPh, and Ph groups has been 
demonstrated in a Pt 3 cluster. Oxidation of Pt,~(g-PPhz)3(Ph)(PPh02 by 1_, gives 
[Pt3(la-I )(!a-PPh2)_,( PPh3)3][I], while reaction with AgOzCCF3 yields the Pt3Ag clus- 
ter Pt3(~3-AgOeCCF3)(la-PPhx)3(Ph)(PPh0 > Both clusters have been characterized 
by X-ray difl]'action analysis, and in the case of the latter cluster a tetrahedral 
Pt~Ag core is found [263]. 

03 o ~  
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Fig. 17. X-ray structure of [Ru2RhzH(C()he ] . Reprinted with pcrmission h'om Inorganic Chemistry. 
Copyright 1996 American Chemical Society. 



M. G, Richmond Coordination Chemistry Reviews 168 (1998) 177 231 217 

3.3. Pentanuclear clusters 

New polynuclear complexes are obtained from the reaction of M4(CO)I2 (where 
M =Co,  Rh) with (rI~-PhCH2Ph)Cr(CO)3. Fragmentation occurs with the cobalt 
cluster to give Co2(CO)dla4-rlZ:q%PhCH2Ph)Cr(CO)> while the rhodium cluster 
remains intact and yields Rh4(CO)9(las-rl2:q6-PhCHzPh)Cr(CO)3 . An unusual inter- 
action between the Cr(CO)3 moiety and one of the rhodium atoms is found in the 
X-ray crystal structure. 13C NMR spectroscopy indicates that the solid-state structure 
is maintained in solution [264]. The synthesis and X-ray structure of 
MnFe4(COhl(bt3-Se2)(bt3-Te) 2 are reported [265]. Decomposition of digold manga- 
nese clusters in the presence of AuCI(PR 3) gives the unsaturated cluster 
Mn2Au3[la-P(OEt)2](CO)~(PR3)2 (where R =Ph,  Et) in low yields. The X-ray struc- 
ture of the phenyl derivative has been determined, and the reactivity of 
[Mn2{bt-P(OEt)2~ {bt-rl2-OP(OEt)2}(CO)~,] 2 in cluster build-up schemes discussed 
[266]. CO scission in Cp2W2RH3(CO)I 2, which was prepared from 
CpWRu3(CO)12H and CpW(CO)3H, occurs in refluxing toluene to give the oxo- 
carbide complex CpW(O)CpWRu3(CO)~I(bts-C) in 22% yield. The Cp* analogue 
displays similar chemistry. The X-ray structure of the Cp*-based oxo-carbide cluster 
reveals a wingtip-bridged butterfly arrangement of metal atoms, with the carbide 
ligand being linked to all five metal atoms. Since no CO2 was observed in these 
reactions, a CO disproportionation sequence was ruled out. A mechanism with a 
putative bta-rl2-CO of ~ts-rl2-CO ligand is postulated [267]. The reaction of 
(OC)6Fe2Se2[Ia-HC C(C~CMe)]  with O%(CO)10(MeCN)2 gives (OC)~,Fe2Se2- 
(Ia-HC=CC CMe)Os3(CO)lo, whose X-ray structure accompanies this 
report [268]. The synthesis and reactions of Ru3(la-H }(~3-Fll;rl2~,l-l-rl 2- 
H C2C2TM S )[C02(CO)4( bt-dppm)]( CO),~ and Os3(~_t3- rl t: rl2;~.t-q 2- HC2C2TM S ) - 
[C02(CO)~](}.t-CO)(CO)9 have been published [269]. "['he butterfly cluster 
[Rua(CO)12H(BH)] reacts with [Cp*RhCI2]2 to give the boron-containing cluster 
Ru4RhCp*(~t-CI)(COh2(B). The 78-electron cluster possesses an envelope or an 
edge-bridge square geometry, as determined by X-ray analysis. Carrying out the 
same reaction using [Rh(NBD)CI]2 afl'ords the related Ru4RhB cluster and a 
Ru4Rh_,B cluster. The trapping of these Ru/Rh clusters with gold(I ) phosphines is 
described and the dala obtained from NMR studies discussed [270]. Use of the 
sandwich compound Fe(qS-C.Ats)(rlS-P3C2Bu~) as a ligand in the reaction with 
[Ira(COh~Br] is discussed. Depending upon the ligand-to-cluster stoichiometry 
employed, the complexes Ir4(CO)11[ Fe(rl5 - CsHs)(q5 - P3Q, But)] and 
Hlr4(CO)lo[~a-Fe(rls-CsHs)(rls-p3c2)(CMe2)But ] lra(CO)11 may be isolated. The oxi- 
dative addition of one of the methyls of a t-butyl group was ascertained by NMR 
spectroscopy {~H, 31p} and X-ray crystallography [271]. The preparation and flux- 
ional properties of [Ru4Cu(CO)12(~t3-H )3]2(bt-dppe) are described. 13C NMR meas- 
urements indicate that the whole of each of the [Ru4Cu(CO)12(l_t3-H )3] subtmits 
undergoes fast rotation around the Cu P bond [272]. The iridathiabenzene 
complex Cp*Ir(C,S-2,5-Me2thiophenc) reacts with Co4(CO)~2 to furnish the 

I I 
clusters Cp*lr(q4-2,5-Mc2thiophene)Co4(CO)11 and [Cp*lr IC(Me)=CHCH=C(Me)I 
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(11-CO)2Co]2. The latter cluster derives fl'om the former cluster, as shown by indepen- 
dent experiments using pure Cp*lr(q4-2,5-Mezthiophene)Co4(CO)~. The X-ray 
structure (Fig. 18) of  this IrCo4 cluster is presented [273]. 

3.4. Hexanuc/ear chlsters" 

The catalytic behavior of SiO2-grafled [(I- t3-C4Hv)2Rh]zV4012 and (CpRh)4V~,O1,  ~ 
was investigated as molecular models for supported Rh catalysts for the oxidation 
of propene to acetone. These two systems exhibited high catalytic activity and were 
characterized by TPD methods and EXAFS and FT-IR spectroscopy. Several other 
zeolite-entrapped metal carbonyl clusters were also examined in C C bond forming 
reactions [274]. The silica-supported carbide clusters [FesRhC(CO)lo] and 
[Fe4RhC(COh4] were studied as catalysts in CO hydrogenation and propene 
hydroformylation reactions. The thermal stability of these clusters on the silica 
support was explored and the resulting species examined by MOssbauer spectroscopy 
and electron microscopy [275]. Highly active bimetallic Fe/Ir MgO catalysts have 
been prepared by the controlled reductive decomposition of physisorbed 
[Fe2I r4(CO)t~J- '  " and [Fe2I r2(CO)12]  2 . The exact nature of the catalysts was deter- 
mined by in situ DRIFTS characterization and by EXAFS spectroscopy [276]. 

The synthesis and structural characterization of [MoxOx(p.l-S)2{ Fe2S2(CO)~,l  2] 2 

have been published. The mixed-metal cluster contains a cis-bis(oxomolybdenum) 
core that is bridged by two sulfido groups. Also reported are the X-ray structures 
Of [Mo202( I . t -O) ( I J -S ) IFe2S2(CO)6~2]  2 and [Mo4Os(I . I -OMe)2{Fe2S2(CO)(~I2} 2 . 
The reactivity of these clusters with sulfide reagents is discussed [277]. Treatment 
of C p 2 M o 2 ( C O )  4 with Ru3(CO)t2 in refluxing toluene affords the heterometallic 
carbide-oxo cluster Cp2Mo2Ru4(Ha-C)(g~,-O)(CO)12 in moderate yield. The X-ray 
structure shows the presence of two isomeric molecules in the unit cell. The polyhe- 
dral cores of these isomers are identical, but one molecule has two bridging CO 
groups on Mo-Ru  edges while the other isomer has two additional CO groups 
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Fig. 18. X-ra) slructure of Cp*h-(q4-2,5-Mc2thiophenc)Co4(('Oh~. Reprinled uith permission from 
Organomctallics. Copyright 1996 American Chemical Society. 
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weakly semibridging Ru-~-Ru edges [278]. AuCI(PPh3)/T1PF~, reacts with 
[M3(CO)d ~-OEt)(I,b-OEt)2] 3 (where M = M o ,  W) to give 
M~(CO)dAuPPh3)3(~t-OEt)(la3-OEt)= in high yields. The solid-state structures of 
both M3Au 3 clusters have been determined (Fig. 19) and are shown to be isomor- 
phous. The fluxional behavior of these clusters is discussed and the valence isomeriza- 
tion pathways presented [279]. 

The clusters Ir4(CO)12 , [Fe(qS-CsH~)( r l  -~ P3C2Bu~)], (where n = l ,  2) have 
been synthesized. C H bond activation of the t-butyl group is also demonstrated 
[280]. GeMe=H2 undergoes reaction with Fe=[Ia4-GelCo_4CO}=I=](CO)- to 
replace the ~-CO group on the Co Co bond to give 
Fe=[bt4-GelCoe(CO)~,(ja-GeMe_,)12](CO) > The molecular structure was unambigu- 
ously established by X-ray analysis. Extended thermolysis of 
Fe2[la4-Ge',Coe(CO)Tl =](CO): yields FeeCo4Ge2(CO),, (where n =  19 or 20L whose 
spectroscopic properties suggest a square-bipyramidal cluster with a Fe ,Co,Ge,  core 
[281]. Reaction of the carbide cluster Os5C(CO)~5 with Pd(PPh~Ia and 
PdCI=(PPh3): affords OssPdC (CO)l=(bt-CO)_,(PPh3) e and OssPdC(COhs- 
(~-C1)2(PPh3), respectively. The former cluster contains a square-based pyramidal 
core of five osmium atoms and a face-capping Pd(PPh3) group, while the latter 
cluster possesses a butterfly polyhedron of four osmium atoms. The Pd atom bridges 
the wingtip atoms in this butterfly cluster with the remaining Os(PPh,~t(CO) moiety 
being connected to the Pd apex [282]. The effect of the diphosphine ligand on the 
metal framework of carbido clusters has been demonstrated in the reaction between 
[Fe{,C(CO)u,] 2 and Au(P P) reagents. Use of (AuC1)2(dppm) gives lhe hexa- 
metal cluster FeaAu,C(CO)~=(dppm), whose structure (Fig. 20) was solved, while 
the analogous reagent (AuC1)e(dppe) affords the 14-metal cluster 
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Fig. 19. X-ray structure of Mo3I('O).(AuPPh313I~.I-OEI)(I.13-OEI} > Reprinted ,aith I~ermission fi-om 
Organometallics. Copyright 1996 American Chemical Socielv. 
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Fig. 20. X-ray structure of Ve4Au2C(CO)12(dppm). Reprinted with permission from Organometallics. 
Copyright 1996 American Chemical Society. 

[{ Fe,AuC(CO)t~,}2(~t-dppe)] 2~ . The dppm-substituted cluster is a skeletal isomer of 
the known Fe4Au2(COhz(PEt3)2 cluster [283]. 

3.5. Higher mwh'arity clusters 

Redox condensation of [PPN][Mn2(CO)8(bt-PPh2) ] with Au2Cle(P P) (where 
P - P = d p p f ,  dppe) gives the clusters [AuMnz(CO)dla-PPh2)]z(la-P P). The X-ray 
structure of the dppf derivativc shows two Mn2Au triangles that are ligated by the 
diphosphine ligand. This same cluster is cleaved by PPh3 in refluxing T H F  or by 
P(OEt)3 at room temperature to furnish the triangular clusters 
Mn2Au(COM~-PPh2)(PR0.  Fenske Hall MO calculations have been carried out 
on several clusters and the overlap population of the Mn-Mn bond determined. 
The nature and strength of the bonding in the MnzAu fi'agment are discussed [284]. 
Sunlamp irradiation of [PPN]z[RGC(CO)~9] with Mo(CO)~, or Ru3(CO)12 gives 
[PPN]dRc~,C{COhsMo(CO)4] and [PPN]2[Re~C(COhsRu(CO)3] in good yields. 
The X-ray structure of the RevMo cluster is composed of a Re~,C octahedral core 
and contains a face-capping Mo(CO) a fragment. The ancillary CO ligands undergo 
complete scrambling about the cluster polyhedron at ambient temperature, as judged 
by ~3C NMR analysis. ~3C NMR examination of the Re~Ru cluster indicates that 
it adopls a structure similar to the Re~,Mo cluster. The redox properties of these 
clusters were examined by cyclic voltammetry, and the conditions necessary to bring 
about the decapping of the Mo fragment in the Re,,Mo cluster are discussed [285]. 
The low-yield synthesis of Cp3W3Ir4(ja-H)(COh2 from the thermolysis of 
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Cp2W2h'2(CO)lo with Ph3N is presented. The solid-state structure (Fig. 21) consists 
of a trigonal-bipyramidal CpW[I r (CO)4 ]  core that is bicapped by C p W ( C O )  z | 'rag- 
ments [286]. 

Treatment of [CpRu[MeCN )3] + with [Oss(CO)ls] 2 leads to the neutral hepta- 
nuclear cluster Cp2OssRu2(CO}ls, whose X-ray structure reveals a metallic core 
containing a tricapped tetrahedral polyhedron [287]. The synthesis and X-ray struc- 
ture of Os~,Pd(COhs(bpy) have been published. This Os,Pd cluster is obtained in 
moderate yield from the reaction of Pd(bpy)(COzMe)2 with Os3(CO),~(MeCN) 2. 
Cyclic voltammetry reveals the presence of an irreversible oxidation wave at ca. 
0.75 V and no reduction process. Use of H2Os3(CO) m ill place of the bis(acetonitrile) 
cluster gives the pentanuclear cluster [Pd(bpy)]zOs3(COho [288]. The electrospray 
mass spectrometric studies on [Fe,C(CO)~,AuPPh3] and other clusters are pre- 
sented. These mass spectroscopic results are compared with those obtained by 
FAB-MS, and information on the strength of different M ~M bonds discussed [289]. 
The dynamic behavior of the mixed-metal clusters MM'Ru4H_,(la-dppfj(CO)12 
(where M = M ' = C u ,  Ag, Au; M =Cu,  M ' = A u )  have been examined by ~ariable- 
temperature NMR measurements. The activation parameters lot the various 
fluxional properties are reported, along with the X-ray structures 
of Au2Ru4H:(la-dppf)(COll2 and CuAuRu4H2(g-dppf)(COjl 2 [290]. Facile 
Hg C bond cleavage in Hg(C--CPh)2 has been utilized in the synthesis of 
mercury osmium clusters. Hg(C---CPhJ2 reacts with H2Os3{CO)~. to give 
ci~;-[Os3(CO)m(g-rl2-CH - CHPhJ]2(pa-Hg). The thermal stability of these clusters 
was fully examined and the products characterized. The reaction of H2Os3(CO)m 
with RHgC- -CHgR (where R = Ph, Me. Et) altbrds the clusters 
[Os3(CO)lo(~-I-q2-CH CH2)]Q-t4-Hg)[Os3(CO)m(t.t-H )] and [Os3lCO)lo(u-q 2- 
CH~-CH2)]x(p4-Hg) [29I ]. 

The W(II} W(III} c]uster carboxylate complex [Na][W2102C(_'OB(CO)oI2- 
(OxCCF3)4(THF)2]  has been prepared and structurally characterized. On the basis 
of a distinctive EPR signal having a g value of 2.08. the complex may be regarded 
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Fig. 21. X-ray structure of Cp)Wdr4(~-H ){CO)~2. Reprinted uilh permission fronl Organometallics. 
Copyright 1996 American Chemical Society. 
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as a mixed-valent W( II ) W( I11 } species [292]. The branched-type octanuclear sulfide 
complex [Cp*Rh(OEt):~(I,t-WS4)(CuCI)Cu]2(!u-C1)2 has been synthesized and the 
cluster framework reactivity studied [293]. The synthesis and catalytic reactivity of 
supported Re/lr catalysts prepared from [ReTIrC(CO):3] 2- have been published. 
The final catalyst particle nanostructure is dependent on significant cluster fragmen- 
tation, followed by preferential nucleation at lr centers [29411. The synthesis and 
X-ray structures of three clusters containing Au2Ru~ cores and the carbide cluster 
Ru6C(I,t-CO)2(CO)H[Au.(PPh3}]2 are reported. The gold fragments were introduced 
to the cluster by use of the trigold-oxonium cation [O{Au(PPh3)] 3] + [295]. Density 
functional calculations on the clusters [M4{Fe(CO)4}a] 4 (where M = C u ,  Ag, Au) 
and [Agl3{Fe(COh} s]" (where n = 0 5) have been carried out in order to study the 
electronic and geometric structure of these systems. The bonding in the silver clusters 
was found to be weaker than in the copper and gold derivatives [296]. An example 
of metalloselectivity in the reaction of Cu2Ru6(Ia~,-C)(COhdMeCN)2 with the 
thiacrown ether 1.5,9-trithiacyclododecane has been described. Extraction of the 
copper atoms by the thiacrown produces the salt complex [Cu(rl3-12S3)- 
(~ ~-12S3)]2[Ru~,(p:C)(COh~,] in moderate yield. Variable-telnperature N MR meas- 
urements confirm the dynamic process that serves to average the coordinated thi- 
acrowns (rl3~ql).  The molecular structure of the product was verilied by X-ray 
crystallography [297]. 

Functionalization studies of the layer-segregated cluster Pt3Ru~,(CO)2: 
(p3-H)(p-H)3 are reported. Deprotonation of this cluster affords the corresponding 
dianion, which after treatment with [Cp*Ir(MeCN}3] 2" and Hgl2, gives 
Pt3Ru~(CO)21(t, t3-Cp*Ir)(las-H }_, and [Pt3Ru,,(CO)21(bt3-Hgl )(p3-H )2] , respectively. 
The X-ray structures of both clusters ( Fig. 22) are similar, with the heterometallic 
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Fig. 22. X-ray structure of Pt3RudCO)e~(I-t:Cp*h') p3-HI:. Reprinled with permission from 
Organomemllics. Copyright 1996 American Chemical SocieD. 
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fragment serving to triply bridge one of the Ru2Pt faces. The two ancillary hydrides 
are shown to adopt triply bridging positions on the two Ru3 triangular faces [298]. 

The solid-state N MR examination of metal clusters containing interstitial hydride 
ligands is reported. Some of the complexes studied by lH and 2H NMR spectroscopy 
include [Rh13Hx(CO)24] {s-xl (where x=2,3), Ru2Rh2H2(CO)I2 and 
[Co,H(CO)ls] [299]. The tubular clusters Oslo(CO)24[Au(PPh2R)]4 (where R =  
Me, Ph) have been synthesized and fully characterized. The inability of Polyhedral 
Skeletal Electron Pair Theory to accurately predict the observed 132-electron 
count is discussed with respect to the polarity of the heterometallic OsAu bonds 
[300]. Treatment of [RuoC(CO)I~,] 2 with CuCI atlbrds the cluster 
[{Ru,Cu2C(COh6}2CI] 2 in quantitative yield. The Rut octahedra are linked 
together by a rectangular planar motif of copper atoms, as determined by X-ray 
diffraction analysis [301 ]. Sodium benzophenone reduction of 
[PPN]e[OslsHgxC2(COh2 ] (where x=2,  3) gives the hexaanionic cluster 
[OSlsHg~C2(CO)42] ~' , which was characterized by IR spectroscopy and by its chemi- 
cal reactivity. Chromatographic work-up afforded the tetraanionic cluster 
[OslsHgC,(CO)42] 4- [302]. New titanium(IV) oxo alkoxy carboxylates have been 
prepared from Ti(OR)4 and C03(CO)~(g3-CCO2H). The new complexes isolated 
and characterized include Ti~,( }J3-O)4( la-O Et )4( O Et )8[bt-(CO ),~C03(J.t ~- 
CCO2)]+ Ti4(g3-O)a(OPri)a[la-(CO)gCo3(la3-CCOe)]4 and Ti4(g3-O)4(OPh)4[tJ-(CO)9- 
C03(la3-CCOe)]4 [303]. The reaction between [Ni~,(COh~] 2- and Pd(PPh3)_,CI2 
affords [Pd33Nig(CO)41(PPh3)o] 4 , whose pseudo-D3h hcp Pd33Ni9 core was con- 
firmed by X-ray analysis. The 518-electron count found for this cluster is in 
agreement with PSEP Theory [304]. 

4. Abbreviations 

a c a c  

Ad 
ampy 
binap 
bma 
bpcd 
bpnap 
bpy 
COD 
Cp 
Cp* 
Cy 
DBU 
dmpm 
dpam 
dpmp 
dppa 

acetylacetonate 
adamantyl 
2-amino-6-methylpyridinate 
2,2'-bis (diphenylphosphino)- I. l '-binapthyl 
2,3-bis(diphen ylphosphino) maleic anhydride 
4,5-bis(diphenylphosphino)-4-cyclopenten-l,3-dione 
2,2'-bis [( 1,1 '-biphenyl-2,2'-diyl )phosphite]- 1,1 '- binaphthyl 
2,2'-bipyridine 
1,5-cyclooctadiene 
cyclopentadienyl 
pentamethylcyclopentadienyl 
cyclohexyl 
1,8-diazabicyclo [ 5.4.0] undec-7-ene 
bis(dimethylphosphino)methane 
Ph2AsCH2AsPh2 
(Ph2PCHe)2PPh 
1,2-bis(diphenylphosphino)acctylene 



224 .U.G. Richmom/ ('oor¢filmtioH (']l¢'illi.slry Revicw.s 16~'~' (199,¥~ /77 231 

d p p b  

d p p e  

d p p f  

d p p h  

d p p i p  

d p p m  

d p p p  

Fc 

M A S  

Mes  

M e C p  

P P N  

Py 

Tol 

Xyl  

1 , 4 - b i s ( d i p h e n y l p h o s p h i n o )  b u t a n e  

1 , 2 - b i s ( d i p h e n y l p h o s p h i n o ) e t h a n e  

1,1 '-bis ( d i p h c n y l p h o s p h i n o )  f e r r o c e n e  

1 , 6 - b i s ( d i p h e n y l p h o s p h i n o ) h e x a n c  

d i p h e n y l p h o s p h i n o i s o p r o p a n e  

b i s ( d i p h e n y l p h o s p h i n o ) m e t h a n e  

1 , 3 - b i s ( d i p h e n y l p h o s p h i n o ) p r o p a n e  

f c r roceny l  

m a g i c  angle  s p i n n i n g  

mes i ty l  

m e t h y l c y c l o p e n t a d i e n y l  

b i s ( t r i p h e n y l p h o s p h i n e ) i m i n i u m  

py r id ine  

tolyl 

2.6-xylyl  
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