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1. Dissertations

The reaction of Cp,TiCl, with excess H,Se in the presence of triethyl-
amine  afforded the polynuclear complex (CpTily{in-Sedipa-Sey,. Use  of
(CpTiCl;), - 2THE as the starting material gives the seleno-bridged complex
(Cpliys{ps-Se),. The synthesis of (CpTidetp-0),; is also described. The reduction
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chemistry of these and related clusters has been examuned and the results discussed,
The reaction chemistry of Cp,Ti{CO), and H.S in the presence of traces of H,0
affords a variety of polynuclear sulfido and oxo clusters [1].

The desulfurization catalysis and redox chemistry of several Mo,Co, clusters have
been explored. (C.Me Et).Mo0.C0.8 {CO), has been allowed to react with thiiranes
and thietanes. Besides the corresponding organic alkences, the insoluble solids that
accompany these reactions analyze for (CsMe,E0).Mo,Co,S, (where v=15. 8},
Treatment of these sulfide clusters with CO gives back the eriginal Mo.Cos cluster.
The hvdrogenation properties of (C:Me,E1).Mo,C0.8 400, have also been exam-
ined and the relationship of this catalyst to the conventional Co Mo 5 ALO,
catalyst  discussed.  The syothesis and  X-ray diflraction  structures  of
(CMe EtMo, M8 N0, (CaMe ELLW.MLSHINOL (where M —Feo Co) and
(CMeyELLW.Co,84CO); are presented. The first four clusters exhibit it cubane
skeletal core [2]. The synthesis of the cubic clusters Cp¥CpCr MO, {where M =Cr.
Vyare reported Mrom the starting mutenal [Cp*Crip,-ON](1:-0). The electrochemi-
cal propertics and the temperature dependenee of the magnetic susceptibilities of
these clusters were investigated | 3], Sundry Cp*Cr- and Cp*Moe-oxide clusters have
been prepured and charactenized by Xe-rav crystallography and tradittonal solution
spectroscopic methods [4.

Group VII and VI metal clusters have been emploved in studies involving the
activation  and  catalvlic  cyvclooligomerization  of  thietane,  Treatment  of
3 3-dimethylthietane and thictune with ReCO0 (( MeCN hips-H, vields the new

1 1
cluster complexes RefCOY,,, (SCH-CMe.CH-Y (ug-H ), and ReytCO)j,,, (SCHL.CHLCHY
fis-Hy. respectively. The nucleophilic rmg opening of' the thietane ring
has been studied by using hulide anions and Me N, The resulting products were
fully characterized m solution  and by  X-eray  analysis. Me,S  addr-

1
tion to RefCOy, -SCHCHLCH.) (p,-1), gives the zwitterionic  cluster
RefCOfu-SCH-CH,CH-S8Me.(p-H 3, which contains a sulfonium-substituted
thiolate ligand that bridges one cdge of the cluster. The reaction of
Qs CONEMeON Jp-H 1 and RuyiCOp-H 3, with thictane has also been investi-
gated. The Xeray structures of the product clusters are prosented and the cyclooligo-
merization activity of these ruthenium and osmium denvatives discussed [3]. The
oxidation of [Pt Re(COLHu-dppm)) ™ using Me;NO. O, und H,0, is shown to
vield the oxo clusters [Pty Re(CO), H{u,-0)p-dppm )]~ {wherc n=1 33, along with
the hexs-oxo cluster [Py ReOi(p-Odip-dppmiy] - The direet synthesis of
[Pt ReOqip-dppmiy] ™ from MeReQG, and [Pifu-dppm)siu;-HY ™ is presented.
Reactivity studies involving nucleophilic additions 1o [P Re{CO);i(p-dppm)y}-
and [Ptd ReO ) (p-dppm);] ™ show site selectivity related (0 the Tormal oxidation of
the coordinated rhenium center. The use of these clusters as models for oxide-
supported PtRe cutalysts 1s discussed, Data from extended Hiickel MO calculations
and XP$ studics are presented and used in a discussion on the boading in Pi;Re
clusters  [6]. The wmolatton  of KRe OO}, RegCO){OH L(OF ), 2EIOH,
RedCOyHOH ), 8HLO and KRefCOWKOH, trom the reaction  between
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Re(CQO);Cl und KOH under a varicty of conditions has been demonstrated. The
molecular structure of cach of these clusters was established by X-ray crystaliography
[7]. A higher vicld synthesis of the known cluster Mn,{CO),{ THF },, has been
reported. The reaction of this Mn . cluster with Fe(CQO}, gives the mixed-metal
cluster fu-Mn{ THF },].Fe {CO) [8]. The temperature-programmed reaction (TPR)
profile of [RetC0);,;0H], supported on ALO, has been explored. IR spectroscopic
measurements revealed the presence of RetCOL{OAD{HOAL), after activation at
480 K. Simular studies have also been conducted with the carbide clusters
[Re-IrC{COY:  and [Res[rC{CO) - RefCOLILE 9]

The synthesis and electrochemical properties of H.Ru(RC.R'WCOL, . (1 PRy,
have been published. The reaction of RudCOy,  with  3.5-dv-rers-
butvi-1.2-benzogquinone  and  catechol  alfords  the tetraruthemum  clusters
R {CO¥W{p;-0,C H-R 5}, which contain p-semiquinone lgands that bridge the
ciuster by terminal and bridging oxyegen atoms and an n®-aryl ring. The Hgand
substitution chemistry and fragmentation reactivity are also reported. The activation
volume for the conversion of (p-HL,Ruy(CONp-n-EISCCMeCMe) o
Ru fCO{u-SED (-0 -COCMeCHMe) has been determined. On the hasis of the
kinetic data. #1s proposed that this reaction proceeds by u dissociative rate-limiting
step nvolving either & € 8§ bond or Ru Ru bend cleavage [10]. The clusters
(-H IR uCOW{p,-COMe} i PPh.);CH]  and  {p-H 1hRu{CO}{u,-CPh)!{ PPh,)--
CHPPh,! have been prepared und characierized in solution. The kineties and
actvation parsmeters  for  the  reacton  of  {p-H}RufCONu,-CSED 1o
{u-H IR u{CO{ na-CHLSED have been measured. The proposed mechamsm is based
on @ rapid. reversible loss of CO. followed by the formation of an agostic Ru H €
bond. The rate-determining cleavage of the agostic bond is also supported by
the measured volume of activation. The reactivity of  hydrogen  with
(11— H BRuACO,[1 - PBu), and the results of detailed mechanisiic studies ure
presented. The synthesis and spectroscopic characterization of the new clusiers
{1-H 1 Ruz(COYJu-PCy,). and {p-HRugt COWp-PCyi]; are included |11]. The
reaction between f-pheovithioeyclobutene and Qs g CO) MeCN J; gives two new
products. whose thermolysis reactivity has been explored. The compound 4-jerr-
butyl-4-methyl-1-phenvithiocyclobutene has  been  allowed 1o veact  with
Os{COM ol MeOUN ), and Ruy{COY, ;. All new products were isolated and thoroughly
characterized. The reactivity of I-todo-2-methyleyclobutenc. 1-bromocyclobutene
and benzothiophene with Os{CO) o MeOUN ), has been mvestigated [12]). The reuae-
tion of polysulfides and polyselenides with Fe{CQ). affords the amonic clusters
[FedCONLST T and |Fed COY,LSes)® . When these clusters are treated with nickel
und paltadium complexes. mixed-metal clusters have been isolated [13].

The phosphido clusiers Ru CO),(1-PRL). RudCO, {u,-PPhy,
H,Ru (COY i p,-PPh). Os(COYip5-PPRY and RudCOdps{n - PNPYY) have been
prepared and their reactivity studied. Tt is shown that [RuCO),5°  reacts with
added R.PCH o give the electron rich butterfly clusters Ru{CO),(1-PR ). which
in the case of R =Ph is shown (0o undergo a reversible skeletal transformation 1o
yield {p-HRu (CO) 4t n-PPh Hp ¢ C H ) PPR]. This latter cluster represents the Arst
example of a triply bridging bistaryl yphosphido hgand. The rcaction of 1.3-divoes



150 MG Richmond Coerdinatron Chemmister Reviewy 1a8 0 J90s, J77 23f

with Ru (CO),3{p;-PPhy has been fully investigated. The products of the diyne
nsertion reactions have been characterized by solution and solid-state methods.
Evidence for divne trimerization and co-dimerization with added alkynes is dis-
cussed |14]. The hydroboration ol various osmivm  clusters  has  been
explored. Catecholborane reacts with [Os{(CO), 17 1o give f(p-H)Os3CO)y, 1
while BH, -THF reacts with  the same  staruing  cluster to produce
[(u-H 30s5t COM(py-n™-HC - CH)] . The cluster [Os{COW{p-CCON)*  reacts with
BH, - THF to give a quantitative yield of the previous acetylenc-coordinated cluster.
When the same reaction is conducted with excess BH,  THF. the alkvlidyne cluster
(-H )08 {CO¥Rp-CMe} may be isolated. Included in this dissertation are
the X-ray structures of [Ph,PMe].{M(CO),,] CH.Cl, (where M=Ru, Os).
(PPN Ti(p-H YOs 3 COMlpa-n>-HC=CH)] and  (u-H 1054 COM(p,-CMe}). Results
{rom the use of Fe{CO) ;. RuydCO),; and HyFeRuy{CO),, as CVD reagents are
presented. The metallic films were analyzed by the usual arsenal ol surface science
methods [15]. Treatment of the tamtalum carbene complex Cp,Ta{CH,)( Me} with
Ru{CO),, leads to the cluster Cp,Ta{p-OyRuiCsHHCO,. which is shown to
possess a bridging 4-carbon cumulene moiety, Spectral and structural data pertaining
10 the early steps of this reaction are presented and discussed [16].

The synthesis and study of sterically demanding compounds that contain muluple
cluster moieties have been published. The use of the trichloroacetate esters
p-CHAOLCCCL ) and CICHLO,CCCLL ), 0 the construction of the multi-cobalt
cluster  complexes  p-C HJ[O,CCCo3iCO)E  and CJCH,0,CCCo{CO);-
(CH,O,CCCly is deseribed [17]. The two clusters [Bi,Coyl(CO){p-CO¥J>  und
[BiyCoCO) A p-COl)” have been obtained from the reaction  between
[B,ColCOY,, |  and (n"-C H:MeyMo{CO), upon oxidutive work-up. MeP(l,
has been shown to function as a halogenation reagent in the reaction
with  [Bi,Fe COY;FF . The use of MePCl, (one equiv.) leads 1o
| FelCOY(p-HIBL ! Fe(CO! ] and [BhClp-Cly, ps-FefCO)L Y . Bromination
of Te.FeylCOyy with CBry nitially proceeds to give Te,Fen(COn,,. which upon
reaction  with additional CBr, gives the novel cubane-ike cluster
FedCO¥Te du,-CTeBr,). The results of extended Hickel MO calculations on model
cluster systems refated 1o these clusters have been reported [18].

2. Homometallic clusters
2.4, Group 4 clusters

The low-yield synthesis of (CpTijips-Tekipa-0): from Cp.Ti{ TeSiPh,), with
cxeess PPhy has been published. The sehd-state structure of this cluster was
established by X-ray crystallography [19]. Vartous allvlic Grignard reagents have
been ullowed to reuct with [Cp*Tip-O)Cl, to give the allyl oxotrimers
[Cp*Tiip-Oi,R,Cly , (where 2= 1 -3, R=allyk »=3. R=crotyl}. The thermal sta-
bility of these complexes has been examined and the resuliing products characterized
by solution and X-ruy methods [20]. The redox propertics of cyclopentadienyl{oxo)-
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tiianium complexes in non-agueous solvents have been explored. The cluster
[(CH,TMSTi]4p-0O), exhibits an electrochemically and chemically reversible
017 redox couple. followed by a mulii-electron reduction process. An EECCEE
mechanism 1s proposed and substantiated by a comparison with the related com-
pound [(C:H, TMSHTiCl{p-O)],. The electrochemicual propertics of the mixed-metal
complex [{ MeCp), Ti{pn-MoO,}], have also been cxamined. The presence of the
molybdate bridges increases the stability of the electrogenerated reduction products.
It 1s concluded that these poly-oxo clusters do not function as good models for
electron rescrvolrs [21].

220 Group 5 clusters

Sodium amaulgam reduction of [Cp*VClp-N )|, gives the diamagnetic cubane
cluster [Cp*Vip,-N),. which was characterized in solution by NMR spectroscopy
('H. 3¢C and *'V) and by X-ray crystallography. On the basis of the observed V V
and VN bond lengths. it was concluded that strong ¥V N bonds exist. An clectro-
chemical study reveals & stable one-electron reduction process [22].

2.3 Group 6 clusters

Sute-selective hydrogenolysis. hydrogenation and alcoholysis have been docu-
mented in the octahedral cluster Wo(u-H 3, H{u-CPriy{u-OPri)(OPr); [23]. The tri-
nuclear cluster Mo {u-PyS 1L,{p-PyS 1,{CO}, has been isolated in trace amounts from
the reaction between Mo{CO)y{ MeCUN 1, and pyridine-2-thione. The X-ray structure
of this cluster reveals a bent open geometry mvolving the three molybdenum centers
with two doubly bridging and two triply bridging PyS ligands [24]. The thermolysis
reaction of CpMo(CO),LH with Me,S gives. as one of the preducts. the trinuclear
ctuster  CpMo{CONp-SMelhMo{CORL{r-8Me}Mo(CORLCp.  X-ray  diffruction
data confirm  the make-up of the metallic core [25]. Treaument  of
(17°-MeO.CCp)1, Mot COY, with (p-SE0LFefCO), in refluxing xylene produces the
cluster {17-MeO.CCpi, Mo g5 )p-CO),, whose structure has been established by
X-ray crystallography [ 26]. Amalgam reduction of Cp*Mo{8Bu'}, affords the cluster
complex {Cp*Mo}S, in high vicld. X-ray diffraction analysis (Fig. 1) has confirmed
the nature of the metallic core. Extended Hickel MO caleulations indicate that this
ctuster possesses seven cluster electrens, allowing for a comparison with the known
six-electron cation [{€pMo}1,S,]° previously prepared by Dahl Cluster expansion is
shown to arise from the population of an anti-bending orbital of ¢ symmetry [27].

2.4 Group 7 clusters

Dhsproportionation of MnC(Qy,, in methanot or THF in the presence of
Na,Se gives [Ma{C0):] and [Mn,SesCO%]* . The X-ray structure of the Mn,
cluster. as the [PPh,] " sull, provides unambiguous evidenee for the first manganese
complex with a mixed carbonyl selenido hgand sphere. The paramagnetic nature of
this cluster and the role of the asymmetric carbonyl bridge in controlling the
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g, 1 Xeray ~tructure of (Cp*Mob, S, Reprimed with pernossion fvam Inorgamic Chemisory. Copyright
L43s American Chemical Society.

coordination polyhedron are discussed [28]. Cluster catalysis in hydrogenation and
womerizution regctions has been explored v rhenium phosphido complexes.
Treatment of Re.{p-P{p-XCH ). JACO), twhere X=H. F) with H, n xyiene at
220 € gives the unsaturated rhenium clusters containing delocalized n bonds:
Regdps-H 3p-Pé p-XC HL L] COY. Regtp-Hodp-Po p-XC H sl Pop-XC JHY) -
{COy and Reylp-H blp-P{ p-XC H, 1l -PEp-XC HL A COY,. 1In addition to the
full solution characterization of these clusters, the X-ray structure of the second
clusicr was determined. These clusters are reported 1o hydrogenate and isomerize
I-hexene without any cluster fragmentation up to 180 C. The effver of the X
suhstituent on the catalytic reactivity is discussed §29]. Reaction of orthomanganaled
N N-dimethylbenzamide  wath SO, gives  the  etra-manganese  complex
Mn gCO), (thiosalicylatel,. which is shown by X-ray analysis o contain four
Mn(CQO}, groups linked by two triply bridging thiosalicylate moteties |30}
ReCOn MeUN Lip-H; reacts with Vo V-diethyl-A-p-tolylthiouren to produce
Re i CON[n-SC{NELINHE p-tolyD){p-H 3, n quantitative yield, X-ray erystaliog-
raphy confirms that this is the first example of an S-coordinated bridging thivurca
moicty [31].

The detwils assoclated with the cxpeditious svnthesis of
Rey(COj, i MeCUN Hp-H i3 from Re {CO ) MeCN ), have appeared [32]. The reduc-
tion of '"ReOQ,] to ["ReCl{COL]  and "™ReiCOAu-H}y is described,
Similar procedures have been employed with | TeQ,]  to give the first prepared
and  structurally  characterized  p-hvdndo  bridged  technetiumy cluster
TefCOYfu-H 1, [33] The anionie cluster | HyRe {CO)Re(CORIDME )] forms
mn gquantitative yield when HRe (CO}y; is trested with DMF in CHC,. The three
rhentum wtoms of this 44-electron cluster form an wyosceles 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 [H RedCOLL]  (where L=CO, Py. PPh,.
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MeCN). Variable-icmperature NMR data on [H,Re (CO},]  sre discussed relative
to the ohserved solid-state structure [34]. Spectroscopic titration of H Re {CO),;
with chloride ions has provided evidence (or the mtervention of an clectron-precise
cluster as an imtermediate in the fragmentation reaction to unsaturated triangular
rhenium anions [35]. The phosphorus longitudinal relaxation times (7} in a series
of HaRe,{CO),, P clusters have been measured in order to probe the *'P coardination
geometry about the cluster polyhedron. The 7 values are dominated by refaxation
by the scalar coupling process. Dipoelar reluxation in these complexes s trrelevant
[36]. The addiion of [M{CO)]™ fwhere M=Mn. Re¢} to the unsaturited
dimer RefCOtp-13; furnishes the trinucicar 4Anionic clusters
[ReM{CO(p-HIReH{COY,] . X-ray ditfruction analvsis of the Re, cluster ¢ Fig. 2)
reveals the presence of a fully staggered L-shaped core. Variable-temperature 'H
and *C NMR studies of this Re; cluster indicate the presence of a hydride:carbonyl
exchange that involves a windshield-wiper ‘motion about the H,Re{CO} fragment.
Thermolysis of the same cluster gives the known cluster [RetCO) {n-Hi,] . while
protanation with strong aoid yields HRe(CO¥ and Re4COu-H ), [37].

2.5 Group 8 clusters

Both molecular mechanics and atom atom pair potential caiculations on the solid-
state dynamics of Fe (CQ),, 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 n the Cambridge Structural Database.
Significant M H- O interacuons have been found and discussed with respect to
C H---O hydrogen bonds [39]. Structural and bonding trends i binary osmium

Fig, 2 X-my strunivie of [Re 00O p-FhReHHCO) ) - Reprimted wikh permissien (rom Organometallics,
Copynight 1996 Awmencun Chemicai Socwety,
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carbonyl clusters have been exanuned by using available structural and enthalpy
{M M) data [49].

The use of Rui{C0O),, as a catalyst precursor in the addition of aromatic imines
al the orthe carbon hydrogen bonds to olefins has been described. Aldimines and
ketimines may also be emploved in place of imines [41]. Regioselective acylation of
the imidazole ring using Ru{C(};,. CO and olefins has been achieved. These
reactions proceed by activation of the immdazole € H bond. followed by carbonyla-
tion and olehn coupling [42]. A report describing the allylic amination of cvelohexene
via an intermolecular € H bond functionalization sequence has appeared. The
reaction emplovs Ru,{CO),. as the catalyst precurser and an aryl nitro compound
in the presence of CO [43]. The catalyst system composed of RuCO),, bpy sup-
ported on 510, has been examined by FT-IR spectroscopy. Cluster fragmentation
to new ruthenium. bpy surface species was observed. The role plaved by the solvent
is crucial in determining the nature of the surface specics [44].

Ru;{C0Oy,, reacts  with  isopropenylbenzene to  give several products
including  the  aliyl  clusters  Ruyfp,-HWCOW(u-n" ' n*-CiH,Phy  and
Ru«(p-HHCO Jluy-n' a0 -CiHL.Phy. Xeray diffraction analysis indicates that
the 1sopropeny] side arm interacts with the cluster core. The polvhedral core of the
latier cluster contains @ Rug-butterfly arrangement with a wing tip-hinge edge
bridged by the remaining ruthentum atom. Thermelysis of the former cluster affords
the known alkyne cluster Ru, C{CO) uy-n' ' n™-C,HPhy j45]. The reaction
between diazoindene and Ru(CO, gives Ruy(CO . -CoH, ) as a result of the
insertion of “C,H,” inte one of the Ru Ruo bonds of RuygCO),.. The clusters
Ruy(CON -CuH, ), and Ru(CONM-CoH, )y (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 mn the thermolysis
reaction of the isopropenylbenzene clusier Ruy(COWCLH ). Of the several products
formed in low yicld, the new cluster RuydCO(CoHy) has been isolated and {ully
churacterized in solution and by X-ray crystallography [47]. The use of an arene
ligand as a template for cluster formation has been investigated by aliowing
Ruy{COy; 10 react with L d-dusopropenylbenzene. When the reaction is carried out
in refluxing octane. the following clusiers may be wsolated: RudCOy,0C,H,y 0.
RuiCOWRC, - H 50 R HICO,0C,.H ) Ru HECO) CH ) RuiCON(C, L H L)L
Ru-CH(CO, (€ H, 50 RuH{COLIC)-H, 1 Ru:H{CO,(C.H, and
Ru C{CO,HC) H y)o Four X-ruy structures are preseated and the pathway for
ligand-moderated  modular cluster build-up  discussed  [48). Thermolysis  of
Ru €Oy, with 1.3 5 trisisopropenyibenzene atfords two isomeric clusters having
the formula RudCO0(C:H) Ench of these clusters has had their molecular
structure established by X-ray analysis [49]. Reaction of cither efis-cyclooctene or
trans-cyclododecene with RufCOy,; at 100 C gives Rudp-H COW-n7-CH, 1)
and Rudpu-H(COMGG-0"-C H, o). respectively, Both products have been charace-
terized in solution and by X-ray crystallography. Prolonged heating of RugCOy,,
and  civ-cyclooctene yields HRui{COWMWCH ). as  determined by IR and
NMR analyses [50]. Treatment of Fe {CO3,, with 1.2-{3.5-¢cyclohexadieno)-
buckmiasterfullerene in refluxing benzene leads to cluster fragmentation and
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{n?-1.2-{ 3.5-cyclohexadienoybuckminsterfullerene| Fe(CO,. whose X-ray structure
has been determined [51]. Refluxing buckminsterfullerene (C,) with Rua{CQO),,
yields a4 black precipitate, whose identity was established as Ru(COWC,,.). on the
basis of FAB mass spectrometry and [R spectroscopy. X-ray diffraction analysis
confirmed the presence of the face-capping arene ligand and the exact nature of the
cluster as Ruz{CO{u-nn?n-Co) ( Fig. 3) |52].

A thorough mechanistic study of the phase-transfer-catalyzed reduction of niiro-
benzene 1o aniline using Fe,{CO),, has been published. [t 18 demonstrated that
hydroxide reacts with Fe (CO),, to give the radical anion cluster [Fea(C05] and
not the hydrido cluster [HFe (COy,,| 7. [ the presence of mitrobenzene 1t 1s the
radical anion that functions as the reducing agent. The hydrido cluster is completely
unreactive under comparable reaction conditions [ 33], Treatment of Ru{CO},; with
{48, 58)-{-)-2-methyl-5-phenyl-2-oxazoline-4-methanol {L) turnishes the chiral
ruthenium cluster H,Ru fCO;L;. X-ray analysis shows that the metal frame con-
sists of twe Ru, triapgles having weak interactions between two edges |54). The
reaction between RuCO),> and Ni[n'.n?-CHCHCO-Me),]CUp gives the dinuclear
complex Ruy[u-n'-O:n - CiCO-Me) = - CHCIOOMc])Cp as the only isolable product.
X-ray diffraction analysis reveals that the C{CO,Me)y CHC{OOMe moiety bridges
the two ruthcnium centers by a p-n'in~-vinyl interaction and ester coordination
[55]. Qs CO,y, is readily protonated 1n anhydrous HF. which uvpon addition of
WF, produces single crystals of [HOs:6CO),,)l Wa0.F,]. The solid-state structure
has been determined and the hydride located by difference Fourier techniguces and
the gecometry of the CO hgands §56]. A detailed study of alkyne activation at several

Fig. 3. Xeray siructure of RudCOpipe-n" 7’ -Cut Reprinled with permission from Joornal of
American Chemical Socicty, Coparight 199 Amenican Chemical Society.
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triruthenium clusters has been published. Methanol catalyzes the elimination of
chleride ion tram [PPN[[Ruy(u-CH{p-PRCCPh)(CO Y] in the presence of dppm to
afford the unsaturated cluster Ruy{p-PhCCPhH{CO)-{dppm) and/or the correspond-
ing octacarbonyl cluster. The d6-electron cluster 18 extremely active towards ligand
substitution, which has been extensively examined. Alkvne C C bond scission reac-
tions and alkyne coupling sequences arc discussed. The X-ray structures of four
complexes are presented. Mechanistic schemes for alkyne activation are shown, and
the mvolvermnent of miramolecular bridge opening closing reactions as a route 1o
productive chemistry is discussed [57]. The reactivity of the charge-compensated
carboranes  mido-7-NR-T-CBH,, {where Rs=vanous alkyl groups) with
Ru{CO}, > in refluxing toluene has been investigated. The major products from
these reactions are the triruthenium clusters RuyCOy(n™-7-NR-7-CB, H 1. The
structure of the NMe, derivative has been solved by X-ray crystallography, and the
solution NMR daia discussed relative o the structure of each cluster [58]. The
carborane pido-7.8-Me,-7.8-C,BoHy reacts with Ruy{CO),; in CHLCL, to produce
both Ru{COL(N™-7.8-Me,-7.8-C,BH,) and RuyfCOin"-7.8-Me,-7.8-C.B,Hy}
The reactivity of the latter complex with phosphines has been explored. Four X-ray
structures accompany this report [39]. Diene activation at three metal centers
has  been demonstrated in the reaction  between (Cp*Rulfp-Hnips-H,
and  13-butadiene  or  wsoprene. The  fnal  1.3-dimewlloallyl  cluster
{Cp*Ruu-H jjpe-n'-Ct Me)CHC{ R)] has been (ully characterized in solution and
by X-ray crystallography in the casc of the wsoprene denvative (Fig 43 NMR
analyses reveal the presence of an intermediary trivuthenium y-nin7-s-cis-isoprene
complex. which converts 10 the 1 3-dimetalloaliyl end-product over the course of
one week, The role of an agostic C-H mteraction in the intermediate complex and
the results of variable-temperaiure NMR studies are discussed [60],

The study of OsfCO¥ . MeCUN), and Os,(COY, { McON Y with HI> or with a

23 €24
N

i3 C26

Fie 4 Xeruy strwctore of (CpRuptp-H o u-n=n -C0MeC eMex T Reprinted with permission Trom
Organometullion. Copyaght 1996 American Chemical Socicty,
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mixture of Hy D, has been carried out in order to study the H-D isotopic exchange
at osmium ¢lusiers. The kinetics and activation parameters lor these reactions are
reported and a mechanism mvolving the reversible oxidative addition and reductive
elimination of H; from H,Os,(C0O},, by way of a fluxional tetrat hyvdrido, deuterio)
species s discussed [61]. The synthesis and use of Os,(COY -1 -succinimido
d-pentynoate) in protein labeling reactions are descnibed. The Os; cluster functions
as the Bolton Hunter-like reagent. as verified by various speetroscopic techniques.
An average coupling ratio belween the Os, marker and bovine serum albumin s cu.
20 {62]. Reaction of the carbene cluster Os{CO{u-n 070 -C H, Ph) with either
S, or cyclohexenesullide takes place to give the corresponding thicketone cluster
Os,(COWBtp,-17 0 in"-C, HPhS ). Solution NMR dala confirm the presence of a
coordinated eyclohexadicenyl ring und thioketone motety. Reactivity studies involving
protonation and hydride reduction are described. and the chiemistry of the ambivalent
thiol group is discussed [63]. Both RuCOy,- and Ru{CO), MeCUN ). have been
examined for their reactivity with 1.d-diphenvlbuta-1.3-divne. Besides the several
mone-  and  bimetallic ruthenium complexes  isolated.  the  two  clusters
Ru A CO{u-COMu-PhC.C 2 CPh) and Ru (CO),-(p,-PhC.C - CPhj were also 1so-
fated. The X-rav structure of the Ru, cluster has been solved. Reuction schemes
invelving mono-yne intermediates are presented and discussed [64]. The tinking und
fragmentation of alkvaes at RudCORip-COHU-COYp,-CHCF 3] Cp, have been
thoroughly investigated with added alkynes. Over ten new complexes have been
preparced and their spectroscopic propertics reported. The X-rayv structures of lour
triruthemum clusters are ncluded in this report. 11 is demonstrated that the react-
ivity pathway observed i dependent on the nature of the substituents attached
to the alkyne linkage [65]. Protonation of Os{COu-COMuy-20.?-HC ™ CR)

(where R=CH,O0H. Mg, OH. CMe :CH, leads ta the  cationic
clusiers  [OsgtCOM-COHp-3on™HC ~CCRY)T {where R'=H. Mec)  and
[Os3{p-H HCNfp-COVp-20. 207 -CCCR | (where R'=H. Me)., respectively.
PPh; reacts with these clusters to give phosphonium complexes. Syathetic details
and  spectroscopic dala are preseited  along with  the X-ray structure of
O CORIM-COYHC ACMe ~CHCOCICMe  CHLCH] [66]. The reaction of
Ru{Cy, with Me,NO i the presence of nitnles leads 1o Ru(COy. (RON),
{ RON =acctonitrile. adiponitrile, phenylenediacetonitrile: n=1 3}, It 15 shown that
the number of coordinated nitrile ligands depends on the mirile concentration and
to 4 lesser extent on the Me,NO-Ru; ratie. Conditions related to the high vield
synthesis and isolation of Rui{CO MeUN ), are presented. The fluxional behavior
of the ancillary €O and MeCON ligands about the cluster polvhedron has been
studied by varable-temperature NMR speetroscopyv, Exchange pathways are dis-
cussed and it is shown that the activation energy for CO exchange is refated to the
number of RON Hgands present [67]. The isomerization Kinctics for the transforma-
tion of RugCOin-H j(u,-CCOMe) 10 RudCOin-H 1a(p-n-CHCOMey and of
Ruy{CONtp-H 3u-CSEQ 10 Ru g CONp-H -0 -CH SE have been measured
by IR spectroscopy, While the former starting cluster undergoes isomerization 1w a
process that does not invelve dissoctative CO loss, the later starting cluster veacts
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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 1o the
rale-limiting  step  but  following an  intramolccular  rearrangement  In
Ru,(CO){p-H 1(13-CSEt). The role plaved by the methylidvne substituent in deter-
mining the extent of anchimeric assistance in the intramolecular rearrangement
reaction 1s outlined. The relevance of these € H bond formation reactions io
those that take place on metal surfaces is discussed [68]. Borane reduction of the
ketenylidene moiety in Osy{CO){p-H 14p-CCO) gives the methylidyne-capped
cluster Os;(CO)(u-H )ip,-CMel in moderate vield. Depending upon the nature
of the reducing agent cmployed. the ntermediate  vinylidene  cluster
Os,(COW-H 12ty C--CH,} could be observed by NMR analysis. Use of the
isotopically labeled OsgCON{p-H 1a(p-""CCOY In the reduction reaglion  gives
Os,(COL{-H 3ip-"CMe) without any cvidence of isotope scrambling. The X-ray
structure { Fig, 51 of Os,{COg{u-H }(p.-CMe} is included in this report [69].
Heating Fe,fCOj},, with [Na)s[ Te] and [Ph,P{Br] in MeOll at R} C affords the
tellurium-capped cluster [Ph,PlLj Fe Te{CO 5], Use of {Cs]o Tels in Ha.O Teads to
the hydrido cluster [Cs][HFe,Te(CO),]). The X-ray structures of these clusters gre
reported, and the '**Te NMR chemical shifts have been recorded |70, Treatment
of FeytCO), with SnR. {where R=24.6-triisopropylpheny]. 2.6-dicthyvlphenyl
pentamethylphenyt) gives the ditron complexes Fe {CO I p-SnR,). Two X-ray struc-
turcs are presented and the details of the Massbauer data are interpreted with
respect 1o other  related  systems  [71]. The  new  lead iron cluster
[PR P Fef COLu-COHV PbPPh;)| has been obtained from the reaction between
[Ph,PL[FeyCy, ] and CIPBPPh,. The open and linear Fe Fe Pb lmkage 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 [Feo(COW,°  Is contrasted with that of
attack by a “AuPPhy ™ fragment wsing MO  data {72]. Photolysis  of
Os{CO(GeMe,y); i hexane gives the triosmium closter [Os{COLIGeMe,); and

Fig. 30 X-ray siruciare of Os 0 CO0-Hoa,-CMe), Reprinted with permission from $norganic Chemistry,
Copynight 1996 American Chemical Seciery,
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Ot CO),L.1GeMe,),. The molecular structure of each elusier hus been erystalio-
graphically determined. Cluster build-up schemes wvsing an osmivm germylene
species (Os Ged are discussed [73]. Ruy{CQO),, reacts with SnR. t{where
R =2 4.6-triisopropyiphenyl) 2t low temperature or with the corresponding
trimer (SnR,), at high temperature 1o produce RuyCO),{p-SnR.}.  and
RuyfCOL{p-SaR.); Use of Ru {CO(dppmy in place of the parent clusier and
{SnR,); leads to Ru{CO(dppm)(p-SnR ). When the monomerie lin reagent is
used. only the diruthenium complex Ru.(COWdppmi{p-SnR .} is obtained. Four
X-ray structures are presented and discussed [74].

The electron-transier catalyzed subsutution of PPh; for €O in RudC0,, using
dibenzoylethene has been mivestigated by using a factorial design experiment,
Muaximum turnover numbers  were observed  when  high  concentrations ol
Ruf{C0),, and PPh; were employed. The use of other phosphines and Bu'NC
display analogous substitution reactivity [73]. The previously assigned solution
structures for Fey{CON[PIOR L twhere R =Me. Priy have been checked by X-ray
crystallography, The solid-state structures were found (o be in complete sgreement
with the predicted structures, The isopropy] derivative possesses pscudo Do symmetry
and 18 analogous o that observed in related rutheniom and osniium clusiers [76].
Thermolysis of RudC3),, and (Y9-anthracyDidiphenyiphosphine atiords the bow-tie
cluster RudCON pen " 07O -PPh), whose Xeray structure confirms
the unigque ps interaction of 1the lgand with the pentaruthenium core. Also tsolated
from thix reaction were the triruthenivm cluster Ru (COD-H D 40,-C H-PPR)
aind the tetraruthenium cluster RufCOY, (p-C L H-PPh.). Both of these clusters
mity be considered as anthracvne complexes denived by double metalauoa of one of
the unsubstituted arvl rings [77]. Oxidation of Ph.PNP(Ph).P{Phy.NPPh, by scle-
nium gives the disclenide ligand Ph.P{SciNP(PhLP{PhELENP(SeIPh.. which when
allowed 1o reoct with Ra{COy . m the presence ol Me NGO vields the seleno-
bridged cluster RuyfCO1G-Sei-(-PPR{PR-PNPEPRILNPPR.]. ' NMR and
X-ray diffraction analvses confirm the identity of the praduct | 78] The unsaturated
cluster  Os{CONA{PhC.Phytdppm) reacts wath - P-donor igands o vield
Os{CON- PRC,Phiddppmil [where [=PBu,. PPh,. PMe.Ph. PiOMe};]. Selution
spectroscopic data reveal that these products exast in three isomeric torms, the rado
ol which depends on the polarity of the solvent emploved in the yeachion. The X-ray
structures of the tsolated PBu, isomers and one ol the P(OMce), omers have been
solved. The P{OMej-substituted clusters undergo factle decarbonylation to give 1he
unsaturated  custer Os g COPhC,Phacdppm)[P(OMe),|. The other phosphine
clusters  show no  tendency 1o undergo & similar  decarbonylation  [79).
Purolysis  of  Ru €O (u-dppmi{PPh,} in toluene  solution  gives  as  the
major  products Rudp-PPhiip-PPh,C H COXp-PPRCHCO), and Rugfu,-
PPh{C H i p-PPh-CH.H{u-PPh. HCOY,.  along  with mmor  amounts of
Ruy[i-PPRCH,PPR{C HOCO), and  Ru.{p-PPhC H PPRCH.HCO), PPhy),
(where #=0. 1}, The role plaved by the oxidative addition of the aryl € H bond
and P bonds 1o the cluster. benzepe elimimation and carbonviation of the aryl Ru
bond in these transformations s discussed. The Xeray structures of the major
products and Ruu-PPhC H PPhUHHCO), are reported [R]. The clectron-defi-
cient clusier Os(COXO; - HHn—Hatw - PBub k(i —-dppmy has been  obtained
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from Os{CO)du-dppm} and PBulH in refluxing diglvime. X-ray crystallography
confirms the unsaturated state of this cluster. The resistunce of this cluster (o add
CO even under high pressure conditions suggests that the unsaturation 15 a result
of the high stere demands exerted on the metallic core by the two phosplude hgands
[81]. COT has been allowed to react with Ru;{CO Y p-dppm) in refluxing THE to
afford the new clusters Ru(CO) (p-dppm){p-CiHL) Rug{CO)(n;-PPRCH ,PPh,3-
(1-CyH ) (Pho Ruy[pG-PPhCH PP C, H D p-CH H-COHCO), and Ru,-
(u-Hp:-PPh,CHPPh{C H Dip-Cullo Hu-CORCO),. all of which have been strue-
wrelly characterized by Xeray crystallography. The bonding mode adopied by the
ancillary igands s discussed [82]. Phosphine substitution at the atkviidyne capping
gand in Os;{COLP-H 1:(u,-CC Y is observed when dppm. dppe or dppp 1s allowed
o react with the cluster in the presence of added DBLU. The »olated clusters include
Os COVNlp-H bip=CPPh-CHLPPh ) Osa COnuf{pe-H 1t pa-CPPhCHLCH.PPRS)

and JOs{COWPp-HL0G-Colstu-dppry. The intramoelecutar ring Cosure Tound

in the  first two custers viclds  Os{CORp-Hp-CPPhCHL PP
R LT S L LL . L

and OsdCORLp-H 3 p-CPPh.CH.CH.PPH.). The solid-state strucivres of the

linked dppp cluster and the ring-closed dppm cluster have been determined by Xoray

analvsis |83]

The tetrabedral cluster RugtCOip-H - PPRCH.PPR: (p-n ' :n™-CHLC  Mey)
has been obtained as the major isolable product from the thermolysis seaction of
Ru i COn i p-dppmy with pentamcthylevelopentadiene, The molecular structure of
the product was ascertaned by X-ray envstallography |84]. Bulky secondary phos-
phines hive been studied For their reactivity with Ru dCO} Jp-dppm). The use of
R.-PH iwhere R=Bu'| [-Ad} ieads to  the cieciron-deficient  clusiers
Ru fCOu-CONp-H u-H u-PRGLO-dppm in good yields, The expected mono-
phosphine interimediates Rus{COG RLPH (p-dppm} could be isolated under con-
trolled conditions. When the less stencally demanding higand Cyv,PH is used. the
clectronically saturated cluster Ru{CO(0-H Lp-POVL ) Sp-dppn) was obtained.
The structural featores of twoe of these clusters are discussed i detail [83).
The hydrdo cluster Os0CO) i1 has been allowed 10 react with dppm
and  Ph.PPy to yield twe monedentate P-bonded  complexes Os,(COy(H ),
tdppmi and  Osz{COY PR, PPY). respectively. The  dppmi-linked  cluster
{H L(CO N0 u-dppm) O, (U0 of H oy may beisolated by using a 201 stoichiometry
at ctuster to higand. All of these compounds have been characterized in solution
by IR and NMR C'H and ‘'P} spectroscopies. The reaction of OsiCO), 4 H -
with (" HORuCL{dppm) furnishies ihe mixed-metal cluster
(0" C HORuCLip-dppnOs0COY ( H ). [86]. The kincties for H. addiwion 1o
RugCOhip - Hitp PBubis have been examined. The reaction displays a rate law
that s first-order in cluster and hydrogen and inverse ovder in €O, The rate-limiting
step involves the oxidative additon of H, by a three-center transition siote ut g
single ruthenium center after the reversible dissociation ol CO. Given that the related
evelohexyl and phenvl phosphido clusters do not react with by drogen. it is supgested
that the steric bulk of the jeri-butyl groups promete the prerequisite (O oss,
Activation parameters and the results of deuternium kinetie isotope stadies allow lor
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the formulation of 1 working mechanism. The energy of the unbridged Ru Ru bond
of the starting ciuster has been estimated 1o be ca. 47 39 kI mol ', on the basis of
the temperature dependence of the equilibrium constant for hydrogenation [87).
The reaction of the activated clusters Os (COYy fMeCN), {where n—1. 2} with
diphenylvinylphesphine gives the corresponding  phosphine-substituted  clusters
Os,{CO.  APhPCH CHay,. while the wse of  OsgCO(Hyp vields
Os (COYu-FHOH{Ph-PCH -CH.. The  ruthenium  clusters Ruy{COY,, -
{Ph,PCH Cil.3, fwhere 7= 23 have been prepared by using Ru (€O}, with a
catalytic  amount  of  sodium benzophenone  ketyl.  Thermolysis of
Os{CON { Ph.PCH  CH,) oceurs with activation of the terminal vinyl C H bond
and formution ol Qs {CO)p-H(-Ph-PCH- CH). Analogous vinyl activations
were also observed in the ruthenium clusters. The deiails of the solution spectro-
scopic data and  the Xeray  structures of OsyCOy  (Ph,PCH- CH,Y  and
O CO¥lp-H Hug-Ph:PCH  CHY owre presented  [88]). The two asomers  of
Os(COip-H HPPhHu-n"-CH  CH.). which are obtained from the reaction
between acetylene und Os (CO{p-H L0 PPhi have been solated and ervstallo-
graphically characterized. The selution structures and the siow interconversion of
these somers have been investigated by variable-temperature N MR measurements,
These same somers have also been obtamed by treating Os (COkip-11).1 PPh;} with
high  pressures of  ethyiene. by way  of  the  wmiermediate  cluster
Os,{COYR-H 4 PPhip-CHCH ) [ 8Y).

The use of Os{CO), I PH ;1 in the construction ol hexaosmium clusters has been
published. Tins phosphine-substituted cluster reacts with Os,(COy i MeCN ) to give
the phosphido-bridged clusier Os CONL0-H)(u-PH.Y and the phosphimdence-
capped duster Os(COLp-HL{p-PHY Use ot the bistucctonitrile)  cluster
Os3(CONEMSUN Y, @ives Os JCO) - MeUNp-HOp-PHL). Each of these hexaos-
miunt clusters was characterized by IR and NMR spectroscopies ind X-rigy crysiul-
lography in the case of Os(CO)-(p-Hip-PH,). wihich mdicates thut the phosphido
maiety serves as a linking ligand that joins both Os; trangles. Further phoesphine
ligand  activation  hus  been  observed  when  Os (CO)L{(p-H ) p-PH.Y  and
OsCO N MeON M u-H i p-PH - are refluxed in sylene solution. Here the clusters
[OsACO 0P and Os 000, {n-H 3p,-P) hanve been solated (Y0} A report
deseribing the systematic svathesis ol substituted hexaosmium phosphide and phos-
phinidene clusters has appeared. Treatment of either Os(COy (PH, or
Os,(CON-H M-PH with Os(COY, JLAMeCN)Y [where a=1. 1.=PMe,,
Bu'NC: #=2_ [ =PiOMc)y] furnishes bexaosmum clusters. Full solution character-
ization and the Xeray structures of thiee clusters are presented. Structural differences
found in the two P(OMe)-substituted clusters relative to other phosphine-substi-
tuted dertvatives are attributed to the steric influence associated with the bulky
phosphite ligands [91]. Cyelophosphane reactivity with Os,(COy,  MeCN) and
O, CONie-H ), has been imvestigated. (F;CP), and (FCPYs react with the
acetonitrile cluster to give Os (CO) {p-PHCF O, (COy, (p-H ) while reaction
with  the hydrido cluster  turnishes  both  Os,(COY p-H Hp-PHCF,)  and
Os JCOp-H L{p -F,CPPCE Os g COMp-H .. Pyrolysis of  (F,CP)y,  with
s O p5 at 209 C yiclds the weraosminm cluster Os (COY00G-POF 1. When the
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same  cyclophosphanes were allowed to react with RugCQ),,. the clusters
Ru OO, {p,-PCF ) and RuCO},s00,-PCEFyy were obtained depending upon the
cluster ‘cyelophosphane ratio emploved. Use of the hydrido cluster Ru H (CO,,
altows Tor the iselation of Ru(CO»(p-H 1{u-PCF H{u;-PCF;),. Details of solution
IR and NMR data are discussed. The X-ray structures of six products accompany
this report [92]. Treatment of GsCO)fu-Hi; with {EtP), at 80 C gives
OsxCONp-H -0 -PsEH) and Os,0COy,, [ 1.3 EtP)s]. while the vse of (PhP),
al rvom temperature produces Os (CORp-Hp-1*-PPh.H ). The bis(acetonitrite)
clusier Os0COYMeCUN Y. reacts with (EtP) ot room  temperature o yield
Os{(CONJS L2 EP )], All compounds have been charucterized by IR and NMR
('H and **P) spectroscopies. Three X-ray structures are included in this report [93].
A pair of inversion somers having the formula Os,(CO),f PPR)s have been isolated
from the reaction between (PPhy, and  Os;(CON( MeCUN ), The cluster
Os COYNlt PPHY:]y has been soluted when a 31 ratioc of cyclophosphane to
cluster was employed. Treatmient of OsgCOy, {PPhy, with RuyCOy, i MeCN)
gencrules the cluster {OC);,0s: i PPh}|Ru CO), . The interconversion of the two
mversion isomers and mode of cyclophosphane chelation have been examined by
two-dimensional P NMR  speciroscopy  [94]. Tetrakis{irifluoromethyl
diphosphme  reacts with - RugdCOyy, w0 refluang . xvlene w give
RudCON5iu-PCEF; 1] RugdCOy L [u-PICE 3L); and Ru{CONy, [n-P(CE 0.1
Treatment of H,Ru (CO),, with (CF1LPPICE ), under identical reaction conditions
affords Ru (GO op-H ) p-PLCE 3 )5). Vartable-temperature *H NMR mieasurements
have been carried out on the fast clusier in order 1o study the fluxional behavior of
the three hydride ligands. Ali four producis have been structurally characterized by
X-ray crystallography. Several of these products are abso obtained from tie thermoly-
sis of Rug{CO},, and {(CF;),PH (93]

Stte-selective basal substitution oceurs in RudCOWip-5 1, when treated with the
redox-active  ligand bped  in the presence of Me,NO. The product cluster
Ruy(COR(bpedifp-8 ), reprosents the first example ol o cluster derived from
Ruy(CORip-8): that contains o chelating diphosphioe ligand. The X-ray structure
ol the product confirms that the bped hgand chelates one of the basal ruthenium
sites. Cyelie voltammetry studies show the existence of o reversible one-electron
reduction and an imeversible metal-based oxidation. The nature of the HOMO and
ELUMO in the cluster was established by carrying out extended Hickel MO calculu-
tons on the model cluster RuydCOR Hy-bped {p,-S), (961 The reaction of
PhaPSe with Fe(Cy,, vields six products belonging 1o three diflerent fumilies of
clusters. A complicated mixiuee of products is also obtained when the sume reaction
ts conducted with Ru{CO3.. A discussion of the solid-state struclures of four
clusters is presented. HPLC was used to separate the six iron complexes. whose
clution was dependent on the degree of phosphine substitution and the type
of cluster frumework present [97]0 The first example of a suwuciurally char-
acterized complex possessing a4 pa-P S moiety has been published. Treat-
ment  of the witerriophosphomum  salts  [CpFegdCONp-PH ) FeClyl and
[1CpFeACOp-CORCpFe{CONLn5-PH )| FeCly] with DBU. followed by reaction
with sulfur gives the tifernophosphane complexes [CpiFe (COY Ji-P—S$ 3 and
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[{CpFed COR-CO CpFetCOy,(n,-P- S respectively. The X-ray structure of
the latter complex coniirms the presence of the pa-P S moiety [98].

The imido-capped cluster RuCOY p,-NPh) reacts with PPh; under thermal
and Mo ,NO activation 1o give Ru{CONPPh){p.-NPh} and Ru(CO},-
{PPh;):tit;-NPh). Both P NMR analysis and X-ray crystailography reveal that
euch substitution reaction proceeds i a regio- and siereoselective fashion. The
meno-substituted cluster has an axial PPh; group while the bis-substituted derivatve
contains an axial and an equatorial PPh; group at admcent ruthenium centers. The
redox properties of these derivatives and the parent cluster were explored by cyclic
voltummetry. with the stability of the 1 redox couple decreasing as the number
of PPh; groups wcreases [99]. Cluster build-up  schemes  starting  from
Ru (€0, {p;- NOMe) are deseribed. Thermelysis of Ruy(COY,(p-NOMe) in octane
solution gives Ru (CO), s{u-COMu-NH ) (ps-N Hpa-OMelfpy-17-C{O)0Me] as the
major preduct, along with a minor amount of Ru{CO),.{u,-N)p-OMe). The
molecular structure of the Ru, cluster reveals a distorted square-pyramidal core
composed of o Rug(p.-N} frame. The remaining ruthenium center caps one of the
triruthenium planes through some of the bridging organic ligands. Vacuum thermoly-
sis. of Rug(CO,(p;-NOMe) aifords both RudCO (p-CONp-NH 3 pu-OMe),
and  Ru fCOy, (p-COps-NHHp-OMel{p-NCO}  in moderate  yields {104,
Nitrosobenzene  reavts  with Ru(CONp-NPh)  to mive  RuCO)--
(n-NPh)(p-17-ONPRh}L, whose molecular structure 1s shown to consist of u tri-
ruthenium core that is capped on two sides by two phenvlimido moilelies and
two nitrosobenzene bridging ligands across the 1wo non-bonding Ru-- Ru edges
[I01]. The reactivity of [RulgdCONGINDY]  has been fully examined as a
route to py-nitrene  clusters. Methvlaton using CF,50 ,Me  leads 1o both
Ruy{COulpty-NOMe}  and  Ru {COY(p-COMu-H ){p,-NH Yp;-17-COHOMe],
Hydrogenattion  of  this  former  cluster  gives  Ru{CO}op-NHY  and
Ru{CO¥{p-H )a{u,-NOMe), When the hydrogenation is carried out with added
Ru,{CO},5 both RuCO), ju-COMp-H Hu -NHI(p-OMe) and RugCO¥(p-H 3,
(- NH ) p-OMe) may be solated. Thermelysis reactions have been carried out
and the products tully characterized s solution. Ten X-ray structures huve been
solved and are presented in this report |102]. Kipetic studies on phosphine ligand
substitution in the activaled (rivuthenium clusters [PPNJRu{CO}o{p;-11-XPy)j
{where X =2-substituted pyndyl group: PhN. MeceN, S} are reported. These
reactions are first-order i cluster and hgand concentrations. suggesting an
assoctative nucleophilic attack of the entering ligand on the ruthenium center.
coupled with opening of the p-X brndge. This process produces adducts of the form
[PPN I Ruy{CO)A -0 -XPy)L). The influence of the ancillary bridging ligand on the
reactivity  of  the  cluster  i1s discussed  [103].  3-N-Diphenyiprop-
2eenimine  reacts with RuyCOyy, in refluxing heptane  w afford
Ru (CONPhC —CHCH NPhj.. Ru,{COp-H)ipt;- 1> PhCH,CHLC =~ NPh).
RuyCO){PhC—CHCH NPh) and RudCO), PhC--CHCH —NPh},. Solution
IR and NMR duata are presented and the X-ray structures of all four products are
discussed refative to the bonding mode adopted by the nitrogen ligand [104]. New
L. 3-diarvhriazenido clusters of ruthenium and osmium have been synthesized.
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Ru{CO,, reacts with RN—NNHR (where R=p-C H, X and X=F. Br, H} to
produce  RuydCOY4ip-HHu-RNNNR3 Treatment  of  Osi{CO) (MeUN) in
CH,Cl, with the above 1rigzenes affords the lincur osmium  clusters
Os,(COLACTH (N -RNNNR ). Spectroscopie data and o working mechanism
accounting for the opening of the triosmium core are presented. The X-ray structures
of Ru(CO}lu-H(p-C FNNNC Fo) and Os{COY (CHO-C FNNNC, Fe) are
included in this report [105]. New anthrucene-contaimng supramolecular osmium
complexes have been synthesized from OsCO)oip-H 331 ,-CCly and pyridyl-substi-
tuted anthracenes. The three complexes isolated nclude  Os{COMWip-H),
(1-CNCH ,CH—CHC  Ho k. OsfCOWtu-H 5(py-CNCHLCHLCHLC L Hy) and
OsCOMp-H 1u-CNCH,CH - CHC H). of which the Xeray structuies of the
latter two clusters have been determined. UV ovis spectroscopic data ndicate the
existence of stgnificant Os; anthracenc interaction in the ground state of the first of
these products [ 106]. Reaction of Os{CO,, MeCN ). with [PPN{[NG,] vields the
nitrite  cluster |PPN][Os;{CO), (p-1°-NOs)], which undergoes protonation by
HBF, - F1,0 10 give Os,{CO), (t-H }-n*-NO. . X-ray crystallography confirms the
presence of the p-n-nitrite ligand i both clusters [107]. The linear osmium cluster
Os (COW,(HIN-C FiNNNCEQ reacts with OsCO) i MeCN) in hexane at
60 C  under vacuum  to produce the  spiked”  tctraosmium cluster
Qs COY L -H 3 -C FNNNC, Foy while reaction with OsCOY{MeCN Y, in
CHLCH, at room temperature geves the “spiked” hexaosmium cluster complex
Os{COY, (-H H MeCNIn-C F.NNNC Fo). Thermalysis of this last cluster
proceeds to afford OsdCOy-4p-H M -C F.NNNC F) and Os(COy,,. The
transformations cxhibited by these clusters and their polvhedral shapes are dis-
cussed in detail [108]. I-Hydroxypyriding-2-thiong reacts with Os0CO)y{ MeCN)
1o vield QsiCOp-H [p-n"-SCHLNO), Os{CO) ol p-HOn*-SCH N{OY and
Os{CONp-H -0 -SCH,NION. Use of Osy{(CO), 4 MeUN ), vields primarily
the first product along with a trace amount of the last product. Reaction of the
sume pyridine compound with the isocyanide clusters Os,(CO)GONR Y MeCN )
{(where R=benzyl. Pr) Jeads to  the formation ol OsdCO)u-H -
(CNRIN-SCH NI Os g COLptp-n'-C — NHCH,Ph)|n3-SCH, N{Q)| and
Osx{ COMp-HICONR p-n'-SCHN{OY. Thermolysis of  Os(CO)fp-H -
[enSCHNIO)N at 86 C generates OsdCON(p-H Huy-SPy). Os COW(u-OH )
(1-SPyy and €O, Four X-ray structures have been solved. of which Os,(COy,,
(p-H)l--SCHN{OY is shown below n Fig. 6. The wversatile bonding modes
exhibited by the N-oxide group are discussed [109].

The catalytic hydrogenation of diphenylucetylene to cis- and trens-stilbene s
reported  to he  catalyzed by the  cluster  [RuydCOip-H ) p,-ampy)-
{u.n'in*-PhC-- CHPQ)||BF,|. On the basis of kinetic studies and spectroscopic
data. 1 s proposed that catalysis takes pliace via a catonic triruthenium species, A
working mechanism 1s presenrted and diseussed [118. The reaction of neutral and
anionic nucleophiles with [RuCOpip-H Hps-ampy p-PhC- CHPRIYBF,} has
been studied. Monodentate  ligands  add readily 1o the cluster to give
[RuydCOy JLip-Hoipe-ampyip-PhC CHPh)IBE,] (where n=1 3, while dppm
causes  the  reductive  climination of  civ-stilbene and  production  of
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Fig 6. Xeriy strocture off OsgCOLu-FD[p-n'-8C H NG Reprinted with periission [rom
Organemetatlics, Copyvright 1996 American Chemical Sociens,

JRuU{CO - p-dppm){pa-ampy )l BIF,]. NaOMe deprotonation of the starting cluster
gives RugdCORtp-umpyHp-PhC —CHPhy while reaction with NaOH yields ciy-
stilbene and Ru,i COYlp-H Hy-ampy) [111]. Two alternative routes for the synthesis
of RudCOp-H Hu - o-HNC H-Me,NHL3 and Ruy(COd . n7-0-0C 1 L,NHL )
are  reporied  dfrom Ru €Oy, and  RuCl,-nH,0. The thiol dervative
Ruy{CONp-H Hpn-0-SC HINH,) is best prepared from 2-aminothiophenol and
Ru,{C0),,. The molecular structure of this last cluster was established by X-ray
crystallography [ [12]. The synthesis and reactivity of ruthenivm clusters contaming
a bridging l-azavinvlidene ligand have been published. RuCO),, reacts with the
lithium salt of benzophenone imine to afford (Ru{CO4Lp-N  CPhy)} . which after
protonation gives the corresponding bridged cluster RudCOY oip-H Mup-N - CPh,)
The direct reaction of benzophenene imine and Ru(C0O),. cannot be wssed as
a route to the desired product. Dppm reacts with Ru{CO),(p-H)ip-N-- CPh,)
o produce  Ru(COgp-dppmy{p-H(p--—- CPh.}  and  RuCOi{p-dppm}-
idppm¥{p-H H{u-N—CPh,). [n each of these clusiers the dppm ligand bridges the
sume Ru Ru edge. The latier cluster was examined by X-ray diffraction analysts,
which proved the presence of the n'-dppm higand. The thermolysis chemistry of
these clusters was also investigated. with orthometalution of the azavinylidene’s
phenyl group being observed [113].

Thermolysis of  RuyiCOy,.  with  pyndine  gave  a mixtare ol
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Ruy{CON i pu-H Hp-NCHy) and Ru{CO ) tu-H (p-NCH Yoo Xeray analysis of the
latter cluster confirms that it is the first erystallographically characterized Ru, cluster
containing  two  orthometalated  N-heterocyeie  ligands.  Dppm reacts with
Rut COYp{u-H Hp-NCH to give o mixture  of  products.  along  with
Ru,(COW -1 -PPREHPPh-Hu-NCH,) whose selid-state structure was estab-
lished by X-ray analysus. This same product is also obtained in low yield from the
reaction between pyridine and RudCOj fu-dppm}. Use of dppe. with its more
flexible chain, leuds o more complex mixtures of products. Whercas the thermo-
Iysis  of Ruy(CO} (p-H Hp-NC;H,)  gives  [Ru{COLip-H Hu-NCHy).)-
[Rujd COL{ - p,-C) thermolyses o the other pyridine-contaming  clusters
afford only mtractable muxures [U14]. Treaument Lﬁfﬂg))l.jt MeCN ) with

—
d-methylthiazole vields OsCOL(p-H) (1=2.3-1-C=NCMe=CHS}, which displays a
thiazeolide ligand that s coordinated to the cluster core via the nitrogen and carbon
atoms of the € N bond. The reactivity of this cluster has been examined in PPh,
substitution reactions. An additional reaction occurs with 4-methylthinzole at H10 C

L ] .t N 1
10 give Os{CORIp-HI, (-2.3-17-C=NCMe=CHS) {p-2.3-i-C=NCMe=CHS} uand

e
Osy(CORp-H 3, (1-2.3-0-C=NCMe=CHS} ,. Ru(CO),, has been allowed to reuct
with 4-methylthiazole in the presence of sodium benzophenone to give Ru{COy,
1 1
(u-H) {p-2.3-n -C=NCMe=CHS) and RuCOjdp-Hi {;1—2.3—n"—C=N(.‘Mc:(.‘HS)_
depending on the amount of heterocyehie ligand used. All new complexes were
churacterized i solution by 1R and NMR spectroscopies. The molecular siructures
of three c¢lusiers are presented [115]. A detatled study descnbing the molecutar
transtormations of bieyelic mitrogen heterocycles with triosnuum clusters has been
published. Indobne reacts  with  Os{CO) MeCN), 1o mmtially  give
Qs {COHMp-H D p-n~-C H-NH ). which decarbonylates thermally 10 ufford the cor-
responding nonacarbonyl cluster. Os,{COW(p-F ) {ue-n-CyH-N) exists as o tauto-
meric nixture nvolving p-alkvlidene imino and p-amide aryl bonding modes. The
kinetics and equilibrium constant associated with the decarbonylation have been
measured.  Debydrogenation  of  these  tautomers  furnishes  OsCO)p-H ),-
(n-n7-Co HNH). Tewrahydroguinoline reacts with Os;(C0), MeCON ), o give a
related tautomeric pair having the formula Os(COMNp-H ) (pn"-CoHuN b along
with Os3{COYi-Hju-n'-C,H 2Nt MeYCN], This latter cluster results from the
nucteophilic attack of the quinoline’s nitrogen atom on a coordinated MeCN ligand.
The reactivity differences between the indoline-. tetrahvdroguinoline- and isotetrahy-
droquinoline-substituted clusters are discussed [ 116]). The synthesis and characteriza-
tion of triosmium clusters containing p-ny’ amli_p;r]jl:r]“-phcny] groups have been

described. Treatinent of Os{CO)in-H 3 [ll‘nj'(?:N(CH:} 1Br with Ph,Hyg gives the
p-n'-pheny! comples Osy(CO), I-N-C=NICHY Jipen'-C H.). This cluster trans-
forms nto the p-n'n®phenyl cluster Osy(COY, [u-1"-C=N(CH.) Adipn'Mm™C . Hy)

i refluxing octane. The molecular structure of this latter cluster was unequis ocally
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established by X-ray crvstallography. Ambiguities associated with the location of

M1
the hydride ligands in Osy{CO)y(p-H)ip-n*- C=N(CH.} []Br have been addressed
by investigating the solution dyvnamics and X-ray structure {Fig. 7) of the related

. T !

cluster Osy{CONlp-H }, -0 -C=NCH(Me)CH,CH. Br. Carbon nitrogen disorder-
ing wus eiimuinated by the introduction of the 2-methy] group (1171

The reaction of Fe CO),. with thiophene and benzothiophene is accelerated by
microwave heating when carried out with added Fe,0, No desulfurization was
observed  [18]. The kinetics and  mechanism  for  somerization  of
HRu(CO¥{ -1 -EISCCMeCMe) 1o RugCO u-SENH -0~ CCMeCEH M) have
been reperted. An intramolecular process involving significunt Ru Ru or € S bond
cleavage in the transiion state 1s fuvored. on the basis of the reported activation
parameters. The large actvation volume rules out o rate-limiting step involving CO
loss and C H bond reductive elmination [11%]. The difunctional ligands
2-mercaptobenzoic acid. 3-mercaptopropunoie acid and 2.6-dicarboxypyridine react
with Os{CONEMeUN ), to give the inked clusters [Os (CO), H L. Full selution
characterization and two X-ruy structures are preseated | 120]. The electrochemicul
behavior of [FeyiCOL(p,-S)~  has been reinvestigated. allowing for the isolation
of the new cluster [FeCO,8.01°  and the known cluster |Fe fCOY,,S.7 - Xeray
crystallography has been employed in the structural analysis of cach of these clusters.
Bulk electrolytic oxidation of {Ies(CO1,,S.1F  gives |FeddCO3LS8,) . whose ESR
signal was recorded 1 selution. The one-clectron oxidation is chemicully reversible
in CH,Cl, but not in MeUN solution. [t s demonstrated that oxidauon of
[FedCONutn-SaF  gives [FeiCOWn:-S)]  and that it is this latter cluster that is
involved m the formation of [FedCOy, 8,07 {where =0 2) [121]. The protonation
and ligand substitution chemistry in the wrruthemum sulfenshydrazido-capped clus-

Frg, 7. X-ray structure of (Os fCORip-H). Pl’l]_"&:NCH(MC)CH:(ﬁH: Br. Reprinted with permis-
st brom Chrganometalhics. Coparight 1996 Amernican Chemica) Soviety,



198 VE G Riclunend Coordmeation Chenrsare Revieas £ok - fOw, [77 23

ter Ruf COWipa-H i -1.NNS{O)Mes] has been explored [122]. PPh, ligand
substitution  occurs  in Ru{CONp-HHpty-n*-SCNHPhNPhy 1o give
Rus{CO}Yy_ { PPh;}L u-H ;- 1-SCNHPhNPh) (where =1, 2. Both clusters were
fully characterized in solution and by X-ray erystallography. Thermolysis of the bis-
phosphine cluster or the parent cluster in the presence of PPhy (2 equiv. ) affords
the sulfur-capped complex RuCO PP H -0 -CL Ha (1-PPhaHUG-S ). The sub-
stitution reaction mvolving  dppe  produces Ruy(CO(dppei{ps-H -
(-7 -SCNHPhNPh), whose dppe ligand is bound ¢fy to the p5-S moiety and ¢iy to
the po-hydride ligand [122] The synthesis and structural analysis of an clectron-
deficient Ru, cluster that contwins a chiral sulfoximido capping higand huve been
published. The reaction between Ru(CO}, and methylphenyisulfoximine produces
Ru{CO{LG-H - NS{OYMePhj in good yields. Bt is shown that N--H bond uctiva-
uon of enantiomerically pure MePhS{ONH does not aflect the chuality of the
sulfur stercocenter [124]. A-Sulfinvlaniline. an SO, analog. reacts with Ru{C(),.
o refluxing  toluene to give  low  yields  of  RudCO(p-NPhip-Si.
Ru,{COMip-NPhY, RudCO),f-COHu-n-SNPhp-S) and RuCO)(1-COd
(--SNPhyip,-NPhy. Use of RudCON(MeUN ), leads 10 RuytCO (- NPy
(U,-S} as the magor product in good vield, With the exception of the known cluster
Ru,iCOY{u,-INPh)., all clusters were subjected to X-rav analvsis. A mechanism
accounting for the tformation ol RudCO)-NPh{;-8) and the resulis of
variable-temperature *C NMR studies are presented [125]). The photochemical
reactivity  of  the  2-mercaptopyndine-substituted  clusters O, CO3 H]-
{p-SCHNCG; ), Os3{CO)  H[SCHNGOH )] and O3 CONy HSCH N
has been studied. Photochemically induced decarbonylation readily occurs. and
the pyridyl nitrogen moicty coordinates to the third osmium center m these
clusters. The quantum vields for these reactions are reported. Two of the thice
products have had their structures established by Xe-ray crystallography [126].
RuC0),, wm refluving wluene reacts with  diphenyl-2-thienylphosphine 1o
give RuCON,-H ) ip,y-Ph,PCH.S) {major) and Ru {CO){1t,-H -
(py-Ph.PCLH.S Y Ph,PCH LS Y tminor). The evelometalated thiophene ring in the
major product was verilied by X-ray diffraction analysis ¢ Fig. 81 This same cluster
exhibits a dynamic interchunge between the o and n” interactions of the thienyl
group. is determined by vanable-temperaiure NMR mcasurements. Thermolysis ol
Ru{CO(pa-t Y {u,-Ph, PCLHLS Y with Ru{CO),, produces the tetraruthenium clus-
ters RudCOy, {py-PPhps-CoHLS) and RugCOY {u-PPhitp,-C H,y These pro-
ducts arise threugh the format elimination of benzene und thiophene. respectively.
The molecular structure of the latter Ruy cluster accompanies this report 127,
UV arradintion of [Os(CO)(8nMe.)]. produces the tetraosmium  cluster
Ost CO)tSnMe.),, whose X-ray structure shows an essentially planar Os,Sn, core
comprised of a central rhemboidal 03,80, moiety with cach Os atom part of two
outer Os,58n tringles. Treatment of [Os(CO)SnMe,l, with Me,NO leads 1o
O (COYLOG-O RS Me., i low vield, The solid-state structure of this cluster
reveals a central six-membered (OsOSn); ring to which are fused two OsQSnQ rings.
The outer rings share a common OsO edge with the central ring. The observed
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Fig 8 Xerin structore of RuadCObfuo-H i -PRoPC LS Reprinted  with permission [rom
Organometillics. Coparight 1996 American Chemical Sociery .

cluster structures arc discussed refative to Polyhedral Skeletal Electron Pair theory
[128]. The reactivity of [Et;NYSbi FetCOy,t ) with alky] halides and dihalides has
been  cxplored [129]. Fe{CO)ip-Se). reacts with the diyne compounds
HC CC- CR {where R =TMS. SnBu;} 1o vield | Fea{COYSe ] {p-v-trans-C H.)
The 1.3-butadicne ligand is coordinated to the Fe,Sc, core i a frans lushion. as
determined by X-ruy asnualysis [130]. Ruy(CO), reacts with allylbenzene or
d4-phenvibut-1-ene 1o give the tetraruthenium  clusters RudCO) (Col ) and
Ru CO,(CoH ). respectively, The molecubar structure of each cluster was
crystullographically determmned [131]. The solation and characterization of the
products formed drom  the reaction between Os4CO)W-H L, MeCNY, and
cyclohesu-1.3-diene are reported. Besides the lormation ol Tour known 1etraosmium
clusters  possessing  a o evclohexa-t 3-diene  derived  ligand. the new  clusters
s 0CO) Wp-H G- -C H - C ol s COY(-HNs - ClHCuHG
and OsJCO -1 -C Hyy have been solated. The melecular structure of cach
aew cluster has been solved. and the "H NMR data on the first of these clusters.
which possesses o evelohexyne allvl moicty. are discussed. The hydrogenation and
dehydrogenation sieps observed 1n these reactions are contrasted with the chemistey
found an metal surfaces {132,

Treatment of either [Cp*Rutpa-Chily or Cp*RuClp-ChLRuCp*Cl with HLS gives
the hvdrosulido-bridged compiex Cp*RuCHp-SH 1L,RuCp*Cl. Thiels react with
[Cp*Rutp ~CH, to produce Cp*RuClip-SR),RuCp*Cl {where R — EL toly!), which
upon reaction with Wikinson's catalyst (2 equiv.) vields the trangular nuxed-metal
cluster {Cp*Rud(iG-H Hp-SLRACILEPPh [133] Diferrocenyt  dichalcogemdes
undergo reaction with [Cp*Rufp;-Chi, to give the ferrocenylehaleogenolate-bridged
ruthenium complexes [Cp*RuCHu-EFo)}, (where E—8. S T, Sodium amalgam
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reduction  of these complexes in the presence of 1 3-butadienc  feads 1o
ICp*Rulp-EFe st pes-trany-n™in~-C H, ) [134].

Cluster expansion by metal fragment addition to mido clusters has been decu-
mented in the reaction of mwido RudCO)[pPCHCOYBuY, with 12-valence clectron
fragments. Use of RuyCO}). and FeyCO) allows for the solation of the
tetrametallic clusters RufCOy(p-COMp-PCICOMBYY], and  FeRu g CO)
(1=-CONp-PCECOYBu'l,. respectively. Both clusters are coordinatively saturated
given the presence of seven skeletal clectron pairs and a close M P, polvhedral core
[135]. Thermolysis  of  RudC0),; with [.3-COD  affords  the  cluosters
Ru{CO}0-17-CoH o3 8ad Ruy(COY,(p -0 n?-CeH ). These isomeric clusters
differ only in the overall electron donation from the C H,, 1o the cluster. The former
cluster possesses 60 clectrons while the latter cluster contains 62 clectron, Xeray
studics reveal that both polvhedral frumeworks are based on . butierflv siructure,
The bonding mieractions between the polyene livand and the cluster have been
investigated by extended Hickel MO calculations {136]. The 6d-cleciron butterfly
cluster RugCO3p-PPh,LC.Bu'h, which was obtained from the thermolysis of
RustCOp-PPh: HC,Bu'), undergoes €. C bond coupling to give the divae clusters
RuyCOxiw - PPhy4C,Bult and RuJCO) -y - PPRL){C,Bub). The structural iden-
tity of the divne clusters was determined by Xeray erystallography [137]. The clusters
RuiCONMPNPIYY  and  OsyCOy,JPNPrY)  have  bheen synthesized  from
[Ru CON,[F  and [OsCOJ° . The latter reagent is prepared from Qs (COY, s
and [OstCOLY - providing a Facile route (o this dianion, Both tetrametallic clusters
are decarbonylated to MgCO),(PNPry). and which upon chromatography fur-
nishes [M(COy,L{PO)] . These clusters showing the coordination of a phosphorus
monoxide moicty possess a square-pyramidal M,P arrangement of aloms. X-ray
crystallographic daty indicate that considerable double-bond character s present i
the PO moiaty. Fig. 9 shows the Xe-ray structure of Os (CO), (PNPryy [138].

A review dealing with the intramelecular interactions and supramoleculur organ-

Pig, 9, Xeray strocture of Os g CO) W PNPeLL Reprinted with permission (rom On ganomcetullics. Copyright
1996 American Chemical Soviets.
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ization in polynuclear clusters has appeared. The factors responsible for molecular
cohesion of isumeric clusters have been evaluated [139]. A second crysial form of
Os(COYf1-H ), has been observed by X-ray diffraction analysis [140}. The ligand
substitution reactivity of the squarc-pyramidal cluster Fe(C0O},:C with several small
P-donor ligands has becen investigated. A rapid and reversible addition of L is
observed via polyvhedral ¢luster expansion to the butterfly adduct FeCOyCiL).
Slow CO loss follows to give the corresponding mono-substituted products
FeCO ), ,C(Ly. Rate comparisons for cluster expansion are made to the analogous
Ru{CO),sC. with the Fe: clusier reacting ca. 107 slower due to its smaller size.
Reuactions with hgands having a Tolman cone angle =136 are much slower and do
not atterd wolsble products [141]. Treatment of Rud{CO):fp-C,PPh.){p-PPhy)
with  dppm  gives the spiked  butterfly  cluster  RuJdCO),, (dppm)
(ps-C.PPh, {p-PPh.). which contamns 4 chelating dppm ligand. Reaction of the
aminophosphine  ligand PPh(C H,NH.-2} with the same cluster  produces
Ru{CO{p-COHp-CoH 1 p-PPL Y (p-PPh-C H  NH-2 Y as the major product. The
deprotonated anthnephosphine ligand is coordinated to a trinngulated square Ru;
core. Use of the olefinic phosphine PPhy(C H,CH —CH,-2} leads 1o a pumber of
products. The molecular structures of four clusters were established by X-ray crystal-
lography [142]. The two clusters  RugCOd,p-CoM{p-PPhoL(p-CTy. and
Ru{COY,5(p-H p-COPPR{p-PPhI(n-Cly are obtained from 1he reaction of
Ru(CO) pe-C.PPh-Hp-PPhyy with  3-chlore-d-chloromethyl-2 4-dimethylpent-
1-ene. Both clusters were structurally analvzed by X-ray diffraction methods. The
former product represents the second known gxample of o clusier that contuing a
€, moisty coordinated to a pentagonal Rus core [143] Alkyne coupling reactions
with a cluster-bound dicarbon moiety {C,) are described. The alkynes PhC-2CR
{where R=H. Ph) react with RuiCO) {0-Cop-SMel(p-PPhy), to give
Rus[CONpfp-CCCPhCRI(-SMe{i-PPh,).. In the case of phenylacetyvlene. the
pentagonal Rus cluster core is retained., whereas an envelope-type core 1s found in
the diphenylacetyiene ligand reaction. The auture of the C € bond coupling products
was ascertained by X-ray crystaltopraphy [144]. The formuation of butatrienylidenc
by Ru, clustiers is deseribed. Treatment of RudCO} (p-Cap-SMe)s{p-PPh.), with
t TMS1.C vields RudCOY, (py-CCCCHTMS Hpa-SMe{p-SMeu-PPh.); as a mix-
ture of geometrie isomers. Alkaline hydrolysis removes the TMS group and gives
the corresponding butatnienvlidene cluster. The latter eluster exhibits an open enve-
lope conformution, as determined by X-ray analysis. Thermolvsis of this same cluster
under a4 CO purge at 80 C atfords RudCO, (us-CCCCH H{u-8Mey4p-PPh,)a.
which is shown (o possess a spiked rhomboidal Ru; frame [145].

A review discussing the synthesis, solation and characterization of polynuclear
arene clusters has been published [146]. The planusr hexaosmium  cluster
HOs{COspin-n-NCH,CH CH ) has heen isolated from the reaction between the
atkylidyne cluster H Os (CO 0 -NCHCH = CHay and Os,iC0O), 4 MeCN),. The
94-¢clectron Ox,, cluster exhibits an uaprecedented planar Os,, geometry in which an
open Os; chan is fused to an edge of an Os, triangle by two Os Os bonds
and  once  bndging hvdrde  prouwp  [147) The  X-rav  structure  of
(p-HIRu (COY, 4 PPhOtp-S) - SCNHPhNPh), which is obtained from the
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reaction of the hexadecacarbonyl cluster and PPh,, confirms the presence ol a
significant degree of clusier deformaution upon substitution. The substitution chemis-
wry using Me,S, PBu,, P{OMe}, 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 Qs (CO)(p-COV(u-H W n-C FsNNNC,F.) are reported. The isolated
product  originafes  from  the intermediate  chuster  Os(COip-H -
{MeCN LN -C, F.NNNCFL) [149]. Treatment of [Os(COY(HY  with cupric
salts in CH,CL, gives several known cluster products, including the new cluster
Osa(u-H HCOY up-1-COL30s,5t0-H )1 COyy,. This cluster has been fully charac-
terized in solution and X-ray diffraction analysis, which confirms the presence of
the p,-n*-carboxylate moicty [130].

The synthesis,  electrochemical  behavior  and  X-ray  structures  of
[Fe,N{CO},  PPh{CH FeCHyp!] - [FeN{COY, ' and  |Fe N(H H(CO;F
are presented. The synthesis of the PN-labeled hexairon clusters has allowed for
the measurement of the NMR chemicat shift and IR bands of the intersutial p-N
hgand [131]. The ultraviolct-laser-desorption mass spectra of Ry C{CO},;-.
Ru, C{CON AN"CH:Me} and Ru CLCOY ™ CH Menip-C 1 1-Med have been
recorded. The ctustering process commonly found m such mass spectrometry stedies
is discussed [152}. Pentamethyicyclopentadiene reacts with the carbide cluster
Ru, C{COY,- 10 preduce the chelated cluster Ru,C(COY,,(p-1" 1 *-CH,L,C.Me. Cp
groups may be mtroduced inte Ry, C(CO) - to give Ru,C(C0O1,.Cp, by treatment
with nickelocene in reBuxing hexane, The NMR and IR data for both clusters are
reported, and the moleculer structure of cach cluster was estabished by X-ray
analysis [153]. A sceond solid-state womer of JPPNJRu C{CO)N(CH:)] has
been obtained from a hol methano! solution of the ciuster. Both isomers of this
cluster possess dentical 1R and variable-temperature 'H and C NMR spectra;
however. the differences v the carbonyl  stereochemistrivs  are  documented
by X-ray crystallography | 133]. Thermolysis of Ru,C(CO),- with dimethyl
cvclohexa-1.3-diene-1 4-dicarboxylate  allords  the isomeric  cluster complexes
Ru C(CO),n"-C H{COMe)-1.4] and Ru CCOY, o i -C Hy-
{0, Me)a- 143, The selid-state architectures of these clusters and their potential use
in copolymerization reactions are discussed [155]. Nitric oxide has been atlowed o
react  with PPN [Ru C(COY,,] to vield the  nitrosyl  cluster  [PPN]
[ Ru, CtCO I NOY in good vield. Additional reaction with NO leads (o the pentaru-
thentum cluster Ru CLCO), i NOVINOL). The presence of the nitrosyv]l and nitrite
groups was determined by X-ray analysis. Reaction of NO with the allyl cluster
{PPN]RuCCO) s(CHN gives both Ru C{CO), LCHHINOY angd
Ru:C{CO i NO){NO,). The cluster Ru,CICO N (CH(NGLY (Fig. 143 has been
isolated from the reaction of Ru L 0CO 3 ,(C HOUNO) with NO Ji36].

Thermolysis of RudCO}, i cthano!l gives the hydridoruthenium  cluster
[RuoHACO ] . Use of methanol and H.O as solvent furmishes the high nuclearity
chuster [Ru  H(CO -] X-ray analysis of both clusters shows related metal cores,
with the latter cluster bemg o square-faced capped congener of the Ru,, cluster.
‘The 'H NMR duata and reactrvvity with [AutPPhy| are deseribed |157). The high
vield synthests of [Ru.(p-H y(p-NCH ) LCOTE Py LRy, ofu-FLHp,-C HCO),,] itom
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Fig 10 Xoray structure of RuCECG) G0 HoeNO L Reprinted with permission (rom Organomietailivs,
Copyright 1996 American Chemicad Socien.

the thermolysis of Ru,(p-H H{u-NCH 3(CO ), 1s presented. When the same reaction
ts conducted in the presence of [Ph,P][BF.). the corresponding Ruy, cluster may he
isolated as the | PhyP} saltin moderate yvield. The phosphme substitution chemistry
exhibited by the Ru,, cluster has been investigated, Hydride and CO ligand 8uxon-
ality in the new clusters has been examined by '*C EXSY mcasurements [138).
[PRLPIR uy - H ) pmCHCO),,) reacts with PeOMel, {2 cquivay te give o mixture
of mono-. bis-, tris- and tetrakis-P{OMe), substituted Ruy, clusters. This report
cludes the X-ray structure of [Ph P Ru o 0-H 1, -CreCON  PIOMe). L L], which
reveals that the two POOMe); groups occopy apical sites on the cluster. Use of dppa
(3.5 ecquivay  alfords  the  linked  icosaruthemum  cluster diamon
[t Ruo-H 3, -C HCO; an-dppal)” as the major product [159].

2.6, Group Y elusiers

The ligand stereochemistry about the clusters M,L(COY, (where M=Co. R
L=Cp. Cp*. n"™-Indy and Co,Cpyius-n 07 -RR'C,H,) (where R=R’'—H. Me.
Et: R =Me. Et. Prl. R"'=H} has been examined by using MM3 caleulations | 160].
The triangular clusters CpfMatp-CH ) (p-H ¥ {where M =Co, Ni} have been prepared
from Cp*M{acac } and MeLi. Both clusters are paramagnetic. The d6-clectron cobalt
cluster possesses degenerate orbitals that are half-occupied. accounting for the
observed paramagnetism. The 49-clectron nickel cluster has u single electron in an
ay orbital. as expected. The wthydride cluster Cp?Coyp-CH Hp-H i, is obtained
from the reaction of Cp¥Codp,-CHi(p-Hy and H. Bond-length comparisons
between these clusters are made relative to the electron count [ 1617, Thermal and or
photochemical activation of (- 1.2.4 - BulCHOCo (€0 with white phosphorus
leads to the  wrinuclear complexes  [(n7--1.2.4 - BusCHCo) Py and
[in" —1.2.4 - BuCH.3Co] Py, The molecular structure of the Py derivative has
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been solved [162]. Nucleophilic atluck on  the face-capping ligand in
(CpColipy-nin®:m -p-fluoro-y-methylstyrenel, which was prepared from the reac-
tion between p-fluoro-y-methylstyrene and CpColp-C Me,). occurs when treated
with hydride or phenyl anion. These anions react by way of fluonide displacement
[163]. Mctal versus hgand protonation has been explored m the clusters
{CpCollu;-niin“in-arcne} {where arcne=isopropylbenzene. 1.4-dicthylbenzene,
1.2-diphenylethane. 1.1-diphenylethane}. These clusters are protonated at the three
metals to give [{1,-H )CpCo)sipy-nhim’in’-arene)]*. The X-ray structure of the
1.1-diphenylethane derivative (Fig. 11) confirms the sitc of protonation. Arcnc
ligands bearing unsaturated substituents arc protonated at the -carbon of the side
chain. The site-selective nature associated with these protonations is cxplained by
extended Hiuckel MG calculations. using both charge and overlap control argu-
ments [164].

CodCOY, and perflucre diphenyl sulfide react 1o give the sulftdo-capped cluster
CofCOILCFaHu,-8), Xeray analvsis shows that the C.F; hgand binds 1o a single
cobalt center by an  aryl Co  sigma  bond  [165}  The  cluster
CoCOJIM-CSi{OH },] has been the subject of an X-ray study. which has revealed
an oval framework structure consisting ol eight monomeric units. This cluster and
a polyethylene giveol derivative were examined as catalysis in the hydroformylation
of 1-hexenc. Catalysis proceeds without an induction period and with high conversion
and high chemosclectivity to the corresponding aldehydes [166]). Treatment of
CofCOW[u-CSIHOH ] with EMec, {where E=AL Ga, In} in THF lcads to the
group 13 heterostloxanes [Coy COYefp;-CSH{OE 3, - THF §, 1n good vields. Full selu-
tion characterization and the X-ray structure of the Al complex are presented. The

Fig. 11, X-ray structure of ((p-H HOpCoy dpe-n i i - PhuCHOH 1] Reprinted with permission itom
Organometallics, Copynight 1996 Amcrican Chemical Society.
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hydroformylation of |-hexene has been investigated in order 1o identify the active
catalyst species in solution. The Al- and Ga-containing heterasiloxanes are more
active than the In analogue. The presence of CoyCOY, during hvdroformylation
suggests that cluster decomposition s occurring and that lower nuclearity species
are presumnably responsible for some of the observed hvdroformyiation activity [ 167].

The reaction between Co fCON{u;-CFe) and the diphosphine In_dnd bped fur-

nishes the cluster CodCOp-n7m -C(Fey C= C(PPh-y(C{OXCH U()ll {12-PPh,}.

The precursor cluster Co,(CO)-{bped 3{1,-CFe) was observed in solution by [R
spectroscopy but was found to be unstabie. transforming mto the CoCOy, cluster,
The X-ray structure  confirms  the wdentity of the CodCO)Jp-n'in'-C-

I e . .
t‘FC}('=('(Pph‘)(‘(0)( HL (0}] (p,—PPh . FElectrochemical  analysis by

<l:~51g1'ldb|\. to the 071 7. f) 1 dﬂd P2 redox Loup]u,, l"hL compasition of ihc
HOMO and LUMO was assessed by carrving out extended Hickel MO calculations
[168]. The clusters CofCOin,-CRI {where R=Me, CO.Me} have been allowed
o react  with  the  unsaturated  phosphine  ligands  Ph,PCH CH, uand
{Z}-Ph,PCH CHPPh, Al clusiers  were  characierized by spectioscopic
methods and X-ray crystallography i the case of
CoiCO-1£-Ph,PCH  CHPPh|(n-CCOMel [169]. Face versus vertex coordina-
tion of tndentate crown thicethers in several Co(CO),u-CRY {where R=Cl, Me.
Ph) has been explored. Six-membered crown thioethers coordinate to the axial sites
of the duster to give CofCOLp-cronnp-CRY. whereas the nine-membered
crown cthers replace all three CO groups at a single cobalt center (o produce
CodCORM-COHorownHn-CRY. Seven X-ray structures are presenied and the
stroctural differences discussed [170]. The clusters CogCOY i PPhjp-n7n’-

r
P Ph)("=C(PPh:J(T{()'}(')(l'.‘{())] twhere # =0, 1} have been prepared from the thermao-
Tysis reaction of CodCOLmenviene) and the ligand bma. The X-ray structure of
the PPh,-substituted cluster { Fig. 12} contirms the P Ph bond cleavage and transter
of the phenyt group o a transient y,-PPh; ligand 1o produce the PPh, ligand in

CodCOIPPh Y p-n"n'-P Phy C=CIPPhCIONOCIO)], Electrochemical compari-

sonts between  these  clusters and  the known  carbene-bridged  cluster

™

Co gt COIis-n"in'-CePhy C=CiPPRCIONOCIO)] (),-PPh,) are discussed [171].

The Rh €O, -catalyeed hydroforimylavon of i-. 2- and 3-vinvipyrrole at 40 €
vields the corresponding branched aldehydes with high v-remoselectivity [172].
R, (CO},, has been emploved as g catalyst precursor in the double carbonylation
of ditedomethane in the presence of tnethvlorthoformaie o give diethyimalonate in
good vyield [173]. The cluster Rhy{CO) s(u-bpuap) was  svathesized  from
Rh €00l and bpnap under CO. The moleculsr structure was estabhished by
X-ray erystaliography. The hyvdroformylanion of 1-octene was mvestigated with thes
cluster as catalvst. A moderate # 6 ratio wus found for the product aldehvdes [174].
The hydroformylation of (15, 351 —)- and (1R, 3R)-{ ~ )-B-pinence has been studied
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I 1
Fig. 12, 3eray structure of Co g COL PP -1 p -0 Phy T=CPPRACIENOCTON reprinted with
permission Trom Organometillics Coparighn 1996 American Chemical Society.

by using catalyst mixtures of RhyiCO . o Rh(COY, and CoACO),. High diastere-
oselectivity 18 observied [175]0 The hvdroformylation of simiple olefins has been
studied by using clusters supported on unfunctionalized inorganic carners. The
nature ol the surface species and proposed reaction sequences are described [176].
The  dentericlormylation of  Ll-diphenyviethene  using Rh(COy,,  gives
A 3diphenylpropanal-1.23-d,. the monodeoterated olefin 1 1-diphenvlethene-d- and
the labeled normal aldehyde. “H NMR studics demonstrate that a tertiary aikyl
rhodium intermediate s Tormed oo greater amownd than the normal isoimer. and
which undergoes B-hydride climmation without formation of the branched aldehyvde,
1t was concluded ihat any analvsts based on the regrorsomeric rattos of the product
wldehydes may lead to eirroncous conclusions regarding the impaortasice of the perti-
nent mectal alkyl wmermediates [177],

Ligand subsutution in CodCOy (py-PPhy, with PhPMe, (2 cquiv.) gives the
corresponding bis-substituted cluster CodCO R PhPMe ) {u-PPhl as the major
product, X-rin diffraction analvsis shows that the PhPMe, groups adopt a 1.3-¢fs
orentation about the clusier polvhedran,  Generahzations pertaining to the
regiochemisuy and stevcoselectivity in the substitution of twoe CO groups in 1his
genre of cluster are discussed with respect o the capping 1,-PPh moicty [178]. The
reaction ol [RhCHES-CODY.  with pare-toluidine and Buli  leads (o
Rby(p-N-tolvh ) 1.5-CODy,. This cluster s the first example of an p,-imide rhodium
system, Here the (wo tolyvlimido ligands cap either side of a Rh; triungle by nitrogen
coordmation. with the ring of one phenyl group binding an isolated Rhi £5-COMD)
fragment. The X-ray structure confirms the molecolar structure of this cluster [ 1791
The reversible farmation of rafthke imido-bridged rhodium clusters by the migration
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ol RhL; fragments has been described [180]. The synthesis and characterization of
Ir JCOLu-CO i p-PPh PYH PPh Pyl Ir f CO{u-CORip-PPhPy ) PPhPY,},  and
tr (COR(p-COBRu-PPY PPy, from Ir{CO}, and pyridylphosphines are pre-
sented. The reactivity of these clusters with CO s discussed [181]. The first diimine
complexes of Ir(CO), - have been prepured. Treatment of [Ir (CO) X] (where
X=RBr. [} with aromatic ditmines 1n the presence ol silver{1) salts Turmishes the
clusters Ir(COY I N- Ny (where N N=1.10-phen. 4.7-Mec.phen. 3.6-Me,phen.
3.4.7.8-Mce,phen, bpy, 4.4-Me,-2.2-bpy). The X-rav structures of the first and last
of these dervatives reveal that the dismine ligands chelate to a basal widium center
[182]. Reduction of [HOP*Rhhip-CHolalAu-SyolF - with NaBH; leads o the
dinuclear complex (Cp*Rh)a{p-CH,l(p-S4). as determined by 'H NMR and FAB
mass spectrometry [183]. [1r COY,Brl[EGuN| reacts with PhaPPy {2 equiv.) 1o give
Ir (CO PhaPPy).. Both ligands act as monodentate P-bonded ligands that are
coordinated to wwo of the busal iridium atoms m an axial and equatoral position.
The fluxional behavior of these pyridyiphosphine ligands was examined by vanable-
temperature *'P NMR spectroscopy. The reactivity of this cluster with added
[CutMeCN LIBF,] and [Ag][PF,] is discussed [184].

Rh (COy, ~catalyzed carbonyviation of 2-alkynvlbenzaldehvde under water: gas
shift conditions leads to the production of novel tricvelic luctones [185]. A report
on the analysis of "*C and YO chemical shift tensors of Rh (CO},, has appeared.
The electronic structure of the Rh,, cluster was investigated by using electron localiza-
ton functzons, which reveal that the bondmg clectrons are mainly localized on
the unbridged octahedral faces [186]. The reaction  between  CodC0),
and p-tCLOYC H, affords the new cluster p-[{OC 1,CoCLCH, The related
clusters  [{O€ ), CoCCIN)C H-CHA{UOICCoCON] and  m-[{OC 3,Co,CC-
{OYWCH,).C.H, have been synthesized by simitlar techniques. Cyelic voltammetric
studics have been carried out and electronic communication through the benzene
spacer of the first cluster has been observed [ 1871,

Ethanol syathesis from CO, on o TiOs-supported  catalyst derived  Trom
[PPN 2] RbyySetCO,;] 15 reperted. The EXAES spectra of the supported catalysts
were investigated under o varety of conditions [ 1¥8].

27 Groap Hi elusiers

A publicaiion  discussing  the  recharactenzaton  of  the  clusters
[+ Pudiphosphine ) tRNC H P11 has appeared. These compounds have been deter-
mined to be Pt Hg Pt mixed-metal systems. 1CP emission speetroscopy was used
to determine 1o ratio of the metal atoms | 189]. The complex [Pt{u-PPh.(C Fo]
reacts with ofs-PUC,FOL{ THE | to give [Pry{p-PPh{C Fo):] . whose Xeray struc-
ture shows the presence of an unusual 14,-PPhi 1.2-1°-Ph)-K*P phosplhido hgand
and semibridging C F. hgands [190]. The ability of halide ions 10 bind with the
clusters |Pdn-dppm) fCON - and [PIPdCoi{p-dppmi-{CO}{ Bu'NC} ™ has been
examied by UVovis spectroscopy. The binding varies as 1 >Br >l | with the
Pd, cluster coxhibiting the highest binding constant. MO calculations  on
[Pd-Cotp-dppmiiCOL] T have been carried out n order o predict the composition
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of the lowest electronic bands m this and related clusters [191]. The self-assembied
monolayers of 4-{p;-todo-tris | bis{diphenyiphosphinoimethane Hj-trinickel-isocyano-
phenylenesulfide have been examined by cyclic voltammetry. The rectification beha-
vior exhibited by thiy and other structurally similar clusters 15 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
[Pd{ p-dpam){COI] * has allowed for an increase in the size of the cavity in clusters
of this geore, The binding constants for soveral neutral and anionic substrates have
been measured by UV-vis spectroscopy. The larger cavity size of this new cluster
has alse been demonstrated by consideration of the solved X-ray structure [193]1 A
spectroelectrochemical study on the trinickel elusters [Ni(G-Lips-1 Hups-dppm};)”©
{where L =various carbon capping ligands) has been curried out [194]. The photo-
induced oxidative degradation of the unsaturated clusters [M (p-dppm),(CO° "
(where M =Pd, Pt) by chlorocarbonys and chloride 1ons has been deseribed. Detailed
photochemica]l experiments have been conducted and the phototranstormations
aceurring during the early stages of the reaction discussed [ 193], CO reacts with the
dinuclear complex PL[pG-PiBa')-1-0 H 1L{ P{ Bu',H [, to aflord the new PUPPE™ 1rian-
guiar cluster Piyjp-P{ Bu".l H HCO).. The X-ray structure of this 44-electron cluster
s prescuted {Fig. 133 along with detatled multunuclear NMR data. A working
mechanism lcading to the formation of this Pty cluster is discussed, und the reactivily
of the cluster under high pressures of CO and phosphine hgunds is deseribed {196,

The synthests  and  Xeray structure of  the  tetrapalladium  cluster
[Pd{p-Cl)iu-{o-K-PhSCHCH,C F5}H |, have been published [197].

Reduction of POl Me.5). with excess NaBH, m the presence of dppp affords
the cluster compound Pt fp-CO) ip-dpppi-(dppp: in high yvield. This cluster contains
iwo separate Pt; clusters bridged by two w-dppp ligands. Reaction with either
{THPF,| or mercury feads to the cluster eryptate complexes [ TIPLICO)(dppp)s]
and HgPt  COtdpppta. respectively, The Xeray structure of the thallium derivative

Fig. 13 Xeray strocture of Ptyfp-PiBu ] H OO Reprinted  with  permission (rom  Inarpaiic
Chemistey, Copyrigint 1996 Amencan Cheinical Society,
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reveals that the T1' jon 1s bound in sandwich fashion to all six platinum atoms
[198]. A report describing the bicluster oxidative addition at Pt {u-CO}{u-dppm),
and [Pt,{CO}(u-dppm),|* " has appeared. Here the formation and reactivity of the
clusters Pt us-SnX;)-{u-CO(p-dppm), (where X =F. Cl. Br} are discussed relative
to intertriangular Pt Pt bonding [199]. NaBH, reduction of PtClL(Me.S), in
the presence of (O and diphosphine ligands turnishes the clusters
Pt fu-CO){u-P P}t P P}, iwhere P P=dppe. dppp. dppb. dpppe. dpph). The trap-
ping of He, Tt and AuPPh, ions is described. Extended Hiickel MO calculations
on both irigonal prism and trigonal antiprism cluster HgPt,, geometries reveal that
there is little barrier to rotation in these clusters. indicating that the observed solid-
state structures are determined by steric and packmg factors [200].

The “ship-in-bottle™ synthesis of [Pt,(CO},]°  encapsulated in ordered hexago-
nal mesoporous channels of FSM-16 is reported. This material was analyzed by
X-ruy powder patterns and EXAFS spectroscopy. High water-gas shift reactivity 1s
reported for this cluster [201]. The svnthesis and X-ray structure of the turge
nuclearity cluster [Ni;2C(COYJ°  have been published. This cluster is obtained by
CO degradation of [NiyC(COL," " and from the thermal decomposition of
INLCACON)  in diglyme sodvent at 110 € {202].

2.8. Group Fi clusiors

The copper  clusters  [Cuy{dppm)fuy-n'-C=CRIP*Y  and  [Cu,idppm);-
{py-n'-C-CRY ™ ¢where R =Ph. Bu'} have been prepared and their luminescence
chemistry studied. The X-ray structure of [Cuy(dppmiiips-1'-C=CBuY)j[PF},
accompanies this report [203]. The synthesis of the homoleptic copper(] } complexes
Hu({SePy}, und [Cul{SePy*)], [where SePy* =( 3-TMS)pyridine} has been described.
X-ray analysis reveals that both clusters possess a tetrametallic core of copper(1)
s bound to two doubly bndging 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 H.Me;-2.4.6) in the presence of organic halides has been
explored [203].

3. Heteronuclear clusters
3. &, Trinuclear clusters

W(CO}{THF ) reacts with Fe(COip-8eTe) and Fe(CO)(p-SSe) to give the
wide clusters WEFe(COY, ol ps-Sed{u;-E Y {where E =8, Te}, These clusters were charac-
terized in solution by IR and NMR (1C, 7Se. 1*°Te) spectroscopies and by X-ray
crystallography m the case of the Te-capped cluster. The X-ray structures of the
known clusters WFe {CO),(p1,-8e), and MoFe{CO),(1:-8¢), are also presented
[206]. The heterometaliic clusters { -5 HCp*Rudk{p -8 M-85 MS {where M = Mo,
W) have been solated from the reaction between Cp*RuHp-C131.RuCp*Cl and
excess [MS,J® . The molecular structure of cach cluster was solved by X-ray analysis.
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PEt; reacts with the WRu. cluster to  give Cp*RWPELHD-SOW
{1,-S;IRuCp*( PEL) |207]. The synthesis and churacterization of trinuclear clusters
twining a M Hg M linkage (where M =Cr. Mo, W) have bheen published. These
clusters may  be isolated  from  the reaction  between  [M{COR(R -
CHZCH -0 MCOL) [where 7 =C(OYH,CH.C{O), CH.CH,OCH,CH,)
and PhHgCl [208] CO substitution in the nuxed-metal cluster (MeCpiMoFeCo
{CN{i1-8) with dppe produces { MeCpiMoFeCo(CO} (p-dppe)(pa-S). The dppe
ligand is shown to bridge the Fe Co bond by X-ray diffraction analysis j209]. The
reaction of (p-H).Fe (CO)gtp;-Se) with [CpW{CO),], in refluxing m-xylene gives
wo products, one of which is the cluster {u-H 1WFe(COLCOptu,-Sc). whose X-ray
structure was solved. The other product is presumed 10 be W,FetCO)-Cpafu,-Se),
on the basis of spectroscopic analyvses and combustion data [210]. Trcatment of
SteCoC0), with {RCp)Mo{CO)[Naj (where RCp=HCO., MeCO. EtQOCO)
vields the clusters SMoFeCotCOR(RCpy Reduction of the aldehyde and ketone
side chains by NuBH, ix described. The Xeray structure of the acetyl derivative is
presented  [211]. The barriers to vertex  rotation in FeCo,{C0LS. and
CpMoCoACORLCH) have been analvzed by extended Hiackel MO egalculations.
Retation ol the Fe{CO); moicty by 68 leads to a weakening of the M-M bonding
mteraction  with  the  FeCo, iriangle [212). The pe-vinvlidene  clusters
Mo RutCO-Cpa{u,-C- - CHR') (where R'=H, Me. Ph. CO.Me} have been synthe-
sized from RuyCOyyy and CpoMofCOp-HC =CRY). The X-ray structure of
Mo-Ru{CO)-Cpp,-C -CHMe) shows that the Mo;Ru triangle 15 face-capped by
the vinylidene ligand which 15 o-bound to the two Mo centers and n-bound to the
ruthenium atom. Alse isolated from these reactions are the hexanucicar bistalkyli-
dyne) clusters Mo Ru (CO) -Cp4p,-CH ) -CRJ. In the case of R'=H, this repre-
sents the first example of the scission of ethyne into two methyvlidyne fragments at
a metal cluster [213]. A study desenibing an approach 1o mixed-metal clusters
containming selepelate and icllurolite igands has been published. The X-ray structure
ol (COLMuip-TePhjCo{CONp-8ePh,Mn(CO), is discussed [214]. Thiophenol
reacts with the oxo-acetylide cluster Cp*W{OReACO)p-C  CPh) to furnish the
binuclear complex Cp*WiOIRe(COR{p-H ¥p-C - CPhy o high vield [215].

Treatment of ReCORMeCON Hp-H ip-C,Phy with [CotCO1]  AuCl(PPh,)
gives the clusier Re;Au{CO PPhp-C.Po ax 4 minor by-product. The syn-
ol ReaAu{CO L PPha(n-dppan){p-C.Phy and Re{COY{u-H ) p-( PPh.),-
CHIAUPPh ip-CoPhy are discussed. The metalated dppm ligand in the latter
cluster was verified by spectroscome methods. An analogous Re,Rh cluster contain-
ing i CH{PPh,), ligand 15 also reported [216].

Metal triangle rotation i the solid state of Fe,Ru(CO3,, and FeRu-(COy,, has
been demonstrated by variable-temperature X-ray crystallography. The phase change
from u poncentrosymmetric and ordered structure at low temperature to a disordered
centrosymmetric phiase at higher temperatures provides the evidence for triangle
rotation in the solid state {217]. Variable-temperature X-ray diffraction and ¢
MAS NMR data arc presented for Fe.Os¢C(),,. The reported data support the
existence of i low-cnergy process imvolving the in-plane rotation of the Fe,Os triangle
that oceurs w steps of 60 within a relatively rigid 1wosahedral carbonyl manifold.
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The higher energy fluxional process involves a localized axial equatorial exchange
of CO groups on the Os{CO}); moiety. EXAFS spectra ndicate that identical
structures are present in the solid phase and THF soluuon [218]. The mixed-metal,
mixed-chaleogenide cluster CpFe.Co(CO,(p;-SHp,-Ted has been synthesized from
CpCo(CO), and Fe{CO}(pn-STe). The full selution characterization and the X-ray
ditffraction structure are discussed [219]. Photolysis of jCp¥Fe{u-NO)], with
Cp*Cofethylene) leads 1o NO transfer from iron to cobalt and formation of
Cp¥Co;in-NO)Y; and Cp¥Co{pa-NO) (p-UMe). The latter cluster was examined by
X-ray diffraction analysis, which reveated a statistical  disordering of the
uy-bridging  groups. The wnexpected cluster UpfCoxp;-COMG-0OY was  also
observed. while the only contaming won product, Cp¥Feyu-NHiue-NO) was
isolated  in Jow  vield [220]. The lour clusters CptCONRulp' .17
nW-COWCH  C- CHL)FeACON. (CORFeiu,-COMRuCPi-COFe(COL;-R -
CCH- CH.), Cp{CORRufp -0 o’ -CHCCHCCH YCH ) CO), FeFe  CO.-
{1L,-COMNRUCONCp and (COLFeRuWCOYCopFe(CONp-n" 1 . -CCHCH,L) have
been  prepured from  the thermolvsis  reaction  hetween  Feo(CO)  and
CpRu{CONLICH - C-~ CH,} Two X-ray structures and the reactivity of these clusters
are deseritbed [224]. Several chiral clusters have been obtuined from the reaction
between SFeCo,tCO), und [TRCIOMpiMCO,]  twhere M=Mo. W: R=H.

EtQ} using  clectron-transfer-catalyvsis  conditions [222]. The 1.5-COD
and  in FeldCONR-SHPUHLS-COD) s repluced by Ph.PPy w0 ailord
FedCOL1-51,PUPh.PPy .. X-ray analysis mdicates that the Ph,PPy higands coor-
dinate to the platnum center by the phosphorus atoms. Cyclic voltammetry studies
and the results of extended Huckel MO caleulutions, which address the nature
the HOMQO and LUMO. arc presented [223]. Various {erraboruanes have
n allowed to react with ColitCOY to @ive muxed le:Co clusters. The new
sters solated  include  Fe,Co(CO{p-CONBH.) FeCo{CO)p-CON B,
FeCoCO){ BH Y, and HFe , CotCOY.(BH L A radicul-based substitution mecha-
nism is proposed for the observed Co{CO), fragment addition and exchange reac-
tions [224]. The synthesis of Os,PH{COW PPh;) from Os4CO)(p-n' n'-C,Hy) and
P1{ PPh,).i1*-CoH ) 15 deseribed. The molecular structure of the product ( Fig, 14)
shows an Os.Pt trizagle with the PPh; ligund bound to the platinum center. Variable-
temperature N MR data indicate the existence of three isomers m solution as a result
of PPh; redistnibution about the cluster. The mechanisms and energetics of the
isomerization sequences were determined by P NMR selective inversion magnetiza-
ton transler experiments [225].

The synthests and X-ray structure {NBD dervative) of
[tdicne}R i u-O{ AuPPh,), . (where diene=NBD. 1.5-COD} are reported. The
geomelry of these double oxygen atom centered clusters having an unusual trigonal
pyrumidal oxvgen s governed by the Au Au and Au Rh bonds [226]. The prep-
tion  of the heterobridged  heterotnnuctear  clusters  [Mip-P2)(p-PPh,}-
{1.5-COD.Pd (where M =R, Ir) has been published [227]

The reaction of s [Puip-dpmpid XyINC)LI'" with | MCi{1.5-CODj),
(where M —Rh. I3 gives the linearly ordered Pi Pt M clusiers
[P MCH X¥INC 3 tp-dpmplaf X¥INC)H? ' and the asymmetrical A-frame clusters
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Fig, (4. X-ray strugiure ol O~ PUCO)G PPR;). Reprinted with permission from Organometallics.
Copyright 1996 Amernican Chemical Societs.

[Pty M{ X¥INC 3 {p-Cl Hp-dpmp)o( XyINC)HF ~. Three X-ray structures have been
determined. and the existence of Pt-Ptand Pt M d"-d"” covalent and d°«d” dative
bonds. respectively, are discussed [228]. Direct Ag- Pt mteractions m pentailuoro-
pheny] A-frume complexes have been verified by X-ray crystailographic studies [229].

Au,Clidppl ) reacts with LiL,S (1:] ratio) to give S{Au,dppl ;. which has been
allowed to react with neutral and cationie gold (1} fragments to vield various polynu-
clear complexes. The X-ray structures of S(Auw.dppf } 2CHCI, [iu-Au.dppt -
'S{Audppl)LIOTH ), - BCHCI; and [S{AuPPh,Mels{ Au,dppt Y[C,), - 3CH,CL,
are reported [230]. The synthesis and characterization of tnnuclear Au,Ag and
Au,Cu complexes with mesityl bridging ligands have been published [231].

3.2, Terranuclour clusters

Treatment of Cp,Ti{SH 3, with [Rh{p-OMe¥ wirafluorobenzobarrelene)), yields
the cluster CpTi(p,-8 p.]Rh{1etrafluorobenzobarrelenc)]y. The X-ray structure was
determined and the unusual structural purameters discussed relative to the deactiva-
tion of metal sullide catalysts [232). Cp, Ta{CH.}{Me) has been allowed to react
with RuiCO),, to give CpotMelTa{u-OWRu(C HHCO),. which contains a
d-carbon cumulene ligand that bridges the three ruthenium centers. The use of this
early lute metal cluster in €O bond reduction and cleavage reactions is discussed
[233}.

The synthesis of | Mo;Re{CO),H,J*  from [ReHq* and MotCO)(diglyme) has
been published. The solid-state structure reveals a pseudo-tetrahedral arrange-
ment of M{CO); tragments. while variable-temperature NMR measurements indi-
cate that the CO ligands are fuxional. The ancillary hydrides are static on
the NMR ume scale [234]. P C bond activation has been observed during the
thermolysis of CpWiry(COR(pn-COJ(PPh,).  Iselated from the reaction are
CpWIryCOp-CO ;-1 -PPheC H )} tmajor product ) and CpWIr(CO},, {(minor
product). Starting with the bis-substituted PPh; analogue gives the previous major
product and 1ts PPh-substituted analogue. The X-ray structures of both
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PPh;-activated clusters confirm the identity of these products {235]. The new cluster
Cp-Mo,Fe.8Te{C0O); i1s obtained as the major preduct from a retluxing benzene
solution containing Fe ,(COWS H Te) and Cp,Mo,(COy,. The X-ruy structure of this
and five other related chalcogenide-capped clusters are included i this report [236].
Coupling of phenylacetylene and CO is obscrved 1 the reaction between
[ WOs3(CO G {n-COp-H) and  phenylacetviene. A moderate vield ol
WOs{COY fu-Hy-n*-COH G PRYCIOH)) 18 obtained. The spectroscopic and
crystallographic data lor this cluster are discussed [237], A detailed imvestigation on
the mtermediates mvolved in the reaction of CpWOs (CO), (p,-CToly with H. and
H.O is presented. Decarbonvlation of CpWOs{CO), {u-CToly with Me,NO.
fellowed by reaction with H, and H,0O. preduces CpWOs(COY u-CTol dp-H ),
and CpWOsCO) ofia-CTol Hu-0). respectively. Thermolysis of the  hydrido
cluster with  H.0O  affords the hydride oxo  alkylidene  cluster
svi-CpWOs{ CON{ - CHTol Hp-O3{u-H ). where the tolyl group on the alkyhdene
ligand is ormiented sim w0 the p-oxo ligand. The ewahedrad cluster
CpWOs (COWR-O{p;-CTol )y 15 obtained from the decarbonyviation of the deca-
carbonyl butierfly cluster. All clusters have been characterized by IR and NMR
spectroscopies and  mass  spectrometry. The  Xeruy  structures of  two
clusters  were  crvstallographically  solved  [23¥]. The X-rav  structure  of
Mo,Co{p-CO g COLTpaAp,-Me.C,) is reported, along with the synthesis of related
alkyne derivatives [239]. The tetrahedral clusters CpaMoaRus(p-8 1(0-SR 1L(C0),
have been synthesized Mrom Ru{CO}Y,, and CpaMoa{p-8)(u-SR ). in refluxing THF.
Both Mo.Ru fuces are capped by the triply bridging sulfido hgands. as deiermined
by the X-ray structure of the Pr' derivative [240]. Dimerization of the diynyl ligund
hias been demonstrated in the reaclion between CpW(COWC CC =CHy and
Ru;[ps-HC,C= CLOpWCO,) [ip-COHCOY. The unusual WRu; cluster isolated
was fully characterized in solution and 1ts sohd-state structure solved by
X-ray  analysis  [241]. The  synthesis  of  the  butterfiy  cluster
CpaMoCot COY1-CPh)a(p,-CaPhi) 1s desertbed. The role of w C,Ph, intermediate
complex is considered, and the unequivocul 1dentity of the product determined by
X-ray diffraction analysis [242]. Thermolysis of RuydCO)[Ph,PC H . Co{COy;}
alfords two isomers of the benzyne cluster RuyCOR(C H I PPRC H.Cr(COL)-.
while the osmium anulogue decompaoses to Os{CON{C HNPC HCriCOy;] and
O3, CO ¥ PhPC H N Ph.PC HCr(COY,). The thermolysis reactions of the related
sopropylphosphine complexes have also been examined. Four of the products were
charucterized by X-ray crystallography [243]. She-selective  substtution in
CpWie (CO),, by phosphine ligunds has been observed. The course of these reactions
was assessed by NMR spectroscopy and X-ray diffraction analysis. The X-ray
structures of CpWirydCO(p-CONPPh (Fig. 15). CpWir(CONu-CO( PPhy),
and CpWir{COJ{pu-CORIPMec;} are mcluded in this report [244].

The electrochemical properties of [Mn{COY, fu,-H)(p-HgM IPPh,] {where
M = various metal carbonyl lragments). [t Mny(COYst-H ¥ LHe? .
[ M {CO} . -H YA (dppe)]? and | Mn(COYps-HiAW {AuC), )
(where =1 3} have been investigated by cyclic voltammetry and coulometric
methods. All clusters exhibit a quast-reversible oxidation and un irreversible reduc-
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Fig 150 Xeray structare of - CpWihe gCOrap-COVPPhy, Reprinted  with permission Irom
Orpanamctailics, Copyright 1990 Awencan Chemical Society

tion. with both redox responses being localized on the Mn,Hg and Mn;Au
cores  |245]. The synthesis and  Xeray structure  of  the  puramagnetic
cluster  |p-Mn{THE ), Fe{CO), are reported 246, Reaction  of
[PPN i Fe{ COCCOCIOIMe;] with [PPN[ReiCO).] allords the metalated ace-
tvlide cluster [PPN[Fe (COLICORe{CO) ], whose X-ray structure (Fig. 16) con-
firms the attack on the beta carben of the CCOC{O)Me coordinated ligand [247].

The 1BOmeric Cp*lrin®-2.5-dimethylthiophene) and CpFIntC.5-2.3-
dmnethylthiophene} complexes have been allowed to react with Ru(CO)y .. Both
iridium complexcs yield the CO-substituted cluster Cp*ir-
{n*-2.5-dimethylthiophene)RuyCOYy,. in which the heterocyclic ligand is n*-
coordinated to the mdium center and S-coordinuted o a ruthentum atom in the
cquatoral plane. The dentity of this cluster was ascertuined by X-ray diffraction
analysis [248]. New rhenium platinum clusters exhibiting a spiked-iriangular core
have been synthesized from the reaction between Re,PHCO p(p-H )16 15-CODY
and [RetCOn4] or  [HRe{CO}¥] . The  Xeray structures  of
JREPHCONp-H LERACOH ] and [RePUTCO)G(p-H )i HRe4COLY T are pre-
sented, and the fluxional behavior of the ancillary hydride Higands has been investi-
gated by variable-temperature NMR studies | 249).

The new butierfly cluster RuglrHLCO3,,CH has been prepuared and  the
hydnde ligands shown to bridge Ru Ru edges by X-ray crystallography [250].
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Fig 160 Xoriv o structre of [PENT P OO CCReICON] Reprinted  with permission {rom
Organometallics, Copynight 1996 American Chemical Societs .

Treatment ol HRuCoJCOy,- and H;Ru,Co(CO3,  with  the  wtndentate
phosphine  ligand  HC{PPh,}, produces  HRuCofCOW[HC{PPh.}]  and
H, . Ru,Co{CO[HC{PPh,J;). respectively. The P-ligand coordinates to a Co, face
in the former cluster und 10 a Ru.Co face in the latter cluster, as determined by
Noruy  analysis [251] The reactvity  of  HRuCoyCO)|HC(PPh,1] uand
HiRuCotCOV|HC e PPh,y Y] with PMesPh has been studiwed and the resulting
PMe,Ph-substituted clusters Tully characterized [252]). The tewranuclear cluster
RusCOYp - PPhyp - 0 iz ennge - €7 C C CBuYCoxCO), has been pre-
pared and suructurally charasctenzed [253]. The bndging of o diallyl higand derived
by the unsymmetrical coupling of two allenyl groups has been found in
Cpa FeaRu{CORp--COMu,-n"-C H)e This cluster, whichh was obtained  from
CpRu(CONCH ¢ CHayand Fe,tCON.. was structurally characienized [254]. The
reactivity of Cp*RuRhH{CO 1 BH.) with dppf and dppa has been examined. with
the X-ray structure of Cp*Ru;RhHCOip-dppt i AuB). which was obtained from
Cp*Ru;RhHA(CO){u-dppi ) BH Y and Au,Ciddppt ). being reported in this publica-
tion [255]. Ferrocene chromophores have been intreduced mto Ry, and Os, clusters
and examined by electrochemical and diffraction methods. The clusiers studied have
the Torm M (CO)ip-H[p-NCHL,C H 0 -CHpFedn>-Cpy) [236]. The air-stable
clusiers HOs (OO, fOCCH  FeCsH and [HOsCON 1OQL.CCH  FeC H OO
have been prepared from Os,(CO 4 MeCN 3, and the appropnate ferrocencearboxy-
lic actd. The clectrochemical properties were exanined by cyclic voltammetry and
the molecular siructures determined by Xeray envstallography [257]. The reaction
between  OsCON U MeUN). and  Te[CHgCTMS)), at room  lemperature
affords Os(COY Ju-1n7-Fe ! CHCTMSH L] and the decarbonylated  product
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Os,(COuy-n*-Fe i CsHAC, TMS 1 5], The presence of a metallobutadieny] ligand
in the latter cluster is supported by X-ray analysis. Cyclic voltammetry studies
reveal a teversible one-electron oxidation at the ferrocene moiety and an irrever-
sible  two-electron  reduction at  the Os, core [258]. The known
cluster Qs 400, [(0*-CsH)FeCsH,CCH] and the new cluster
s CON UM -C:HgFeCH,CCH L CO] have been obtained from the reaction
between (On{CO N al MeCN 1 and cthynylferrocene. The linking of the two cthynyl-
ferrocene groups by a metal carbonyl group aflords a 2.6-bist{ferrocenyl yvinyl
ailyl ether. as determined by spectroscopic and crystallographic technigues [239).
The gold¢1} -goid(I111} complexes St Audppth I Au(C s hls and
S{AuPPhOJAUC I o);31 have been synthesized and structurally characterized [260].

Treating  Ruy(COY,  with  [RhiCO}) leads (o ihe anionmic  cluster
[Ru-RhytCOy,L1" . This anion  reacts with acids and  AuPPh.Cl 1o give
[Ru,Rh,H{C),,] (Fig. 17y and  [RuRh0 AuPPh,HCOY,] . respectively,
Whereas the parent cluster and the monohvdride possess a tetrahedral Ru,Rh,
metailic core, the gold denvative exhibits o trigonal-bipyvramidal [rame with apical
ruthenium and gold atoms. The Auxional behaviar of these clusters was studied by
CONMR spectroscopy {261].

The ionic complexes JAw{P PLICo{CO,]. are shown to be intermediates
in  the svathesis of  CosAu,  compiexes. While  the  unobserved  inier-
mediate |Au{p-dppmi|[CotCOY]; transforms inte Co,Au fCO)Lu-dppm), and
HOC HCoAu|{u-dppm) in solution. the  iselated wone  complex
[Au{p-dppip)-J{CoiCO) ], provides evidence for the proposed reaction mechanism
[262]. The oxidatively induced reductive coupling of PPh; and Ph groups has been
demonstrated in a Piy clusier. Oxidation of Plip-PPh.),{PhY{PPhy. by I, gives
[Ptiu-1 Hp-PPh, 0 PPhsI[ 1] while reaction with AgO,CCE; vields the PriAg clus-
ter Py{u-AgO,CCOF ) {u-PPh, 3L PhPPh,),. Both clusters have been characierized
by X-ray diffraction analvsis. and in the case ol the latter ¢luster g tetrahedral
Pt.Ag core is Tound [263].

Fig 17, X-roy struciure of [Ro.REHiCO),.] - Reprimed with permission irem Tnorganic Chemistin,
Copyright 1996 Amertcan Chemical Socieny.



VG Richmond Coordingtion Chemistry Reviews TaX ¢ 19U F77 230 M
.;.3. P{’ﬂfﬂﬁl{('x{’(”' {‘jl{.\'f(’f'.&'

New polvnuclear complexes are obtamned from the reaction of M{CO),, {where
M =Co. Rh} with {5°-PhCH.PhCr{CQO},. Fragmentation occurs with the cobalt
cluster to give Co{CO} -1 Nn"-PRCH,PhICr{CO),. while the rhodium cluster
remaing intact and vields Rh{COlfu-n3n®PhCH,PhCriCO);. An unusual inter-
acuon between the Cr{C(), moicty and one of the rhodium atoms is found in the
X-ray crystal structure, P*C NMR spectroscopy indicates that the solid-state structure
15 mamtained 1 solution  [264]. The synthesis and  X-ray  structure  of
MunFe,dCON {1,-Ses){us-Ted, are reported [265]. Decomposition of digold manga-
nese clusters in the presence ol AuCI(PR;) gives the unsaturated cluster
MrA U U-PIOELULCOL PR 3. {where R =Ph, El}in low yields, The X-ray struc-
ture of the phenvil derivative has been determined. and the reacuvity of
[Mn, ipn-P{OE:! fu-n2-OP(OEN), (CO)?  in cluster build-up schemes discussed
[266]. CO  session in Cp.W.RuCO),,  which  was  prepared  from
CpWRUL(CO) ,H and CpW((COLH. occurs in refluxing toluene to give the oxo-
carbide complex CoW{OCpWRU{CO),{it-C} in 22% vield. The Cp* analogue
displays similar chemmistry. The X-ray structure of the Cp*-based oxo-carbide cluster
reveals a4 wingtip-bridged butterfly arrangement of metal atoms. with the carbide
ligand being linked to all five metal atoms. Since no COL was observed in these
reactions, a CO disproportionation sequence was ruled out. A mechanism with a
putative p-n>-CO of pen?-CO ligand is postulaied [267). The reaction of
(OC)Fe.Se.{p-HC  C{C=CMeY with Os{COY ol MeCN)Y, gives {OC) Fe,Se,-
(u-HC—CC CMe}0s4{C 0y, whose  X-ray  structure  accompanies  this
report. [268].  The synthesis and reactions of  Ruyfu-HMpe-n'nZp-n®
HC,C,TMS)Co{COn-dppmiCOW  and  Osy{pe-ntinie-n?-HC.C.TMS)-
[CoLTOI-CONNCOY  have been published [269]. The buterfly  cluster
[RuCO)H(BH)| reacts with [Cp*RhCL], to give the boron-contuining cluster
Ru,RhCp*p-ClHCO,( B), The 78-electron cluster possesses an cnvelope or an
cdge-bridge syuare geometry. as determined by X-ray analysis. Carrving out the
same reaction wsing |[Rh{NBDCI], atfords the related Ru,RhB cluster and a
Ru,Rh,B cluster. The trapping of these Ru/Rh ciusters with gold{ I} phosphines is
deseribed and the data obtained from NMR studies discussed [270]. Use of the
sandwich compound Fe{n® —C.H1n" - P,C,Bub) as a ligand in the reaction with
[TryCOy Br]  is discussed. Depending upon the hgand-to-cluster stoichiometry
employed.  the  complexes 1, (COy | Fetn®  CsHa(n®—P,C,Bub)]  and
HIr i COlp-Fein®-CH i -PLCo O MeL 3 Bu' I d €O, , may be isolated. The oxi-
dative addition of one of the methyls of a r-butyl group was ascertained by NMR
spectroscopy {'H, *'P1 and X-rav crystallography [271]. The preparation and flux-
ional properties of [Ru,Cu(COY,-(p5-H 3 ]ap-dppe) are deseribed. ''C NMR meas-
urements indicate that the whoele of each of the [RuCocCO)y-{p-H 3] subunits
undergoes last rotation around the Cu P bond [272). The indathiabenzene
complex Cp*Ir(C.S-2.5-Me,thiophene) reacts with CodC0),; 1o turnish the

[
clusters Cp*lrin®-2.5-Me,thiophene}Co (OO, and [Cp* IniCiMe=CHCH=C{Me)!
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(1-C0).Col,. The tatter cluster derives from the former cluster. as shown by indepen-
deat experiments using pure Cp*irin-2.5-Me,thiophene)Co4COY,,. The X-ray
structure ( Fig. 18) of this [rCoy cluster is presented [273].

3.4, Hexamuelear clusters

The catalytic behuvior of $10.-gruited {(p;-C3H-1LRBLV,0,. and (CpRh V.0,
was investigated as molecular models for supperted Rh catalysts for the oxidation
ol propene to acetone. These two systems exhibited high catalvtic activity and were
characterized by TPD methods and EXAFS and FT-IR spectroscopy. Scveral other
zeotite-entrapped metat carbonyl clusters were also examined i € C bond forming
reactions [274]. The wsihca-supporied carbide clusters [Fe,RhCiC0O),]  and
[Fe REC{COY,,] wore studied as catalysts in CO hydrogenation and propene
hvdroformylation reactions. The thermal stability of these clusters on the silica
support was explored and the resulting species examined by Massbauer speciroscopy
and electron microscopy [275]. Highly active bimetallic Fe Tr MgO catalysts have
been prepared by the controlled  reductive  decomposition o physisorbed
jFe.lr{COY, )" and [Fe,lr4C0),5]° . The exact nature of the catalysts was deter-
mined by i sine DRIFTS chavacterizavon and by EXAFS spectroscopy [276].

The synthesis and structural characterization of {Mo,O,{3-S 1,1 Fe.SCO LY
have been published. The mixed-metal cluster contains o cis-bis{oxomoelvbdenum)
core that 1s bridged by two sulfido groups. Also reporied are the X-ray structures
of [Mo,O(p-OMu-SHEFC,SACO) L] and [Mo,Oup-OMe); ! Fo.S,CO)! )¢
The reactivity ol these clusiers with sulfide reagents is discussed [277] Treatment
of CpaMaoy{CO), with Ru(COdy, in refluxing toluene affords the heterometaihc
carbide-oxo cluster Cp, Mo Rugdne-C i -O0nCO); in moderate vield. The X-ray
structure shows the presence of two isomerie molecules 1n the unit celi. The polyhe-
dral cores of these somers are wdentical, but one molecule has two bridging CO
groups on Mo Ru edges while the ather somer has two additional CO groups

% or3n
0[301‘:[30' REL]
: IR~ 225!
126! o ° t29]

e I Xeray structure of Cp* e -2 5-MethiopheneyCe OO, Reprimted with penmission from
Crgmnometaflics, Copyright 7996 Anerican Chenncal Society.
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weakly  semibridging Ru-Ru  edges [278]. AuCi(PPhyy TIPE, reacts  with
iMACOWp-OE 3 {u-OL ) {where M=Mo. W 10 give
M {COILIAUPPh L -0 (e -OEL, in high yields. The solid-stale structures of
both M;Au;, clusters have been determined {Fig. 19) and are shown o be isomor-
phous. The fluxional behavior of these clusters is discussed and the valence isomeriza-
non pathways presented [279].

The clusters Iry(COYy, |Fetn® - -CHoin™  PyC.BuY), iwhere o =1, 2) have
been synthesized. C H bond activation of the (-buty]l group is also demonsirated
1280, GeMe,H, undergoes reaction  with  Feou|pu,-Ge!Co.{CO)-1LHCO)- 1w
repluce the @-CO group  on the Co Co  bond 10 give
Fealu-Gel CoACOu-GeMe . (CO) -, The moleculur structure was unambigu-
ously  established by X-ray analysis. Extended thermolysis - ol
Feo[uy-GelCofCO- L [(CO- vields Fe.Co,GeACO), {where o+ 19 or 200 whose
spectroscopic properties suggest a square-bipyramidal cluster with a Fe.Co.Ge. core
[281]. Reaction of the carbide duster OsC(CO}: with Pd{PPh,, and
PACL(PPh,),  allords  Os PACCO),(p-COLEPPh),  and  Os:PACICOY, .-
{-Cl 50 PPh,). respectively, The (ornier cluster contains a square-based pyramidal
care of five osmium atoms and a Tace-capping P PPhy) group, while the fatier
cluster possesses a butierfly polvhedron of four esmium atoms. The Pd atom bridges
the wingtip atoms in this butterfly cluster with the remaining Os(PPh, HCO) moety
being connected to the Pd apex |282]. The effect of the diphosphine ligand on the
metal Tramework of carbido clusters has been demonstrated in the reaction between
[Fe.C{CO)) and Au(P P) reagents. Use of {AuCl(dppm) gives the hexa-
metal cluster Fe,Au.CrCO), Ldppm). whose structure (Fig, 200 was solved. while
the  analogous  reagent  (AuClh.{dppey  affords  the  Id-metal  cluster

Fig. 19 Xoray swuctore of Mo 00000 AaPPhio-OEOp -0l Reprinted with permisston from
Orsanometaliics, Copyright 1996 American Chemical Sociciy.
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Fig, 200 X-tay structure of FeaAuC0000 -0dppm). Reprinted with permission Trom Organometdlics,
Copyright 1996 Ameriean Chemical Society.

[t Fe AuC{CO, {p-dppe)) . The dppm-substituted cluster is a skeletal isomer of
the known Fe,Au.{CO),(PEL). cluster [283].

3.3 Higher nuclearity olusters

Redox condensation of [PPNJIMn{CO(p-PPh,)] with Au.Cl{P P} {where
P P=dppf. dppe) gives the clusters [AuMnCO)pn-PPhy}(u-P P The Xoray
structure of the dppfl derivative shows two Mn,Au triangles that are ligated by the
diphosphine ligand. This same cluster s cleaved by PPh; in refluxing THFE or by
P{OEt); at  room temperature to furmish  the  trangular  clusters
M, AW COp-PPh.OIPR ;). Fenske Hall MO cilculations have bheen carried out
on several clusters and the overlap population of the Mn-Ma bond determined.
The nature and strength of the boading in the Mn,Au fragment are discussed [ 284 ],
Sunlamp irradiation of [PPN]LRe,C(CO 5] with Mo{COy, or RudCOy,, gives
[PPNI[Re CiCONMo(CO),] and [PPN ][ Re, C{CO)Rui0),) n good vields.
The X-ray structure of the Re-Mo cluster 15 compeosed of a Re,C octahedral core
and contains a fuce-capping MotCQ), fragment. The ancillary €O ligands undergo
complete scrambling about the cluster polvhedron at ambient iemperature. as judged
by C NMR analysts. *C NMR examination of the Re, Ru cluster indicutes that
it adopts 4 structure similar to the ReyMo cluster. The redox properties of these
clusters were examined by cvehe voltammelry. and the conditions necessary 1o bring
about the decapping of the Mo fragment in the Re, Mo clusicr are discussed [285)
The lJow-yicld synthesis of Cp,Wilr fu-HHCO),, from the thermolysis of
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Cp, W, Ir,(COY,y, with PhaN 18 presented. The sohd-state structure ( Fig. 21) consists
of a trigonal-bipyramidal CpW [Ir(CO),] core that is licapped by CpW(CO), frag-
ments [2861.

Treatment of [CpRuiMeCN ;1" with [Osg(CO)y:]*  leads 1o the neutral hepta-
nuclear cluster Cp,0s;Ru{CO} ;. whose X-ray structure reveals o metallic core
containing a tricapped tetrahedral potyhedron [287]. The synthesis and X-ray struc-
ture of Os,PdiCO),{ bpy} have been published. This Os,Pd clusier is obtained in
moderate yield from the reaction of Pdibpyi(CO,Me), with Os,(COb MeON ).
Cyclie voltammetry reveads the presence of an rreversible oxidation wave at ca.
.75 ¥V and no reduction process. Use of HOs:(COY,,, in place of the bis{acetonitrile)
cluster gives the pentanucicar cluster [Pd(bpyi],0s:0CO),, [288]. The clectrospray
mass spectrometric studies on [Fe, (COY AuPPh;]  and other clusters are pre-
semted. These muass spectroscopic vesulis are compared with those oblained by
FAB-MS. and informaton on the strength of differemt M M bonds discussed [289]
The dynamic behavior of the mixed-mctal custers MM 'Ru,Hytp-dppt HCO),,
fwhere M=M"=Cu. Ag. Aw; M—Cu. M '=Au) have been examined by variable-
temperature NMR  measuremients. The activation paramoeters for the various
fluxional  properties are  reported.  along  with the  Xerav  structares
of  Auw,Ru,H(p-dppf HCOY, and CuAuRuH(p-dppl KCOy . [298]. Facile
Hg € bond cleavage in Hef{CO7 CPhj. bas been wulized in the svnthesis of
mercury -osmium  clusters. HetC- CPhy;  reacts with H,Os0CO, to give
isOs{CONp-n"-CH- CHPh|5(p,-Hg). The thermal stability of these clusters
was fully examined and the products charactenzed. The reaction of H.Qs (COy,,
with  RHgC CHgR  (where R=Ph. Me  FEu  affords  the  clusters
FOs(COYfp-n*-CH  CHJg-He)| Qs COY -1 andd [Os(CON fu-11°-
CH- CHaafn-Hgy [291].

The Wl WD eluster carboxviate complex INalf W1 0.CCodCON -
(O CCELOTHE ), has been prepared and structurally characterized. On the basis
of o distinctive EPR signal having a g vitlue of 2.08. the complex miay be regarded

Frg, 210 Reray structwre of Op W Inii-H nOGh 50 Reprinted with peamission Crom Organometallics,
Coparipght 1996 Amernican {hemical Socicty,
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as a mixed-valent W1} W1l species |292]. The brunched-type ectanuclear sulfide
complex [Cp*RE{OEL{p-WSE M CuClCul,(1-Cl), has been synthesized and the
cluster framework reactivity studied [293]. The synthesis and catalytic reactivity of
supported Re/Ir catalysts prepared from [Re-irC(CO),;)°" have been published.
The final catalvst particle nanostructure is dependent on significant cluster fragmen-
tation, foliowed by preferential nucleation at lr centers [294]. The synthesis and
X-ray structurcs ol three clusters containing Au.Ru, cores and the carbide cluster
Ru,Cu-COM(CO}, JJAu{ PPh;)]. are reported. The gold frugments were introduced
o the cluster by use of the tngold-oxonium cation [O{Au(PPh;}]* [295] Density
functionat caleulations on the clusters [M J$Fe(COL T (where M=Cu, Ag. Aw
and JAg, i Fe(COL 1 (where #=0 5) have been carned out in order to study the
electronic and geometric structure of these systems. The bonding in the silver clusters
wus found to be weaker than in the copper and gold derivatives [296]. An example
of metalloselectivity in the reaction of Cu,Ru(p,-CHCO), (MeCN} with the
thiacrown ether 1.5.9-trithiscyelododecane has been described. Extraction of the
copper atoms by the thiscrown produces the salt complex [Cuin™12S83)-
(7' 1253 Rugf1.-C HCOY,] 1n moderate yvield, Variable-temperature NMR meas-
urciments confirm the dynumie process thut serves to average the coordinated thi-
acrowns (N =n'). The molecular structure of the product was verified by X-ray
crystallography [2G7].

Functionalization  studies  of  the  layer-segregated  cluster Py RuCO),,-
(13-H y{p-H ¥, are reported. Deprotonation of this cluster atfords the corresponding
dianion. which after trealment with [Cp*Ir(MeCN1,]*" and Hgl, gves
PLRUCO (na-Cp*Irug-H iy and [PULRu (CO, iug-HeDipa-H ,) . respectively.
The X-ray structures of both clusters { Fig. 22) arc simmlar, with the heterometallic

Fre 220 Xopay  structure of PLRe OO Qe-Op*irnipg-H, Reprimted widh permission from
Crganometitilics, Copynight 1996 American Cliciiial Society,
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fragment serving to triply bridge one of the Ru,Pt faces. The two anciilary hyvdrides
arc shown to adopt triply bridging positions on the two Ru; triangular faces [298].

The solid-state NMR examination of metal clusters containing interstitial hydride
ligands is reported. Seme of the complexes studied by 'H und *H NMR spectiroscopy
include  [Rh,;H(CO), " * {where x=2.33. Ru,Rh;H{C0O),, and
[Co H{CON:] [299]). The tubular clusters Os, ol COfAu{PPhsR)), (where R =
Me, Phi) have been synthesized and tully chuaracterized. The inubility of Polyhedral
Skeletal Eleetron Pawr Theory to accurately predict the observed 132-electron
count is discussed with respect to the polarity of the heterometallic OsAu bonds
[300].  Treatment of |Ru €O, J with  CuCl  affords  the cluster
[ Ru Cu,CCOY,,. -C17 in quantitative yield. The Ru, octahedra are linked
together by o reclangular planar motil of copper atoms. as determined by X-ray
diffraction analysis [301]. Sodium benzophenone reduction of
[PPN].|Os,,He CACO),] {where x=2, 3} gives the hexaanionic  clusier
[Os,,Hg, Co(COLL" L which was characterized by IR spectroscopy and by its chemi-
cal reactivity. Chromatopraphie work-up  atforded the tetraanionic cluster
O, HgC(CO 7 [302]. New ttaniumi 1V} oxo alkoxy carboxylates have been
prepared from Ti{OR}; und CodCOY{p;-CCO,H . The new complexes isolated
and characterized mgiude Ti {3 O {p-OE) {OEU[p-(COLCosiu,-
CCOL, Tigd -0 0P fp-{COXCo{u-CCOL)|, and Tidp,-03,(OPh|p-CO Y-
Co3{uy-CCOLW, [303]. The reaction between [NigCOQ),,] " and Pd{PPh;).Cl,
affords [Pdsy N COY(PPh ! . whose pseudo-Dy,, hep Pd;;Nig core was con-
firmed by X-ruy analysis. The 318-clectron count found tor this cluster s in
agreement with PSEP Theory [304].

4. Abbreviations

acac acetylacetonate

Ad adamanty!

ampy  2-umino-6-methylpyridinate

binap  2.2-bis(diphenylphosphine}-1.1 -binapthyl

bmat 2. 3-bistdiphenviphosphinoymaleic anhydride

bped 4.5-bis(diphenyiphosphine}-3-cyclopenten-1.3-dione
bpnup  2.2%-bisf¢ 1.1 -bipheny]-2.2"-diy] iphosphiie]- 1.1~ hinaphthyl
bpy 3.2 -bipyndine

cOD I.5-cvelooctadiene

Cp cvclopentadienyl
Cp* pentamethyleyclopentadienyl
Cy cvelohexyl

DBU 1.8-diazabicveloi s 4.8 undec-T-ene
dmpm  bis{dimethylphosphinoe)methance
dpam  Ph,AsCH,AsPh,

dpmp  (Ph,PCH,).PPh

dppa 1.2-his(diphenylphosphino}acciylene
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dpph .4-tistdiphenylphosphineybutane
dppe I.2-bistdiphenylphosphinotethane
dppf I.1-bistdiphenyiphosphinojferrocene
dpph 1.6-bis{diphenviphosphinoyhexane
dppip  diphenyiphosphinoisopropanc

dppm  bis{diphenylphosphinolmethane
Jdppp [.3-bistdiphenylphosphino)propaine

Fo {errocenyl

MAS  magic angle spinning

Moes mesityl

MeCp  methyicyelopentadienyl

PPN bis{ triphenylphosphineiminium
Py pyvrdine

Tol toivl

Xyl 2.6-xyv1
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