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bstract

The synthetic, mechanistic, and structural chemistry of organometallic metal cluster compounds is reviewed for the year 2003.
2005 Elsevier B.V. All rights reserved.

eywords: Organometallic cluster compounds; Polynuclear compounds

. Dissertations

The reaction ofN-phenyl-2,5-dimethyl-3,4-diphenylcycl-
penta-2,4-dienimine with Ru3(CO)12 leads to cluster

ragmentation and formation ofcis and trans [{2,5-
e2-3,4-Ph2(�5-C4CNHPh)}Ru(CO)(�-CO)]2 [1]. Os3

CO)11(MeCN) has been allowed to react with 1,4-
is(ferrocenyl)butadiyne to give Os3(CO)10(�,�2-FcC4Fc)

∗ Tel.: +1 940 565 3548; fax: +1 940 565 3814.
E-mail address: cobalt@unt.edu.

and Os3(CO)11(�3,�4-FcC4Fc). X-ray diffraction analyse
have confirmed the coordination of one and both alk
groups in these products, respectively. Whereas the r
chemistry in the former cluster reveals essentially no e
trocommunication between the ferrocenyl groups, the l
cluster displays significant redox communication betw
the two ferrocenyl groups. Treatment of 1,12-bis(ferrocen
1,3,5,7,9,11-dodecahexayne with Os3(CO)11(MeCN) pro-
duces the hexaosmium compound Os6(CO)22(�6,�8-FcC4
CCCCC4Fc), whose structure exhibits two open triosm
clusters that are coordinated parallel to opposite side

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2005.02.015
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the hexayne chain. The reaction of H2Os3(CO)10 with 1,8-
bis(ferrocenyl)octatetrayne yields the following three cluster
compounds, Os3(CO)9[�3,�3-(E)-FcCCHC4COCCFc], Os3
(CO)10(�3,�2-FcCHCHC2CCCCFc), and Os6(CO)20[�6,
�4-(E),(E)-FcCHCHC2C2CHCHFc]. The hydrogen transfer
step that accompanies these reactions has been crystal-
lographically established, and mechanism for thetrans
hydrogenation at a bimetallic center is discussed[2]. The
synthesis of several electron-deficient benzoheterocyclic
clusters having the formula Os3(CO)9(�3,�2-LH)(�-H)
(where L = heterocycle) has been reported. The special�3,�2

bonding mode observed at the C(7) or C(8) position of the
carbocyclic ring is discussed. This special bonding mode,
along with the protective coordination of the nitrogen center
by the cluster, dramatically alters the normally observed
heterocycle reactivity towards hydride and hydronium ions.
Soft nucleophiles (phosphines) display addition to the metal
frame, while the reaction of hard nucleophiles (hydrides and
bulky carbanions) takes place by addition to the heterocyclic
moiety [3]. New cluster derivatives using Pd(PBut

3)2 and
Pt(PBut3)2 have been prepared and structurally characterized.
Treatment of Ru3(CO)12 with the former reagent affords
the tripalladium adduct Ru3(CO)12[Pd(PBut3)]3. The new
FePt mixed-metal carbide clusters PtFe4(CO)12(cod)(�5-
C) and PtFe4(CO)12(PMe2Ph)2(�5-C) have been ob-
tained from the reaction of [Fe(CO) (� -C)]2− with
P -
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Cp* Rh(CO)2 to furnish the trimetal clusters Mn2
(CO)6Pt(PPh3)2(�3-S)2, CpCoMn2(CO)6(�3-S)2, CpCo
Mn2(CO)5(PPh3)(�3-S)2, and Cp* RhMn2(CO)6(�3-S)2,
respectively. X-ray structural analyses confirm the formal
insertion of the unsaturated metal species into the SS bond
of the starting dimer. The same Mn2 starting material has
been examined for its reactivity towards thioethers and
Me2S, leading to Mn2 and Mn4 compounds as the major
products [6]. The synthesis and reactivity of bimetallic
clusters containing ruthenium are reported. Multiple ad-
ditions of Ph3SnH to Ru6(CO)14(C6H6)(�6-C) produce
new RuSn complexes possessing up to five tin ligands.
Cluster build-up reactions using Pt(PBut

3)2 and Pd(PBut3)2
with Ru6(CO)17(�6-C) and Ru5(CO)15(�5-C) have been
explored. The new cluster PtRu5(CO)15(PBut

3)(�6-C) has
been isolated and fully characterized in solution and by
X-ray crystallography. NMR and X-ray studies reveal that
this PtRu5 cluster exhibits isomerization behavior involving
opened and closed forms that interconvert in solution
[7]. The reaction growth-patterns of CO and PR3-ligated
bimetallic Au-M clusters (where M = Ni, Pd, Pt) have been
investigated. The synthesis and structural characterization
of [Au7Ni7(CO)10(PPh3)6]− are discussed. The isolation
and X-ray structure of the first high-nuclearity thallium-
palladium cluster [Tl2Pd12(CO)9(PEt3)9]2+, which was
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t(cod)Cl2 and Pt(PMe2Ph)2Cl2, respectively. The syn

hesis, fluxional behavior, and solid-state structure
tRu5(CO)15(PMe2Ph)(�6-C) and PtRu5(CO)14(PMe2Ph)2

�6-C) are presented and discussed. The preparatio
he bisphosphine cluster Ru6(CO)14(PMe2Ph)2(�6-C) is
lso described. Me3NO-induced decarbonylation of th
u6 cluster furnishes the metallated products Ru6(CO)13

�-PMe2)(�3,�3-Me2PC6H4)(�6-C) and Ru6(CO)14(PMe2
h)(�,�2-MePhPCH2)(�6-C)(�-H). Thermolysis of sam
isphosphine cluster at 127◦C gives the latter metallate
roduct, along with Ru6(CO)14(�-PMe2)(MePhPCH2)-
�6-C) and Ru6(CO)12(�-PMe2)2(�3,�2-C6H4)(�6-C) [4].

The transmetalation of lanthanide complexes w
g[Co(CO)4]2 has been studied. While transmetalation
yridine, THF, and DME affords discrete ion pairs of
orm [Ln(L)x][Co(CO)4]2, the use of weak donating solve
uch as Et2O gives two-dimensional isocarbonyl arra
f [(Et2O)3Ln{Co4(CO)11}]∞. The heretofore unknow

Co4(CO)11]2− anion in this complex originates fro
n oxidation/condensation of [Co(CO)4]−. Two isomers
f [Co4(CO)11]2− were observed (pseudo-C3v and C2v
ymmetries). It is shown that [(Et2O)3Yb{Co4(CO)11}]∞
s unstable in the presence of Lewis bases, lea
o the disproportionation of the cluster[5]. Treatmen
f Mn2(CO)7(�2-S2) with tertiary phosphines and a
ines leads to several dimanganese complexes an
olynuclear compounds Mn4(CO)14(AsMe2Ph)2(�3-S2)2,
n6(CO)20(AsMe2Ph)2(�4-S2)3, and Mn4(CO)14(AsMe2
h)2(�3-S2)2. The same Mn2 complex reacts wit
t(PPh3)2(PhC2Ph), CpCo(CO)2, CpCo(CO)(PPh3), and
riginally thought to be a Au2Pd12 cluster, are reported. Th
tructure-to-synthesis approach affords a near quanti
ield of the Tl2Pd12 cluster from the reaction of Au(SMe2)Cl
ith TlPF6 and Pd4(CO)15(PEt3)4. 31P NMR spectroscop
as been successfully employed in the study of the
ersible interconversion between Pd23(CO)20(PEt3)10 and
d23(CO)20(PEt3)8. The solution31P NMR data correlat
ell with the different metal-core structures adopted by e
luster[8].

. Homometallic clusters

.1. Group 6 clusters

Thermolysis of CpWMo(CO)7(�-PPh2) with CpW
CO)3(SPh) leads to CS bond cleavage and formation of
rinuclear complex CpW(CO)2(�-S)2(�-PPh2)Mo(CO)2(�-
Ph2)W(CO)2Cp, whose X-ray structure is shown inFig. 1,
long with CpW(CO)(�-SPh)2(�-PPh2)Mo(CO)3. The
bility of the SPh moiety to adopt a�3-SPh ligation mode i
ostulated as a means by which the bond dissociation e
f the C S bond may be decreased, promoting the fa

S bond cleavage[9].

.2. Group 7 clusters

Sodium amalgam reduction of Mn2(CO)7(�-S2) pro-
uces the new anionic cluster [Mn3(CO)10(�3-S2)2]− in

ow yield. The same cluster has also been obtained from
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Fig. 1. X-ray structure of CpW(CO)2(�-S)2(�-PPh2)Mo(CO)2(�-PPh2)W(CO)2Cp. Reprinted with permission from Organometallics. Copyright 2003 Amer-
ican Chemical Society.

reaction of Mn4(CO)15(�3-S2)(�4-S2) with [Ph3PMe][I]
in good yield. Treatment of the anionic Mn3 cluster with
[CpFe(CO)2(acetone)]+ gives the neutral Mn3Fe cluster
CpFeMn3(CO)12(�3-S2)(�4-S2), whose X-ray structure
confirms the coordination of the CpFe(CO)2 moiety to a sin-
gle sulfur atom in one of the two disulfide ligands. The X-ray
structure [Mn3(CO)10(�3-S2)2]− indicates that the molecular
structure is best regarded as an inorganic analogue of quadri-
cyclane[10]. New polynuclear selenido-capped manganese
compounds have been synthesized from the phosphine-
selenide compounds bis(diphenylphosphino)ethane dise-
lenide, bis(diphenylphosphino)methane monoselenide, and
Ph2MePSe. The reaction between the latter phosphine-
selenide reagent and Mn2(CO)8(MeCN)2 affords Mn4(�3-
Se)2(�-CO)(CO)14(Ph2PMe)2, whose molecular structure
was crystallographically established[11]. The synthesis,
characterization, and catalytic reactivity of supported
metal clusters have been published. The chemistry of
H3Re3(CO)12, Os3(CO)12, and Ir4(CO)12 at the surface
of the support, as well as other cluster compounds, is
briefly discussed[12]. Hydrogenation and CS bond
hydrogenolysis of benzothiophene are observed in the
reaction with Re2(CO)10 and H4Re4(CO)12. Treatment
of the heterocycle with Re2(CO)10 under H2 gives the
trirhenium cluster Re3(CO)9(�-H)2(�3-S-2-EtC6H4)(�-2,3-
dihydrobenzothiophene). The presence of the hydrogenated
b rom
t -
z alysis
( ally
p n
t lic
s

2.3. Group 8 clusters

Broad-band UV irradiation of Ru3(CO)12 in the presence
of acryloyl polystyrene resins gives the corresponding
polymer-bound Ru(CO)4 species via attachment to the pen-
dant alkene linkage. The stability of the polymer-supported
complex was examined as an organometallic synthon[14].
The results of a study on theν(CO) vibrational spectra of
several planar metal clusters containing M(CO)4 groups
have been published. Good qualitative agreement of the band

F
d anic
C

enzothiophene ligand and a thiolate moiety derived f
he hydrogenation and cleavage of a CS bond in the ben
othiophene substrate has been confirmed by X-ray an
Fig. 2). Mechanistic data show that the reaction actu
roceeds from H3Re3(CO)12, followed by transformatio

o H4Re4(CO)12 and then reaction with the heterocyc
ubstrate[13].
ig. 2. X-ray structure of Re3(CO)9(�-H)2(�3-S-2-EtC6H4)(�-2,3-
ihydrobenzothiophene). Reprinted with permission from Inorg
hemistry. Copyright 2003 American Chemical Society.
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intensity changes as a function of the number of metals and
the adopted cluster geometry is found in both the infrared and
Raman spectra. Spectral assignments are discussed with re-
spect to the spherical harmonic model (SHM) and the tensor
harmonic model (THM). The agreement exhibited by these
two cluster bonding models is related to the size of the metal
cluster, with the former model successfully accounting for
the spectroscopic properties of larger metal clusters[15]. The
cluster compounds M3(CO)12 (where M = Fe, Ru, Os) have
been reanalyzed in terms of a model based on�-aromaticity
using Ḧuckel and Mobius topological treatments. The
cluster Pt3(CO)3(�-CO)3 has also been analyzed by using
the same methods, with no 3c–4e Mobius surface bonding
observed due to the bridging CO groups. The relationship
of �-aromaticity to three-dimensional aromaticity found in
deltahedral boranes and related octahedral metal clusters
is discussed[16]. A reproducible high-yield synthesis of
Ru3(CO)12, H4Ru4(CO)12, and [Ru6(�6-C)(CO)16]2− from
RuCl3·nH2O has been published. The end-product obtained
is controlled by the alkali carbonate additive, the gas-phase
composition (CO or CO/H2), and the reaction temperature
[17].

The oxidative cyclization of 4-penten-1-ols to dihydro-
furans in the presence of CO has been demonstrated when
Ru3(CO)12 was employed as a catalyst precursor[18]. The
tandem isomerization/Claisen rearrangement of dienyl ethers
t using
t
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Fluorination of Os3(CO)12 in HF/SbF5 gives the mononu-
clear complex Os(CO)4(FSbF5)2, whose X-ray structure
reveals that both SbF6 moieties occupycis positions in the
octahedron. The reactivity of Ir4(CO)12 towards fluorination
under similar conditions has also been examined, with [fac-
Ir(CO)3(FSbF5)2HF]SbF6·HF and mer-Ir(CO)3F(FSbF5)2
being isolated and structurally characterized[25].

9-Anthraldehyde oxime reacts with Os3(CO)11(MeCN)
to give Os3(CO)11(9-anthracenecarbonitrile) in moderate
yields as a result of the formal dehydration of the
oxime moiety. The same product is furnished in high
yields from the reaction of Os3(CO)11(MeCN) with 9-
anthracenecarbonitrile. Carbonylation and hydrogenation re-
actions with this new nitrile-substituted cluster produce
Os3(CO)12 and H2Os3(CO)10, respectively. The UV–vis
data for Os3(CO)11(9-anthracenecarbonitrile) exhibit intense
MLCT absorptions that are discussed relative to the elec-
tronic transitions from the Os–Os sigma bonding molec-
ular orbitals to the anthracene�* system[26]. The reac-
tivity of acenaphthylene with Os3(CO)10(MeCN)2 at room
temperature has been studied. The sole observed product
was found to be Os3(CO)10(�-H)(�,�2-C12H7), whose X-
ray structure reveals a�–� coordinated acenaphthyl lig-
and that bridges one edge of the Os3 frame. Thermoly-
sis of this initial product affords Os3(CO)9(�-H)2(�3,�2-
C H ). Continued heating of this latter Oscluster in
t
t
O
a e
s olved
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o �,�-unsaturated aldehydes has been achieved by
he component catalyst systems Ru3(CO)12/diimine/CsCO3
19]. Treatment of Ru3(CO)12 with chiral diiminodiphos
hine tetradentate ligands yields chiral monoruthen
omplexes that function as catalysts for the asymm
ransfer hydrogenation of ketones. The hydrogenatio
ropiophenonate to 1-phenyl-1-propanol occurs wit
6% e.e. The analogous reactions employing Ru3(CO)12
ith BINAP and DIOP were unsuccessful, as was
luster H4Ru4(CO)12 in the presence of the chiral liga
,N′-bis[o-(diphenylphosphino)benzylidene]-1,2-diphen
thylenediamine[20]. The reaction of Ru3(CO)12, phos-
hine, and various dioxolene ligands affords the mononu
omplexes RuP2(CO)2L and [{RuP2(CO)2}2(L)]+ (where
= dioxolene). The spectroscopic data and mixed-val
roperties of these new compounds are discussed[21].
ragmentation of Ru3(CO)12 and H4Ru4(CO)12 is observed
pon treatment with bis(2-pyridyl)amine and its conjug
ase. Here the major product is the diruthenium com
u2(dpa)2(CO)4 [22]. Dibenzothiophene has been allow

o react with Ru3(CO)12 in refluxing heptane to produ
u2(C12H8)(�-CO)(CO)5. X-ray analysis of the produ
onfirms the double CS bond activation/desulfurizato
rocess attendant in this reaction. The reactivity of 3-me
nd 2-methyldibenzothiophene with Ru3(CO)12 exhibits a
imilar reactivity pattern as the parent heterocycle[23]. Treat-
ent of Fe3(CO)12 with �,�-unsaturated ketones contain
-substituted thiol groups leads to cluster fragmentation

ormation of Fe2(CO)6[�-S2C CHC(O)C6H4X]. The X-ray
tructure of the fluoro derivative accompanies this report[24].
12 6 3
he presence of added acenaphthylene at 160◦C yields
he new osmium compounds Os4(CO)12(�4,�2:�2-C12H6),
s2(CO)6(�,�4-C24H12), Os3(CO)9(�-H)(�3,�2-C24H13),
nd Os2(CO)5(�,�4-C24H12)(�2-C12H8). The solid-stat
tructures of these last four products have been s
y X-ray crystallography[27]. The catalytic isomerizatio
f hexamethyl Dewar benzene to hexamethylbenzen
s3(CO)10(MeCN)2 has been investigated. The isomer

ion reaction is shown to be in competition with ring op
ng of the substrate to Os3(�-H)2(CO)9[�,�3-CH(C6Me6)]
nd Os3(�-H)(CO)9[�3,�2-C2(C4H4Et)]. The unequivoca

dentity of these latter two Os3 clusters has been determin
Fig. 3), with a plausible reaction sequence discussed in t
f a cyclobutenylacetylide intermediate[28].

The arene-substituted clusters [H3Ru3(C6H6)(C6H2
e4)2(O)]+ and [H3Ru3{C6H5(CH2)2OH}(C6H2Me4)2(O)]+

ave been prepared from the precursor comp
H3Ru2(C6H2Me4)]+ and its reaction with the dicatio
Ru(C6H6)(H2O)3]2+ and [Ru{C6H5(CH2)2OH}(H2O)3]2+.
he relationship between the two products and the kn
luster [H3Ru3(C6H6)(C6Me6)2(O)]+ is discussed[29].
he synthesis and structure of the chiral clusterS)-

H3Ru3{C6H5(CHMeCH2OH)}(C6Me6)2(O)]+ have bee
ublished [30]. The use of the triruthenium compl
u3(�3-O)(�-OAc)6(bpy)2(CO) as a molecular build

ng block in the construction of molecular multilaye
n a Au surface is described. The functionalized
urface has been characterized by cyclic voltamm
hronocoulometry, and FT-IR spectroscopy[31]. Treat-
ent of the dinuclear complex [H3Ru2(C6Me6)2]2+ with
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Fig. 3. X-ray structure of Os3(�-H)2(CO)9[�,�3-CH(C6Me6)]. Reprinted
with permission from Organometallics. Copyright 2003 American Chemical
Society.

[Ru(Fc-arene)(H2O)3]2+ furnishes the ferrocenyl-containing
oxo-capped cluster [H3Ru3(Fc-arene)(C6Me6)2(O)]+, whose
water solubility has been exploited in the hydrogenation
of benzene to cyclohexane under biphasic conditions[32].
Methylidyne–diyne coupling reactions at a triruthenium
cluster have been demonstrated. Symmetric diynes react
with Ru3(�-H)(�-COMe)(CO)10 to give the regioisomers
Ru3(�-H)(�3,�3-MeOCCR CCCR)(CO)9 and Ru3(�-
H)[�3,�3-MeOCC(CCR) CR](CO)9 (where R = Me, Ph,
CH2OPh) as a result of insertion of one of the alkyne
moieties of the diyne into the RuC bond of the methylidyne
ligand. The solid-state structures of the two regioisomers
formed from the reaction using 2,4-hexadiyne are presented
[33]. The cluster compound (�-H)Ru3(CO)9(�3,�3-C3H3)
has been isolated from the reaction of Ru3(CO)12 with the
alkynes diethylaminopropyne and trimethylsilylpropargyl
alcohol. X-ray crystallographic analysis confirms the pres-
ence of an allylic moiety that is�-bonded to two ruthenium
centers and�-bound to the third ruthenium atom[34]. Two
isomers of Os3(�-H)(CO)10[�3,�1:�3:�1-Ph(C)C6H6],
which were obtained from the reaction of H2Os3(CO)10 and
1,4-diphenylbuta-1,3-diyne, have been spectroscopically
and crystallographically characterized. Both isomers exhibit
an open metal triangle and an unusual pseudo-allylic
interaction involving a fused six- and five-membered ring
s yne.
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nucleophilic�-oxygen atom, leads to furan rings that are
coordinated to the cluster. These products exhibit the gener-
alized structures HOs3(CO)10[�,�1:�2-PhCH2(C CH C
CH O)] and HOs3(CO)10[�,�1:�1-Ph(C CH C C O)
CPh]. Thermolysis of the latter cluster results in CO
dissociation and formation of HOs3(CO)9[�3,�1:�3:�1-
Ph(C CH C CH O)CPh], whose X-ray structure (Fig. 4)
reveals a closed C3Os3 five-vertex pyramidal core.
H2Os3(CO)10 reacts with Me2(HO)CC2C2CMe2(OH)
without cyclization to furnish Os3(CO)10(�3,�2-RCH CH
CHC2R) and Os3(CO)10(�3,�2-RC2C2R). The results of
deuterium-labeling studies are used in the formulation of a
working reaction scheme[37].

The reactivity of Cp* 3Ru3(�-H)3(�3-H)2 with a vari-
ety of reducing agents has been investigated. The reac-
tion with Et2Zn affords the new cluster Cp*

3Ru3(�-H)3(�3-
ZnEt)(�3-H), while Et3Al reacts with the starting cluster to
give Cp* 3Ru3(�-H)3(�3-AlEt). The X-ray structures of three
products accompany this report[38]. Thermolysis of the
triruthenium clusters (Cp* Ru)2Cp* Ru(CRCR′CHCH) pro-
motes isomerization to (Cp* Ru)2Cp* Ru(CHCRCR′CH)(�-
H)3. These reactions were studied by NMR spectroscopy,
which allowed for the evaluation of the activation pa-
rameters associated with these reactions. The molecular
structure of (Cp* Ru)2Cp* RuCH[C(Me)CHCH](�-H)3 has
been determined, confirming the presence of the ancillary
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ystem resulting from the ring-closure reaction of the di
hermolysis leads to CO loss and formation of a closed3

riangular frame. A plausible reaction sequence accou
or the formation of the observed products is prese
nd discussed[35]. The reactivity of several differe
yrones with Os3(CO)10(MeCN)2 has been investigate
he different coordinative bonding modes adopted

he pyrone ligands were established by solution N
easurements and X-ray crystallography[36]. The reaction
f H2Os3(CO)10 with conjugated diynes containing a nuc
philic oxygen atom [PhC2C2CH2OH and PhC2C2C(O)Ph]
as been examined. Diyne coordination to the triosm
luster, followed by intramolecular cyclization with t
-methylruthenacyclopentadiene moiety in the product
esult of CMe group isomerization. Computational stu
ave been carried out in order to probe the likely path as
ted with pentadiene ligand isomerization. A process inv

ng a cyclobutadiene intermediate is ruled out, on the bas
he MO data. A mechanism involving (1) CC double bond
nsertion into a RuH bond, (2) C C bond cleavage to pr
uce an allyl–methylene complex, (3) reductive couplin
enerate the ruthenacylopentadiene ring, and (4) CH bond
leavage to give the final product is supported by MO
ulations and is in agreement with the experimentally m
ured�H�= values found by NMR spectroscopy[39]. A re-
ort describing the oxidatively induced bimetallic reduc

C bond coupling of a�3-allyl ligand has appeared. Tre
ent of (Cp* Ru)3(�-H)4[�3,�3-C(H)C(H)CMe] with two
quivalents of [Cp2Fe][PF6] produces the�3-cyclopropenyl
ubstituted cluster [(Cp* Ru)3(�-H)3{�3,�3-C3H2Me}]+ in
uantitative yield. Cyclic voltammetric data support a
uence involving an oxidation of the starting cluster to
orresponding 47e− species, followed by a rearrangem
nd deprotonation. The structural identity of the catio
roduct was ascertained by1H NMR measurements and
ay diffraction analysis. The results of a density functio
tudy on the model cluster [(Cp* Ru)3(�-H)3(�3,�3-C3H3)]+

re presented, with the nature of the cluster-cycloprop
ing bonding fully dissected[40].

The room temperature reaction of Os3(CO)10(MeCN)2
ith 2,4,5-trimethylthiazole in CH2Cl2 produces the ne

someric compounds HOs3(CO)10[�,�2-CH2C NC(Me)
C(Me)S] and HOs3(CO)10[�,�2-CH2C C(Me)SC(Me)
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Fig. 4. X-ray structure of HOs3(CO)9[�3,�1:�3:�1-Ph(C CH C CH O)CPh]. Reprinted with permission from Organometallics. Copyright 2003 American
Chemical Society.

N], along with the known clusters HOs3(CO)10(�-Cl)
and HOs3(CO)10(�-OH). The two new clusters, which are
formed by activation of the C-2 and C-4 substituents, re-
spectively, undergo decarbonylation and a second CH
bond activation of the coordinated methylidene moiety
to give H2Os3(CO)9[�3,�2-CHC NC(Me) C(Me)S] and
H2Os3(CO)9[�3,�2-CHC (Me)SC(Me) N] upon heating.
All new products were fully characterized in solution by
IR and NMR spectroscopies and mass spectrometry. The X-
ray structures of two clusters are presented and discussed
with respect to their spectroscopic properties[41]. Nitrogen-
nitrogen bond cleavage has been achieved in the reaction
between (Cp* Ru)3(�-H)3(�3-H)2 and monosubstituted hy-
drazines. Here the nonsymmetrically capped bis(�3-imido)
clusters (Cp* Ru)3(�-NR)(�3-NH)(�-H) are obtained as the
major products. The same starting cluster was also investi-
gated for its reactivity towards 1,2-diphenylhydrazine, giving
the monocapped imido cluster (Cp* Ru)3(�-H)3(�3-NPh) as
the sole observed product. Kinetic studies employing methyl-
hydrazine confirm that the cluster initially coordinates the
ligand at the more nucleophilic MeNH terminus rather than
the more sterically accessible NH2 site. The kinetic data
and spectroscopic studies have allowed for the construc-
tion of a working mechanism involving the cooperative ac-
tion of all three ruthenium centers. The molecular struc-
tures of three X-ray compounds have been solved and their
s
w o-
d
d the
t r via
t o Ru

centers through the pyridyl and oximate nitrogen groups.
Reaction of same ligand with M3(CO)10(MeCN)2 (where
M = Ru, Os) at room temperature gives M3(�-H)(�,�3-
dpko-N,N,O)(CO)9. The reactivity of these oximate com-
plexes as DNA cleavage reagents was found to be poor.
The solid-state structures of four compounds have been
determined[43]. The influence of the bridging carbonyl
groups on the bonding, photochemical, and electrochemi-
cal properties of Ru3(CO)8(�-CO)2(�-diimine) (where di-
imine = 2,2′-bpy, 4,4′-Me2-bpy, 2,2′-bpm) has been inves-
tigated. Optical excitation at 471 nm leads to the popula-
tion of a �(Ru3)�* (�-diimine) excited state that undergoes
a rapid decay to a�(Ru/�-CO)�* (�-diimine) lowest excited
state. These spectroscopic assignments are supported by res-
onance Raman and picosecond time-resolved infrared spec-
tra and theoretical MO calculations at the DFT level. The
effect of the reaction solvent in promoting cluster-opening
and electron-transfer reactions is outlined[44]. The reac-
tion of the azavinylidene-bridged cluster HRu3(CO)10(�-
N CPh2) with the diphosphine ligands dpme and bpcd has
been explored. Both ligands replace two CO groups to give
HRu3(CO)8(�-N CPh2)(P P). The former ligand bridges
the two ruthenium centers that are also bridged by the ancil-
lary hydride ligand, while the latter ligand chelates to one of
the hydride-bridged ruthenium centers at an axial and equa-
torial site. The molecular structures of both products were
e ,
s ities
o clus-
t used
i e,
3 with
tructural highlights discussed[42]. Treatment of Ru3(CO)12
ith bis(2-pyridyl)ketone oxime in refluxing THF pr
uces Ru3(CO)8(�,�3-dpko-N,N,O) and Ru3(CO)4(�,�3-
pko-N,N,O)2. Both complexes are doubly bridged by

wo dpko ligands, which are attached to one Ru cente
he oximate oxygen atom and chelated to the other tw
stablished by X-ray crystallography[45]. The synthesis
pectroscopic characterization, and DNA binding affin
f several water-soluble benzoheterocycle triosmium

ers have been published. The benzoheterocyclic ligands
n the coordination of the Os3 core were 3-aminoquinolin
-(2-phenylacetimido)quinoline, and phenanthridine,
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the ancillary phosphorus ligands Na3[P(C6H4SO3)3] and
[P(OCH2CH2NMe3)3][I 3] being used to control the degree
of aggregation in aqueous solution and overall aqueous sta-
bility. The data from plasmid super coiled DNA relaxation
tests employing a 1% electrophoresis agarose gel are pre-
sented and discussed. The preliminary results from these
DNA binding affinity studies do indeed support a relation-
ship between the nature of the attached heterocycle and DNA
binding affinity [46]. The reactivity of Os3(CO)10(MeCN)2
with a series of aminothiazole compounds has been ex-
plored. Included in this report are the X-ray diffraction struc-
tures of the new cluster compounds Os3(�-H)(CO)10(�-
C8H7N2S), Os3(�-H)(CO)9(�3,�2-C3H5N2S), and Os3(�-
H)(CO)9(�3,�2-C6H7ON2S) [47]. The thermolysis reaction
between Ru3(CO)12 and 2-mercaptobenzothiazole has been
reexamined, yielding the known cluster HRu3(CO)9(�3,�2-
C7H4NS2) and the new compound H2Ru3(CO)7(�3,�2-
C7H4NS2)(�,�2-C7H4NS2). This latter cluster has been
isolated and fully characterized in solution and by X-
ray crystallography. One of the main structural high-
lights found for this cluster includes a triangular array
of ruthenium atoms that exhibits three statistically differ-
ent Ru Ru bond distances. Treatment of former known
cluster with excess 2-mercaptobenzothiazole at 68◦C af-
fords the same H2Ru3 cluster [48]. A facile and effi-
cient one-pot synthesis of a hexaruthenium cluster from
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Fig. 5. X-ray structure of H2Ru3(CO)7(�3,�2-binam)(�,�2-dppm).
Reprinted with permission from Organometallics. Copyright 2003 American
Chemical Society.

structure (Fig. 5) reveals that dppm coordination induces a
C H bond activation of the amido-bound naphthalene ring.
A proposed mechanism showing site-selective coordination
of the dppm ligand at the hydride-bridged RuRu bond, fol-
lowed by C H bond oxidative addition, is presented and dis-
cussed[51].

The reaction of 2,4,6-tris(trimethoxy)phenylphosphine
sulfide and 1,2-bis[(diphenylphosphino)methyl]benzene sul-
fide with Ru3(CO)12 yields new phosphine-substituted
sulfido-capped clusters possessing Ru3S, Ru3S2, and Ru4S2
polyhedral cores. The four X-ray structures that accompany
this report are discussed relative to known sulfido-capped
ruthenium clusters[52]. The new carbene cluster Ru3(�3-Se)
(�3-H)(�2-PPh2)(CO)6(�2-CHC6H4CH2PPh2) has been
synthesized from Ru3(CO)12 and 1,2-bis[(diphenylphos-
phino)methyl]benzene diselenide. Treatment of Ru3(CO)12
with 1,2-bis[(diphenylphosphino)methyl]benzene leads only
to carbonyl substitution by the diphosphine ligand without
ligand fragmentation, confirming the importance of selenium
in promoting the formation of the carbene moiety. The flux-
ional properties of the ancillary ligands in several product
clusters have been explored by COSY, NOESY, and TOCSY
2D NMR measurements. The solution NMR data are dis-
cussed with respect to the solid-state structure of the prod-
ucts[53]. A report dealing with the quantitative analysis of
ligand effects (QALE) related to the associative reactions of
p the
n s on
t

u3(CO)12 and 2-aminopyridine has been reported. The
ial product from these reactions is the pyridine-coordin
riruthenium cluster HRu3(CO)9(�3-ampy), which under
oes further reaction with Ru3(CO)12 to furnish Ru6(�3-
)2(CO)14(�-CO)2(�5,�2-ampy) in good yield. The ro
f the ancillary 2-aminopyridine-derived ligand in he

ng maintain the Ru6 core and facilitating CO sub
titution processes is discussed[49]. The formation o

highly functionalized azulene ligand has been
erved in the reaction of HRu3(CO)9(�3,�2-ampy) with
iphenylbutadiyne (2 eq.) and 2,4-hexadiyne (1 eq.). H

he product Ru2(�,�8-C38H26)(CO)5 has been characte
zed in solution and by X-ray diffraction analysis. T
ncillary 1-(phenylethynyl)-2,4-diphenyl-5-(propyn-1-yl)
ethyl-7,8-benzoazulene ligand is bound to the Ru2(CO)5
oiety in a manner identical to that found in Ru2(�,�8-
zulene)(CO)5 [50]. Os3(CO)10(MeCN)2 has been allowe

o react with 2,2′-diamino-1,1′-binaphthalene to give the c
rdinatively unsaturated cluster HOs3(CO)9(�3,�2-Hbinam-
,C), whose X-ray structure confirms the presence
-metalated Hbinam ligand that is bound to one osm
enter via an NH2 group and to the other two osmiu
toms through the metalated C atom. The reactio
u3(CO)10(MeCN)2 with H2binam at room temperature d
ot lead to any observable product. The reaction of LiHbi
ith Ru3(CO)12, followed by treatment with [HOEt2][BF4],

urnishes HRu3(CO)10(�,�1-Hbinam). Spectroscopic da
ndicate that the Hbinam ligand functions as an edge-brid
mido ligand. The same cluster reacts with added d

o give H2Ru3(CO)7(�3,�2-binam)(�,�2-dppm). The X-ray
hosphines with Ru3(CO)12 has been published. Besides
ormal contributions of ligand electronic and steric effect

he rate of the reaction, the addition of phosphite�-acidity
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and an aryl group effect allows for an accurate quantitation
of the rate data by regression analysis. The construction of
a logk2 surface provides a clear visualization of the effects
related to� donation, steric parameters,�-acidity, and aryl
group participation of each ligand on the transition state of
the substitution reaction[54]. Thermolysis of Ru3(CO)12
with the diphosphine ligand 2,3-bis(diphenylphosphino)-
N-phenylmaleimide in toluene at 100◦C leads to cluster
fragmentation and formation of the donor–acceptor com-
plex Ru2(CO)6(bppm) and the phosphido-bridged complex
Ru2(CO)6[�-C C(PPh2)C(O)N(Ph)C(O)](�2-PPh2). Both
compounds have been isolated and fully characterized in
solution and by X-ray diffraction analysis in the case
of the former compound. The reactivity of the bppm
ligand is contrasted with the related diphosphine lig-
ands bma and bpcd[55]. Several new diruthenium com-
plexes have been prepared by heating Ru3(CO)10(�-dppm)
with the dithiols 1,2-ethanedithiol, 1,3-propanedithiol,
and 3,4-toluenedithiol. The compounds isolated from
these reactions were Ru2(CO)4(�-SCH2CH2S)(�-dppm),
Ru2(CO)4(�-SCH2CH2CH2S)(�-dppm), and Ru2(CO)4(�-
SC6H3(Me)S)(�-dppm), respectively. Protonation of the
Ru Ru bond using HBF4 affords the corresponding cationic
hydride complex. Two X-ray structures accompany this re-
port[56]. The oxidative addition reactivity of diphosphazane
monosulfides PhPN(R)P(S)Ph [where R = (S)-CHMePh,
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Fig. 6. X-ray structure of HRu3(CO)7[�3,�2,�2,�1,�1,�1-Ph2PC CC(O)-
CH2C(O)PPh2C CPh]. Reprinted with permission from Organo-
metallics. Copyright 2003 American Chemical Society.

C2tol-p) supports a reaction pathway that involves hydride
transfer to a coordinated PhC2tol-p ligand[59].

The functionalized clusters Fe3(�3-SbR)(�3-E)(CO)9
(where R = Cp* , �5-C5H4But; E = Se, Te) have been
synthesized from [Fe3(�3-E)(CO)9]2− and RSbX2. The
related bismuth-capped cluster Fe3[�3-BiFe(CO)2(�5-
C5H4But)](�3-Se)(CO)9 was prepared by using similar
methodology. The spectral and diffraction data associated
with these iron clusters are discussed[60]. A microreview
dealing the structures, fluxional properties, and reactivity
of several phosphine-substituted selenido-capped iron and
ruthenium clusters has been published[61]. The kinetics
and mechanistic study on the carbonylation of methanol to
produce methyl formate have been investigated by using
the anionic clusters [Fe3(CO)9E]2− (where E = S, Se, Te) as
catalysts. The kinetic data support a sequence that is first
order in cluster concentration and quasi-second order in
CO pressure. This latter dependence suggests a mechanism
involving a polyhedral expansion of the initial cluster
through metal–metal bond cleavage. Plausible reaction
pathways are presented and fully discussed[62].

Treatment of Fe2(CO)9 with N-(2-thienylmethylidene)-
2-thienylamine produces the dinuclear cyclometallated
complex Fe2(CO)6(R-C4HS-CH2NCH2-C4H3S) and the
two linear tetrairon isomers Fe4(CO)8(�-CO)2(R-C4HS-
CH NCH -C H S), which possess�,�1-thienyl �-C:�1-N
a s.
T cu-
l )(
C o-
s uc-
t

2 2
ri] with Ru3(CO)12 has been investigated. The major pr
cts isolated from these reactions are the sulfido-capped

ers Ru3(�-CO)(CO)7(�3-S)[Ph2PN(R)PPh2-	2P,P], which
ontain a chelating diphosphazane ligand. This rare coor
ion mode found for the diphosphazane ligand was confir
y spectroscopic data and X-ray crystallographic analys

he chiral diphosphazane derivative[57]. The electrochemic
roperties of Ru3(CO)8(�-dppf)2, Ru3(CO)10(�-dppf), and

Ru3(CO)11(�-dppf)Ru3(CO)11] have been studied by cyc
oltammetry. The X-ray structure of the open-bridged c
er [Ru3(CO)11]2(�-dppf) is included in this report[58]. The
cetylide cluster HRu3(CO)9(�3,�2,�2,�1-C2Ph) undergoe
O substitution with bpcd in the presence of Me3NO to give

he chelated cluster HRu3(CO)7(bpcd)(�3,�2,�2,�1-C2Ph)
nd the zwitterionic cluster HRu3(CO)7[�3,�2,�2,�1,�1,�1-
h2PC CC(O)CH2C(O)PPh2C CPh]. The bpcd ligand
ound to the ruthenium center that is�-bound by the acetylid

igand in the former product. In the zwitterionic prod
ne of the PPh2 groups is attached to the acetylide�
arbon and the other PPh2 moiety is bound to one of th
ydride-bridged ruthenium centers, as shown verified b
ay diffraction analysis (Fig. 6). Whereas the zwitterion
luster decomposes during thermolysis, heating the fo
roduct leads to oxidative cleavage of one of the PPh
onds of the bpcd ligand, followed by reductive coup
ith the acetylide ligand. The unequivocal identity of the
ulting product, Ru3(CO)7(�,�2,�1-PhC ChPh)[�2,�2,�1-
hPC CC(O)CH2C(O)PPh2], was ascertained by soluti

R and NMR spectroscopies and X-ray crystallograph
abeling study employing HRu3(CO)7(bpcd)(�3,�2,�2,�1-
2 4 3
nd�2-thienyl,�-C C:�2-C N coordinated organic ligand
he two 66e− clusters adhere to closed valence mole

ar orbital rules and are isolobally related to [CpFe(CO�-
O)]2. Heating the two Fe4 clusters leads to decomp
ition, with no isomerization observed. The X-ray str
ures of these Fe4 clusters are included in this report[63].
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The tetrasubstituted clusters H4Ru4(CO)8(PMe2Ph)4 and
H2Ru4(CO)9(PMe2Ph)4 have been synthesized and exam-
ined by 1H and 31P NMR spectroscopy. The former clus-
ter displays two isomers in solution that are attributed to
clusters with D2d and Cs symmetries. The NMR proper-
ties of these isomers are discussed with respect to how the
hydride and carbonyl bridges influence the coupling be-
tween the substituents. The X-ray structures of these 60e−
clusters have been solved and the adopted solid-state struc-
tures are contrasted with the solution NMR data[64]. The
molecular structure and ligand fluxionality in H4Ru4(CO)11L
[where L = P(C6F5)3, PMe2Ph, P(OMe)3, P(OEt)3] have
been the focus of a recent report[65]. UV irradiation
of the doubly linked dicyclopentadienyl complex [(�5-
C5H3)2(SiMe2)2]Ru2(CO)4 under H2 yields the diruthenium
compound [(�5-C5H3)2(SiMe2)2]Ru2(CO)4H2 and the two
tetraruthenium clusters [(�5-C5H3)2(SiMe2)2]2Ru4(CO)3H2
and [(�5-C5H3)2(SiMe2)2]2Ru4(CO)4H4. A linked Cp lig-
and is required for the formation of these two Ru4 clus-
ters, as the unlinked Cp derivatives Cp2Ru2(CO)4 af-
ford only di- and trinuclear compounds under similar re-
action conditions. The X-ray structures of the two Ru4
products exhibit butterfly and square-planar polyhedral
cores, respectively. A detailed mechanism accounting for
the wavelength dependence on the product distribution
is presented and discussed[66]. New cyclohexadiene-
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heptaosmium cluster [Os4(�-H)4(CO)11(�-NH2)][Os3(�-
H)(CO)11], along with the previous osmium clusters. The
X-ray structure of the Os7 cluster exhibits an uncommon
polyhedral core, where the Os4 tetrahedron and the Os3 tri-
angle are connected by an OsOs bond. Treatment of Os4(�-
H)4(CO)11(�1-NH2OBut) with HBr yields a pair of geo-
metric isomers having the formula Os4(�-H)4(CO)11(�1-
NH2)Br and structures based on an unsupported butterfly and
a supported butterfly frame. These two clusters represent the
first examples of�2-NH2 amido Os4 clusters that serve as
models for the adsorption of nitrogen atoms on a stepped
metal surface. The thermolysis chemistry of the unsupported
butterfly cluster is also reported[70]. A second paper de-
scribing the high-yield synthesis of Os4(�-H)4(CO)11(�1-
NH2OBut) from Os4(�-H)4(CO)12 and tBuONH2·HCl has
been published. The cluster product has been allowed to react
with HBF4 in MeCN to furnish the cationic cluster [Os4(�-
H)4(CO)11(�-NH2)(MeCN)]+. Carrying out the same reac-
tion in the presence of diphenylacetylene gives the geomet-
ric isomers Os4(�-H)2(CO)11(�-NH2)[�,�3-Ph(CHC)Ph]
and Os4(�-H)2(CO)11(�-NH2)[�1-Ph(CH CPh)]. Carbony-
lation of the cationic acetonitrile-bound cluster in CHCl3
gives the neutral clusters Os3(�-H)2(CO)9(�-NH2)Cl and
Os4(�-H)3(CO)12(�-NH2). Thermolysis of this latter cluster
produces the nitrene-capped cluster Os4(�-H)3(CO)12(�3-
NH), which represents the first structurally characterized
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inked tetraosmium clusters have been synthesized. D
onylation of Os4(CO)9(RC2R)(�6-C6H6) (where R = Me
h) using Me3NO in the presence of 1,3- or 1,
yclohexadiene furnishes the clusters [Os4(CO)8(RC2R)(�6-
6H6)]2(�2,�2,�2-C6H8-1,3) and [Os4(CO)8(RC2R)(�6-
6H6)]2(�2,�2,�2-C6H8-1,4), respectively. The X-ray stru

ure of the 2-butyne derivative containing the 1
yclohexadiene link has been solved, making it the firs
mple of two osmium clusters that are joined by a�2,�2,�2

ridging ligand[67]. Skeletal isomerism in octahedral cl
ers possessing a M4E2 core has been studied by DFT c
ulations. The energy difference between the two ske
somers is dominated by the strength of the EE bonding
he MO data are discussed relative to the available s

ural data and to the known properties of Ru4Bi2(CO)12 and
s4Bi2(CO)12 [68]. The electronic and magnetic proper
f [Ru4(�6-C6H6)4(�3-H)4]2+ have been examined by DF
alculations. The small computed energy gap betwee
iamagnetic singlet state and the paramagnetic triplet

s traced to the absence of a significant Jahn–Teller d
ion in the structure of the cluster. The experimentally
erved weak paramagnetism is dependent on the nature
egenanion[69]. The syntheses, X-ray diffraction structur
nd reactivity at tetraosmium clusters possessing�2-amido

igands have been published. The amino-substituted clu
s4(�-H)4(CO)11(�1-NH2OBut) and Os4(�-H)4(CO)11[(�-
)3Os(CO)2(�1-NH2OBut)2Cl] have been isolated fro

he reaction ofO-tert-butylhydroxylamine hydrochlorid
ith Os4(�-H)4(CO)12. Repeating the same reaction

he presence of one equivalent of Os3(CO)12 yields the
etraosmium nitrene-containing cluster. Seven X-ray s
ures have been solved, and the correlation betwee
H NMR chemical shifts and the structural geome
s discussed[71]. The activation of tri(2-furyl)phosphin
y Ru4(�-H)4(CO)12 in refluxing THF proceeds rea

ly to produce an isomeric pair of clusters having
ormula Ru4(�-H)4(CO)10(PFu3)2, the �-phosphido clus
er Ru4(�-H)2(CO)8(PFu3)2(�-PFu2)(�,�1,�2-C4H3O), and
he �3- and �4-phosphinidene-capped clusters Ru4(�-
)2(CO)12−x(PFu3)x(�3-PFu) (wherex = 0, 2, 3) and Ru4(�-
)2(CO)9(PFu3)2(�4-PFu)(�3,�1,�1,�2-C4H2O). The X-

ay structure of Ru4(�-H)2(CO)12(�3-PFu) is shown in
ig. 7. The ability of the PFu3 ligand to serve as a sour
f furyne, furyl, phosphide, and phosphinidene fragmen

etrametallic frameworks is fully outlined. The redox beh
or and molecular orbital calculations on these metallop
horus clusters have been explored as a function of the
ination modes exhibited by the phosphorus-containing
ties[72].

New germanium-rich pentaruthenium carbide clus
ave been prepared from Ru5(CO)15(�5-C) and Ph3GeH
pon thermolysis at 150◦C. The major products isolated we
u5(CO)11(�-CO)(�-GePh2)3(�5-C) and Ru5(CO)11(�-
ePh2)4(�5-C), whose solid-state structures reveal the p
nce of a square pyramidal Ru5 core with GePh2 moieties
ridging three and four edges of the Ru5 square base, respe

ively. The latter product loses CO at 150◦C and reacts wit
dded H2 to give Ru5(CO)10(�-GePh2)2(�3-GePh)2(�3-
)(�4-CH) ultimately. The conversion of the carbide moi

nto a methylidyne ligand and the reactivity of the ancill



2772 M.G. Richmond / Coordination Chemistry Reviews 249 (2005) 2763–2786

Fig. 7. X-ray structure of Ru4(�-H)2(CO)12(�3-PFu). Reprinted with per-
mission from Organometallics. Copyright 2003 American Chemical Society.

GePh2 ligands in benzene elimination schemes are discussed.
All new clusters have been fully characterized in solution by
IR and NMR spectroscopies, and in the solid state by X-ray
crystallography[73]. A new gas sensor based on an ArgoGel
resin supported with a phosphinated Ru5(CO)15(�5-C) clus-
ter has been described. The cluster-containing beads reveal a
definitive color change upon treatment with H2S, SO2, or CO.
The observed FT-IR spectral changes are related to polyhe-
dral changes in the cluster core as a result of ligand addition
[74]. The ruthenium diamine complex CpRu(tmeda)Cl reacts
with LiAlH 4 to give the pentaruthenium cluster Cp5Ru5H7,
whose X-ray structure (Fig. 8) exhibits a five-vertexcloso
polyhedron. The related mixed-ligand cluster Cp4Cp* Ru5H7
has also been synthesized, and the fluxional behavior of
the exchanging CpRu groups have been probed by VT
1H NMR spectroscopy. Plausible mechanisms for the ax-
ial/equatorial exchange of the CpRu groups are outlined
and discussed. The Cp5Ru5 cluster reacts with PhPH2 at
room temperature to produce the six-vertexcloso cluster
H5(CpRu)5PPh. This new phosphinidene-capped cluster was
characterized in solution by IR and NMR measurements
[75].

A report describing the analysis of organometallic cluster
compounds using ion trap mass spectrometry has appeared.
Some of the examples highlighted include spectral data for
Ru (CO) (� -C) in MeOH/MeO−, [CoRu (CO) ]−, and
[
t xaos-
m
w
i iso-

Fig. 8. X-ray structure of Cp5Ru5H7. Reprinted with permission from
Organometallics. Copyright 2003 American Chemical Society.

lated and structurally characterized to date. The Os6 cluster
contains 94 valence electrons, treating the�4-oxo moiety
as a 4e− donor ligand. This electron count represents two
electrons in excess of the theoretically expected number of
92 cluster valence electron and is acceptable given the boat
structure adopted by the Os6 frame. The two extra electrons
occupy an antibonding orbital associated with the tetraos-
mium metal plane, leading to a weakening of the OsOs
bonds within the square base. DFT calculations support this
contention as do the data obtained from cyclic voltammetry
and controlled potential coulometric experiments. The Os12
cluster possesses 156 valence electrons, consistent with the
EAN rule. The Os12 polyhedron is irregular, insomuch as it
does not conform to the normal geometries found in other
dodecanuclear clusters of Pd, Ir, and Rh. There is a distorted
central square pyramid containing five osmium atoms that
are fused with three tetrahedra via edge sharing and that are
capped by one osmium atom. The remaining osmium center
face caps one of the triangular faces of the internal Os5 pyra-
mid [77]. The VT1H NMR data and X-ray diffraction struc-
ture of [H5Os10(CO)24]− have been reported. This high nu-
clearity cluster is obtained in high yield through hydrogena-
tion of the silica-supported compound [Os(CO)3(OH)2]n at
200◦C. The VT NMR data reveal that the�2- and �3-
hydrides exchange via a facile edge-shift process with ex-
change among the� -hydrides being more difficult. The
e
E com-
p ssed
[

6 17 6 3 13
HOs3W(CO)14]− [76]. Refluxing Os3(CO)11(MeCN) in oc-
ane and in the presence of oxygen furnishes the he
ium cluster Os6(CO)16(�4-O)(�-OH)2(�-CO)2, which
hen subjected to vacuum pyrolysis gives Os12(CO)30. This

s the highest nuclearity neutral binary osmium cluster
3
xchange pathways were also investigated by using1H 2D
XSY measurements. Hydride exchange schemes and
arisons to related hydride-bridged clusters are discu

78].
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2.4. Group 9 clusters

No dealkylation of the alkyl group associated
with the carbyne carbon in the clusters [Cp3Co3(�3-
S)(�3-CSR)]+ (where R = Me, Et) was observed when
these clusters were treated with [PhCH2NMe3][OH],
NaOH, NaOMe, or NaOEt. The mixed-metal cluster
[(CpCo)2{Fe(CO)2PPh3}(�3-S)(�3-CSMe)]+ exhibits nu-
cleophilic attack at a CO ligand when treated with the same
oxygen-based anionic reagents. The reversible formation
of [(CpCo)2{Fe(CO)(CONu)PPh3}(�3-S)(�3-CSMe)] was
demonstrated by spectroscopic measurements, coupled with
the regeneration of the starting cluster upon treatment with
aqueous acids. The X-ray structure of [Cp3Co3(�3-S)(�3-
CSMe)]+ has been solved, and the bonding parameters
between the Co3S and the CS fragments have provided
insight into the lack of reactivity of the thiomethyl group
in the cluster. The cationic charge in these clusters is
not localized on the�3-CSR moiety but rather on the
cluster core[79]. A paper describing the transformations of
organoarsine-oxides to organoarsine-sulfides at di- and tri-
cobalt compounds has appeared. The arsine-bridged clusters
RCCo3(CO)7[�-(AsMe2)2O] (where R = Me, Cl) react with
added H2S with elimination of H2O to give RCCo3(CO)7[�-
(AsMe2)2S]. This process is reversible depending upon the
reaction conditions. The direct reaction of RCCo(CO)
w ged
c .
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s
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[Co3(CO)7(�-dppm)]2[�3:�3-C(C2)nC]. Insertion of TCNE
into the unsaturated carbon chain of the tris(alkyne)
occurs readily to furnish [Co3(CO)7(�-dppm)]2[�3:�3-
C(C2)2C{ C(CN)2}C{ C(CN)2}C], whose X-ray struc-
ture confirms the nature of the insertion product[83].
The reaction between Me2NC6H4SiH3 and Co2(CO)8
proceeds unexpectedly to give the cluster compound
Me2NC6H4Si[Co(CO)4][OCCo3(CO)9]2. X-ray diffrac-
tion analysis reveals that the silicon atom coordinates
the two OCCo3(CO)9 groups via the oxygen atom.
Parallels between this compound and other systems
that bind the OCCo3(CO)9 moiety are discussed[84].
The reaction chemistry of the incomplete cubane-type
sulfido-hydrosulfido cluster [Cp* 3Ir3(�3-S)(�2-SH)3]+

with SbCl3, SbCl5, BiCl3, and Pd(PPh3)4 has been
investigated [85]. The benzylidyne-capped cluster
PhCCo3(CO)9 reacts with the diphosphine ligand 2,3-
bis(diphenylphosphino)maleic acid-thioanhydride (bmata)
to initially afford PhCCo3(CO)7(bmata). CO loss, fol-
lowed by P C bond cleavage and reductive coupling with
the benzylidyne moiety, produces Co3(CO)6[�2,�2,�1-
C(Ph)C C(PPh2)C(O)SC(O)](�2-PPh2). The molecular
structure of the phosphido cluster confirms the reaction
sequence. These results are discussed relative to the similar
bma- and bpcd-substituted clusters. The cyclic voltammetric
behavior of the new phosphido-bridged cluster was also stud-
i ium
a
M
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3 9
ith (AsPh2)2S affords the corresponding diarsine-brid
luster RCCo3(CO)7[�-(AsPh2)2S] in moderate yield
hermolysis of ClCCo3(CO)7[�-(AsPh2)2S] produces th
ulfido-capped cluster Co3(CO)7(�3-S)[�-(AsPh2)2O](�-
sPh2S) in low yield. Four X-ray structures have be
olved and their important structural features are discu
elative to the proposed reaction mechanism[80]. The
ulfido-capped cluster Co3(CO)7(�3-S)(�-S,P-SPMe2) has
een allowed to react with Ph2Ppy in THF at 90◦C to
fford Co3(CO)5(�3-S)(�-S,P-SPMe2)(�-P,N-Ph2Ppy) and
o3(CO)4(�3-S)(�-S,P-SPMe2)(�-P,N-Ph2Ppy)(Ph2Ppy).
oth new clusters were characterized in solution and b

ay crystallography. The diphosphine ligands dppm and
ave also been examined for their reactivity with the clu
o3(CO)7(�3-S)(�-C,N-C5H4N). Here the major produc

solated are Co3(CO)5(�3-S)(�-C,N-C5H4N)(�-P P) and
o3(CO)5(�3-S)[�-C(O), N-C5H4N(C O)](�-P P). The
arbonylation occurring at the Co-C(pyridyl) bond in
roducts was ascertained by X-ray crystallography[81]. The

hermolysis chemistry of CpCo(PPh3)(�2-dmad) has bee
evisited. Besides theortho-metalated vinyl-phosphoniu
ompound CpCo[�2-(MeO2C)CH C(CO2Me)PPh2(�1-
-C6H4)], which represents the major product of
eaction, the tricobalt cluster Cp3Co3[�3,�3-C(CO2Me)]2
as been obtained in low yield. The X-ray structure of
is(carbyne) cluster accompanies this report[82]. A new
pproach to the synthesis of Co3 clusters that are linked b
arbon chains has been published. The reaction bet
o3(�3-CBr)(CO)7(�-dppm) and [Au{P(tol)3}]2[�-(C2)n]

where n = 2–4) gives the new cobalt-linked clust
ed[86]. The synthesis of the benzylidyne-capped trirhod
nd cobalt-rhodium clusters M3Cp3(�3-CPh)2 (where
3 = Rh3, CoRh2, Co2Rh) from CpRh(CO)2, CpCo(CO)2,

nd diphenylacetylene has been reported. The solid
tructures of all three clusters have been determined
re discussed with respect to Co3Cp3(�3-CPh)2. The redox

rends as a function of the number of rhodium ato
resent in the cluster and the results of DFT calculation
iscussed[87]. Carbynyl-tricobalt cluster transformatio
ave been examined by synthetic and NMR meth
rolonged thermolysis of the terminal alkyne compo

2-endo-ethynylborneol)Co2(CO)6 in acetone solvent give
he tricobalt clusters (2-norbornylidene)CHCCo3(CO)9 and
2-(2-hydroxylbornyl)]CH2CCo3(CO)9, as shown inFig. 9
or the latter product. Mechanistic pathways accounting
he formation of RCH2CCo3(CO)9 clusters upon protonatio
f the alkyne compounds (RC2H)Co2(CO)6 are presente
nd fully discussed[88].

The associative rate constants for P-ligand substituti
h4(CO)12 have been analyzed qualitatively for their ste
nd electronic properties of the incoming nucleophile

he QALE method. These data have allowed for the e
ation of the “aryl effect” and the importance of�-acidity
f the phosphite nucleophiles in the substitution react
he utility of graphical analysis by the construction o

hree-dimensional “logk2 surface” is fully described[89].
he synergism exhibited by Rh4(CO)12/HMn(CO)5 in the
ydroformylation of alkenes has been studied by usin
itu FT-IR spectroscopy. The kinetic data reveal the e
ence of a linear-bilinear rate law where the reaction



2774 M.G. Richmond / Coordination Chemistry Reviews 249 (2005) 2763–2786

Fig. 9. X-ray structure of [2-(2-hydroxylbornyl)]CH2CCo3(CO)9. Rep-
rinted with permission from Organometallics. Copyright 2003 American
Chemical Society.

is proportional to [RCORh(CO)4][CO]−[H2] (classical rate)
and [RCORh(CO)4][HMn(CO)5][CO]− (synergistic rate). In
terms of the latter expression, evidence is presented for a hy-
dride attack on the acyl intermediate, which rules out cluster
catalysis and underscores the importance of the bimetallic
catalytic binuclear elimination sequence. The detailed cat-
alytic mechanism that accompanies this work is fully dis-
cussed[90]. The charge density in Co4(CO)12, Co2(CO)8,
and Co2(CO)6(InMe2)2 has been analyzed by using the the-
ory of atoms in molecules (AIM) method. The advantages
of using charge densities in bonding analyses are described
[91]. The synthesis, X-ray structure, and fluxional behavior of
Rh4(CO)6(�-Me2PCH2PMe2)3 have been published. Treat-
ment of Rh4(CO)12 with three equivalents of Me2PCH2PMe2
at room temperature produces the title product. All three
diphosphine ligands bridge adjacent rhodium centers asso-
ciated with one of the four triangular faces of thisnido clus-
ter. The fluxional process involving carbonyl site exchange
that scrambles one�2-CO with one�1-CO and that leaves
an imbalance in the formal electron count at two rhodium
centers is discussed. The103Rh, 31P, and13C NMR data are
presented and used in the discussion of the proposed ex-
change mechanism[92]. Insertion of SnBr2 into the Ir Br
bond of [Ir4(CO)11Br]− yields [Ir4(CO)11(SnBr3)]− in good

yield. Treatment of [Ir4(CO)11Br]− with [SnCl3]− in THF
affords [Ir4(CO)11(SnCl3)]− and [Ir4(CO)10(SnCl3)2]− de-
pending on the stoichiometry of [SnCl3]− employed. The
reaction of Ir6(CO)16 with [SnCl3]− in refluxing THF pro-
duces [Ir6(CO)15(SnCl3)]−. One of the two SnCl3 ligands
in [Ir4(CO)10(SnCl3)2]− functions as a one-electron donor
ligand and is terminally bound to one of the iridium cen-
ters, and in [Ir4(CO)11(SnCl3)]− the lone SnCl3 ligand
serves as an edge-bridging ligand. The SnCl3 ligand in the
hexairidium cluster caps one of the triangular Ir3 faces,
as shown by X-ray diffraction analysis. The IrSn bond
length trends as a function of the coordination mode dis-
played by the SnCl3 ligand are described[93]. The tetra-
cobalt cluster Co4(CO)7(�-CO)3[�3-P(tmp)] has been ob-
tained from the reaction of Co2(CO)8 with the terminal
chloroaminophosphido complexes Cp* Ru(CO)2[P(Cl)tmp]
and CpRu(CO)2[P(Cl)tmp]. Use of the chloroaminophos-
phido complex Cp∗Ru(CO)2[P(Cl)NPri2] in the reaction
with Co2(CO)8 furnishes the spiked-triangular cluster
Cp∗RuCo3(CO)8(�-CO)2(�3-PNPri2), whose X-ray struc-
ture confirms that the Cp* Ru moiety is retained in the prod-
uct cluster. Whereas the reaction between the molybdenum
phosphido complex CpMo(CO)2[P(Cl)tmp] and Co2(CO)8
gives the aforementioned Co4 cluster, the reaction em-
ploying Cp∗Mo(CO)3[P(Cl)NPri2] yields the mixed-metal
tetrahedral cluster Cp∗MoCo3(CO)5(�-CO)4(�3-PNPri2) as
the major product. Three X-ray structures and reaction
schemes accompany this report[94]. CO ligand substi-
tution in Co4(CO)11(�4-SiC6H4R)2 (where R = H, OMe,
NMe2) by isonitriles has been examined. The various
isonitrile-substitution products have been subjected to
study by electrospray mass spectrometry, providing ev-
idence for the replacement of up to nine CO groups.
The molecular structure of the tetrasubstituted cluster
Co4(CO)7(xyNC)4(�4-SiC6H4OMe)2 has been crystallo-
graphically determined and discussed relative to other Co4E2
cluster compounds[95]. Thermolysis of Ir4(CO)12, H2, and
PPh3 at 90◦C in toluene solvent affords the hydride cluster
Ir4H8(CO)4(PPh3)4 in high yield. Solution IR and NMR mea-
surements and X-ray crystallography reveal that each iridium
center is substituted by a PPh3 ligand and one terminal hy-
dride group. The remaining four hydride ligands bridge IrIr
bonds in the cluster. Two isomeric forms of the product clus-
ter exist in solution, on the basis of1H and31P NMR data
[96]. The stabilization of cluster polyhedra through the use of
short-bite angle ligands has been described. The coordination
of the ligands dppm, dppa, and dppaSi to Co4(CO)12, fol-
lowed by alkyne insertion reactions, has been studied. Anal-
ogous substitution chemistry using Si(OR)3-functionalized
alkynes has allowed for the synthesis of Co4 clusters that
could be employed in sol–gel processes[97].

The one-pot catalytic hydroformylation-cyclotrimeri-
zation of cyclopentene and cyclohexene to 2,4,6-trisubst-
ituted-1,3,5-trioxanes has been confirmed. The catalytic sys-
tem is comprised of Rh6(CO)16 and H3PW12O40·xH2O us-
ing THF and syngas[98]. The photoassisted transfer hydro-
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genation and thermal hydrogenation of norbornadiene and
quadricyclane using Rh6(CO)16 have been described[99].
The synthesis and chemical properties of the hexairidium
chain complex HH, HT, HH-Ir6(�-OPy)6I2(CO)12 have been
published. The complex contains an unprecedented linear
metal chain where the iridium center exhibits a formal oxi-
dation state of +1.33. Stepwise degradation of this Ir6 com-
plex has afforded the three individual Ir2 moieties that com-
prised the original Ir6 entity, allowing for the configura-
tion of each Ir2 link to be established. The X-ray structures
for the Ir6 and the HH-Ir2(�-OPy)2I2(CO)4 complexes have
been solved[100]. The solution structure and fluxional be-
havior of Rh6(CO)14(�,�2-dppm), Rh6(CO)14(�,�2-dppe),
and Rh6(CO)14(�,�2-dppef) have been investigated by us-
ing various NMR techniques. The NMR data are contrasted
with the observed solid-state structure of each cluster. The
ethano bridge in the latter Rh6 clusters exhibit two enan-
tiomeric forms of the cluster due to a rocking motion of
the bridging diphosphine ligands. The exchange rate mea-
sured is shown to depend on the non-bonding van der Waal’s
interactions between the substituents on the phosphorus
groups and the neighboring CO groups. The lower exchange
rates measured for Rh6(CO)14(�,�2-dppef) are attributed to
the steric requirements of the fluorinated phenyl rings that
hinder the racemization process[101]. The solution struc-
tures and dynamic ligand behavior found for Rh(CO) (�-
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dependent magnetic susceptibility have been examined, and
the data support the existence on one unpaired electron that
is delocalized over the cluster frame[104]. Treatment of
Rh6(CO)16 with excess cycloheptatriene in refluxing toluene
initially gives Rh6(CO)13(C7H8), followed by conversion
to Rh11(CO)14(C7H7)3. The X-ray structure of the Rh11
cluster consists of a trioctahedral metal cage that possesses
a condensed common edge. The three�3,�2,�2,�2-bound
cycloheptatrienyl ligands are equivalent and reside on the
top of the triangular Rh3 faces[105].

2.5. Group 10 clusters

The use of [Pt3(�-PBut
2)3L(X)] n+ and [Pt6(�-PBut

2)4
(CO)4X2]2n+ in the construction of covalently linked plat-
inum dendrimers that are connected by�-alkenyl spaces
has been reported[106]. The stoichiometric and catalytic
activation of the bromine group in�- and �-2,3,4-tri-o-
acetyl-5-thioxylopyranosyl bromide (Xyl-Br) inside the cav-
ity of [Pd3(dppm)3(CO)]2+ has been achieved. Here the ini-
tial step involves abstraction of a bromine atom from the
pyranosyl bromide to form a Pd3(Br)+ species. The cat-
alytic activation sequence is triggered by the 2e− reduction
of the Pd3(Br)+ adducts to generate a Pd3

0 species that is
able to associatively react with the pyranosyl bromide via
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X) [where PX = diphenyl(2-pyridyl)phosphine, diphenyl

hienyl)phosphine, diphenylvinylphosphine] have been s
ed by multinuclear NMR spectroscopy and X-ray cr
allography in the case of the latter phosphine
nd. The multiple localized CO-exchange pathways

heir mechanisms are outlined. The vinyl moiety
h6(CO)14(�,	3-Ph2PCH CH2) is hemilabile and display

acile reorientation behavior[102]. The syntheses and
ay structures of hexarhodium clusters containing h
bidentate phosphine ligands have appeared. Cluste

he form Rh6(CO)14(�,	3-PX) have been prepared fro
h6(CO)16−x(MeCN)x (where x = 1, 2) and the phos
hine ligands diphenyl(benzothienyl)phosphine, diphen

hienyl)phosphine, di(2-thienyl)phenylphosphine, tris(2-
nyl)phosphine, diphenyl(2-pyridyl)phosphine, and dip
ylvinylphosphine. The kinetics for the formation
he bridged Rh6 clusters from the corresponding mon
ubstituted Rh6(CO)15(	1-PX) clusters are reported. T

igand tris(2-furyl)phosphine in Rh6(CO)15[	1-P(2-furyl)3]
hows no evidence for the formation of Rh6(CO)14[�,	3-
(2-furyl)3] and reveals that the ancillary phosphine can
ridge adjacent rhodium centers by oxygen and phosph
oordination. The X-ray structures of five clusters accomp
his paper[103].

The synthesis and structural characterization
Co10P2(CO)23H]2− have been published. This decaco
luster was isolated from the reaction of [Co6(CO)15]2−,
Co(CO)4]−, and PBr3 in THF. The presence of two partia
ncapsulated phosphorus atoms was verified by X
rystallography. The redox properties and tempera
Pd32+· · ·Xyl-Br host–guest assembly. The involvemen
he radical species Xyl• in these reactions is confirmed
pin trapping studies using TEMPO and DMPO[107]. The
ctivation of alkyl halides and acid halides using the
aturated cluster [Pd3(dppm)3(CO)]2+ has been presente
he involvement of a paramagnetic Pd3 species is outline
nd supported by electrochemical analyses[108]. The re-
ction of [(C6F5)2Pt(�-PPh2)Pt(�-PPh2)Pt(C6F5)2]2− with
is-Pt(C6F5)2(THF)2 (1:2 ratio) gives the dinuclear compl
Pt2(�-C6F5)2(C6F5)4]2− and the tetraplatinum compou
Pt4(�-PPh2)4(C6F5)5]−. The molecular structure of the la
er compound reveals the presence of two PtPt bonds and a
nusual�-PPh2 ligand that is bound to one of the platinu
enters via an�2-phenyl interaction. The Pt4 complex react
ith HClO4 to give the neutral cluster Pt4(�-PPh2)4(C6F5)5,
hich contains three PtPt bonds and a�3-PPh2 moi-
ty. This neutral cluster readily reacts with donor liga

o yield Pt4(�-PPh2)4(C6F5)5L (where L = PPh3, pyridine)
109]. The novel perylene compounds [Pd4(�,�2,�2,�2,�2-
erylene)2L2]2+ (where L = MeCN, pyridine) have been sy

hesized and structurally characterized in the case o
eCN derivative (Fig. 10). This represents the first exa
le of a polynuclear aromatic hydrocarbon ligand that
upport a metal–metal bond chain. The perylene ligand
eplaced by 1,8-diphenyl-1,2,5,7-tetraene at room tem
ure in CD2Cl2 solvent[110].

A report that demonstrates the construction of o
imensional platinum clusters has appeared. Here
oupling of Pt6(CO)4(�-PBut

2)4(CC C6H4 CCH)2 with
t3(�-PBut

2)3(CO)2Cl using CuI/amine synthetic couplin



2776 M.G. Richmond / Coordination Chemistry Reviews 249 (2005) 2763–2786

Fig. 10. X-ray structure of [Pd4(�,�2,�2,�2,�2-perylene)2(MeCN)2]2+.
Reprinted with permission from Journal of the American Chemical Society.
Copyright 2003 American Chemical Society.

methods gives the air-stable cluster Pt6(CO)4(�-PBut
2)4

[CC C6H4 CC{Pt3(�-PBut
2)3(CO)2}]2. The central Pt6 por-

tion of the molecule is separated from the two Pt3 clus-
ter units by conjugated 1,4-diethynylphenyl groups[111].
The isostructural Tl(I) sandwich compounds [(�6-Tl)Pt6(�2-
CO)6(PEt3)6]+ and [(�6-Tl)Pd6(�2-CO)6(PEt3)6]+ have
been synthesized and structurally characterized. Each com-
pound exhibits a M3TlM3 sandwich structure that is held to-
gether by delocalized electrostatic M3–Tl–M3 bonding. The
greater kinetic lability of the Pd analogue is revealed by
its conversion to the known cluster [Tl2Pd12(�2-CO)6(�3-
CO)3(PEt3)9]2+ [112]. A new and active hydrogenation cat-
alyst formed from the attachment of [Pt12(CO)24]2− to the
surface of functionalized fumed silica has been described.
The grafted cluster has been characterized by normal spec-
troscopic methods, and its activity in ketone and nitrile hy-
drogenation reactions is discussed[113]. 31P NMR data are
reported that conclusively prove the interconversion between
Pd23(CO)20(PEt3)10 and Pd23(CO)20(PEt3)8. A structural di-
agram that outlines a plausible reaction scenario is presented
and discussed. The structural changes attendant in this re-
action are discussed with respect to the abnormal capac-
ity of ligated palladium clusters to experience significant
changes in their metal-core geometries upon ligand addition
or removal[114]. The generation of nanosized Pd30- and
Pd -core geometries possessing cuboctahedral-based meta
p
d
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c ene
m y ob-
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bene macrocycle have been reported. The pyridine–pyrrole
carbene linked cyclophane ligand employed in this study is
exceptional in its ability to stabilize silver clusters[117].

3. Heterometallic clusters

3.1. Trinuclear clusters

The reactivity of the early-late cluster CpTi(acac)(�3-
S)2Ir2(CO)4 towards electrophiles has been studied. Io-
dine reacts with the title cluster to furnish CpTi(acac)(�3-
S)2Ir2I2(CO)4. This diiridium(II) cluster actually consists
as an isomeric mixture with respect to the relative posi-
tions of the iridium-bound iodo ligands. Iodoalkanes react
with the parent cluster cleanly and stereoselectively to af-
ford a single isomer of CpTi(acac)(�3-S)2Ir2(R)(I)(CO)4,
where a carbonyl and iodo ligand are situatedtrans
across the iridium–iridium bond. The X-ray structure of
CpTi(acac)(�3-S)2Ir2(CHI2)(I)(CO)4 (Fig. 11) confirms the
stereochemical outcome associated with this oxidative ad-
dition reaction. Treatment of the parent cluster with acti-
vated acetylenes leads to clusters possessing acis-metalated
alkene ligand. The two products, which have the gen-
eral formula CpTi(acac)(�3-S)2Ir2(CO)4(�,�1-RC2CO2Me)
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a or-
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h hibits
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w ican
C

54
olyhedra is described. Deligation of Pd10(CO)12(PEt3)6 un-
er CO furnishes the new clusters Pd30(CO)26(PEt3)10 and
d54(CO)40(PEt3)14, along with the known cluster compou
d38(CO)28(PEt3)12. The solid-state structures of these n
lusters were established by X-ray crystallography[115].

.6. Group 11 clusters

The homoleptic tetranuclear compound [Cu(C6F5)]4(�2-
oluene)2 has been synthesized from pentafluorophe
opper and toluene. The coordination of the two tolu
olecules leads to a structural change from the normall

erved square planar [Cu(C6F5)]4 core to a distorted butterfl
tructure. The tetracopper core is disrupted in the pres
f donor solvents such as MeCN and DMSO[116]. The syn

hesis and structural characterization of a tetranuclear
luster that is stabilized by a mixed-donor N-heterocyclic
l

where R = H, CO2Me), have been characterized in solut
nd the data support acis-metalated alkene moiety by co
ination across the Ir–Ir vector[118].

The synthesis and structural characterization of
halcogenide clusters [E2Cr2Fe(CO)10]2− (where E = Se, Te
ave been reported. Treatment of a mixture of Cr(C6
nd Fe(CO)5 in the presence of concentrated KOH/Me
ith Te or Se powder affords the title clusters, wh
ave been isolated as the [PPN] salts. Each cluster ex

ig. 11. X-ray structure of CpTi(acac)(�3-S)2Ir2(CHI2)(I)(CO)4. Reprinted
ith permission from Inorganic Chemistry. Copyright 2003 Amer
hemical Society.
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a distorted E2Cr2Fe trigonal bipyramidal core. These 50-
electron clusters are electron rich and do not obey PSEP
theory in terms of the adopted five-vertexcloso polyhedra
found by X-ray crystallography. SQUID magnetic suscepti-
bility data reveal that both clusters are highly paramagnetic
with an effective magnetic moment (µeff) of 4.80µB (Te)
and 5.38µB (Se) at room temperature[119]. The reaction
of metallophosphanide anions with selected metal halides
(MlnX) has been shown to yield a variety of di, tri, and
tetranuclear compounds. Some of the new cluster compounds
that have been isolated and structurally characterized in-
clude (OC)6CpCoMnMo(�-CO)(�-PPh2)[�3,�2(||)-dmad],
Os3(CO)10FeCp(CO)(�-PPh2)(�-CO), and Os3(CO)10(�-
PPh2)(�-MPR3) (where M = Au, R = Ph; M = Ag, R = Me).
The former Os3Fe cluster contains an Os3 triangle with
a pendant Fe “spiked” atom, while the latter Os3M clus-
ters exhibit butterfly polyhedral cores[120]. The double-
star shaped cluster Cp2MoFe2(�3-S)2(CO)6 has been ob-
tained from the reaction of Fe2(CO)6(�2-S2) with Cp2MoH2.
The MoFe2 cluster and the related tetranuclear cluster
Cp2Mo2Fe2(�3-S)2(CO)8 have been employed as OMCVD
precursors for the fabrication of mixed-metal oxide films
on silica and borosilicate glass substrates. XRD analy-
sis confirmed the film composition as Fe2MoxOx (3 <x4),
while the film morphology was also studied through the
use of XPS and SEM techniques[121]. The reaction of
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Fig. 12. X-ray structures of CpMoMnRu(CO)8(�3-S)2. Reprinted with per-
mission from Organometallics. Copyright 2003 American Chemical Society.

of CpMoMn(CO)5(�-S2) gives rise to a variety ofcloso,
nido, and butterfly clusters. CpCo(CO)2 reacts with the
MoMn dimer to furnish Cp2MoMnCo(CO)5(�3-S)2 and
Cp2Mo(O)MnCo(CO)3(�3-S)2. The former product exhibits
an open ornido MoMnCo polyhedral core with two triply
bridging sulfido groups, while the latter cluster contains
a closed triangular CoMnMo core with two triply bridg-
ing sulfido groups. Treatment of former MoMnCo clus-
ter with Me3NO gives the latter molybdenum-oxo cluster.
Fe2(CO)9 and Ru3(CO)12 react with the starting sulfide dimer
to produce CpMoMnM(CO)8(�3-S)2 (where M = Fe, Ru)
and CpMoRu3(CO)9(�3-S)2(�-H). The X-ray structure of
CpMoMnRu(CO)8(�3-S)2 is shown inFig. 12 [125].

The complexes CpMoMn(CO)5(�-S2) (where Cp =
Cp, Cp* ) have been employed as starting materi-
als for the construction of new MoMnPt and MoM-
nPd clusters. (Ph3P)2Pt(PhC2Ph) reacts with CpMoMn
(CO)5(�-S2) via insertion into the disulfido linkage to
give CpMoMn(CO)5Pt(PPh3)2(�3-S)2 and Cp* MoMn(CO)6
Pt(PPh3)(�3-S)2. The solid-state structure of the Cp*

derivative exhibits anarachno polyhedral frame with a
Mo Mn bond. Treatment of the disulfide starting com-
pounds with Pd(PBut3)2 gives the trimetallic oxo clus-
ters CpMo(O)MnPd(PBut3)(CO)5(�3-S), whose molecular
structure was established in the case of the Cp com-
pound [126]. Novel Au(I)-phosphido compounds have
b
d
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t
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h latter
c

pMoMn(CO)8 and elemental selenium in the presenc
e3NO and room light produces the tetranuclear clu
p2Mo2Mn2(CO)7(�3-Se)4 (major) and CpMoMn(CO)5(�-
e2) (minor). Carrying out the reaction in the dark gives

atter dinuclear compound as the only observable pro
his same dinuclear compound has been allowed to
ith (Ph3P)2Pt(PhC2Ph) and CpCo(CO)2 to furnish the cor

esponding trinuclear clusters CpMoMnPt(PPh3)2(CO)5(�3-
e)2 and Cp2CoMoMn(CO)5(�3-Se)2. Treatment of the la

er CoMoMn cluster with Me3NO leads to the molybdenu
xo cluster Cp2CoMo(O)Mn(CO)5(�3-Se)2. The solution
MR data and the X-ray structures of all six new products
resented and fully discussed[122]. The X-ray structure o
is-[�2-(AuPPh3)2]Ph3PCr(CO)4·THF has been determin
nd found to consist of a triangular Au2Cr core. The ob
erved Au Au bond distance of 2.6937(2)Å is the shortes
uch distance reported for a triangular Au2M frame [123].
he synthesis of new asymmetric heterometallic gold c

ers has appeared. Good yields of (OC)3M(�-S2CPR3)(�-
uPPh3)Mo(CO)3 (where M = Mn, Re; R = various alk
roups) and L(OC)2Mo(�-S2CPCy3)(�-AuPPh3)M′(CO)3
where M′ = Mo, W; L = alkyl, NO) have been obtained fro
he reaction of ClAu(PPh3) with homo- or heterobinuclear a
ons [(OC)3M(�-S2CPR3)Mo(CO)3]− and [L(OC)2Mo(�-
2CPCy3)M′(CO)3]−, respectively. The diverse polyhed
tructures exhibited by these new clusters, which are
iscussed, were ascertained by X-ray crystallography[124].
ew mixed-metal sulfido clusters have been synthes
nd structurally characterized. The insertion of diffe
nsaturated metal fragments into the sulfur-sulfur b
een isolated from the reaction of ClAu(PPh3) and the
inuclear compounds [Cp(CO)2M]2(�-PH2)(�-H) (where
= Cr, Mo). Whereas the molybdenum dimer reacts to y

he simple phosphine-substituted species [Cp(CO)2Mo]2[�-
H(AuPPh3)](�-H) upon deprotonation of the phosph
oiety, the reaction between [{Cp(CO)2Cr}2(�-PH)(�-
)]− and ClAu(PPh3) gives the planar Au3Cr3 cluster

Cp(CO)2Cr]6(P3Au3). The X-ray structure of both produc
ave been determined, and DFT calculations on the
ompound support the existence of multicenter PCr Au
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and multiple Cr P bonding in this unusual cluster[127]. The
heteronuclear cluster [Cp′ReO(�3-S)2Pt2(PPh3)3Cl][ReO4]
(where Cp′ = C5Me4Et) has been isolated from the reaction
between Cp′ReCl2S3 and Pt(PPh3)3 in the presence of oxy-
gen. Included in the report are the solution spectroscopic
data, X-ray diffraction structure, and cyclic voltammetric
data for the RePt2 cluster[128]. Deprotonation of Mn2(�-
H)2(CO)6(�-dppm) using Super-hydride yields the monoan-
ion, followed by formation of the dianion [Mn2(CO)6(�-
dppm)]2−. Treatment of these anions with ClM(PR3) (where
M = Ag, R = Cy; M = Au, R = Ph,p-tol) affords the trinu-
clear compounds Mn2M(�-H)(CO)6(�-dppm)(PR3) and the
tetranuclear species Mn2M2(CO)6(�-dppm)(PR3)2. The for-
mer Mn2M clusters are electronically deficient and read-
ily add CO to give the electron-precise clusters Mn2M(�-
H)(CO)7(�-dppm)(PR3) [129].

The reaction of Co2(CO)8 with the pendant acetylide moi-
ety in Fe(CO)4(�1-PPh2C2Ph) gives the alkyne-substituted
complex (OC)4Fe[�,�1:�2-(PPh2CCPh)Co2(CO)6], which
when allowed to react with P(OMe)3 yields the cobalt-
substituted compounds (OC)4Fe[�,�1:�2-(PPh2CCPh)Co2
(CO)6−n{P(OMe)3}n] (where n = 1, 2). Thermolysis of
the mono-phosphite derivative results in PC bond cleav-
age and FeCo bond formation to furnish the phosphido-
bridged cluster FeCo2(CO)6[�3,�2-(⊥)-CCPh][P(OMe)3]
(� -PPh ). Here the phenylacetylide ligand was found to per-
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Fig. 13. X-ray structure of Cp* 3RuIr2(�3-S)(�2-SCH2CH2CN)2Cl.
Reprinted with permission from Organometallics. Copyright 2003 Amer-
ican Chemical Society.

ability of the metalloligand Pt2(�-S)2(PPh3)4 to bind
�-hydrocarbon compounds of Ru(II), Os(II), Rh(III),
and Ir(III) has been studied by using electrospray ion-
ization mass spectrometry. Dicationic species of the
type [Pt2(�-S)2(PPh3)4ML] 2+ have been observed by
mass spectrometry, and the synthesis and isolation of
several of the new dicationic compounds are reported
[134]. The reaction of the diphosphine ligand bma with
HCCo2NiCp(CO)6 has been explored. Thermolysis at
80◦C gives the zwitterionic cluster Co2NiCp(CO)4(�-
CO)[�2,�2,�1-C(H)PPh2C C(PPh2)C(O)OC(O)] as the
first observable product. X-ray analysis (Fig. 14) reveals
the existence of an open Co2Ni core with the bma ligand
tethered to the metallic core through phosphine attachment

F
C e-
t

2 2
endicularly bridge one of the FeCo bonds. The full detai
ssociated with the solution NMR and FAB mass spect
try data are presented and discussed[130].

CS2 fixation by (CpCo)2Fe(CO)L2(�3-S)(�3-CS) (where
= various two-electron donor ligands) gives the clu
roducts (CpCo)2Fe(CO)L2(�3-S)(�3-C2S3), which contain
capping trithiocarbonate moiety that is tethered to the
� edge of the trigonal bipyramidal core. The NMR
avior and cyclic voltammetric data of these new clus
re described[131]. The synthesis of Cp* 3RuIr2(�3-S)(�2-
CH2CH2CN)2Cl, whose X-ray structure is shown inFig. 13,
nd its reaction with alkynes, CO, and isocyanide liga
ave been published. The title cluster has been iso

rom the reaction of Cp* Ir(�-S)(�-SCH2CH2CN)2Cp* with
Cp* RuCl]4. Chloride replacement by CO and isocyani
ives the corresponding cationic clusters [Cp*

3RuIr2(�3-
)(�2-SCH2CH2CN)2L]+. Treatment of the starting RuI2
luster with KPF6 in the presence of acid gives t
minoacyl cluster [Cp* 3RuIr2(�3-S)(�2-SCH2CH2CN)(�3-
CH2CH2C NH)]+ through the binding of one of the pe
ant nitrile groups to the Ir2 site, followed by protonatio
f the coordinated nitrogen atom. The solution spectrosc
ata and four X-ray structures are fully discussed[132].

New trinuclear MIr2 and pentanuclear MIr4 clusters
ontaining selenido and sulfido ligands have been
ared by using (Cp* IrCl)2(�-SeH)(�-SH) as a startin
aterial. Some of the products that have been isolated

tructurally characterized include (Cp* Ir)2(MCl2)(�3-Se)2
where M = Fe, Pt), [(Cp* Ir)4Co(�3-Se)4]2+, and (Cp* Ir)2
MCl2)(�3-Se)(�3-S) (where M = Pd, Pt, Fe)[133]. The
ig. 14. X-ray structure of Co2NiCp(CO)4(�-CO)[�2,�2,�1-C(H)PPh2
C(PPh2)C(O)OC(O)]. Reprinted with permission from Organom

allics. Copyright 2003 American Chemical Society.



M.G. Richmond / Coordination Chemistry Reviews 249 (2005) 2763–2786 2779

to original �3-CH group and the CpNi moiety. This cluster
is unstable and transforms into Co2NiCp(CO)4[�2,�2,�-
C(H)PPh2C CC(O)OC(O)](�2-PPh2). X-ray analysis conf-
irms the presence of a NiC � bond that results from the
formal coupling of the maleic anhydride ring with the CpNi
moiety. The solution spectroscopic data are discussed, along
with the kinetics for the PC bond cleavage reaction and
data from MO calculations that aid in the understanding of
the observed cluster reactivity[135].

A report dealing with the synthesis and structural char-
acterization of MPtAg(�-PPh2(C6F5)2(acac)(PPh3)) (where
M = Pt, Pd) has appeared. The structural differences found in
these two clusters are outlined and discussed[136].

3.2. Tetranuclear clusters

The early-late heterometallic compound Cp2Ti(OtBu)
(�4-OC)Co3(CO)9 has been synthesized from Cp2Ti(OtBu)
and Co2(CO)8. The molecular structure consists of a
Co3(CO)9 core with a triply bridging CO group that serves
to bind the Cp2Ti(OtBu) moiety through the oxygen atom.
Mechanisms pertaining to the formation and fragmentation
reactivity exhibited by this cluster are presented[137].

Photolysis of [MeCpCr(�-SPh)]2 with Fe3(CO)9(�3-
Se)2 or Mn2(CO)10 furnishes the new antiferromagnetic
complexes [MeCpCr(�-SPh)] (� -Se)Fe(CO) (� -Se) ,
[
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synthesized. Treatment of BrCCo3(CO)7(dppm) with Au(C2
C2H)(PPh3) or CpW(CO)3(C2C2AuPPh3) yields [Co3(CO)7
(dppm)]2(�3:�3-CC2C2C) and [CpW(CO)3]C2C2C[Co3
(CO)7(dppm)], respectively. The utility of the gold(I) deriva-
tives in the synthesis of odd-numbered carbon chains is
discussed[143]. The double-cubane cluster [{(Cp* Mo)3(�3-
S)4Ni}2(�,�2:�2-cod)]2+ has been isolated from the reaction
between [(Cp* Mo)3(�2-S)3(�3-S)]2+ and Ni(cod)2. A dmad
ligand reacts with the double-cubane cluster to furnish
[(Cp* Mo)3(�3-S)4Ni(�2-dmad)]+. Both of these new cluster
products show high catalytic activity for the intramolecular
cyclization of alkynoic acids to enol lactones[144].

CO substitution in MoIr3(�3-CO)3(CO)8Cp2 by iso-
cyanides leads to varying yields of MoIr3(�3-CO)3
(CO)8−nLnCp2 (where L = CNBut, 2,6-CNxy;n = 1–3). The
X-ray structures of both monosubstituted clusters confirm
that the isocyanide ligands are bound to iridium atoms via
apical coordination. Also included in this report is the X-ray
structure of Mo2Ir2(�-CO)2(CO)8(CNBut)2Cp2 [145]. The
reaction between MoIr3(�3-CO)3(CO)8Cp*

2 and PPh3 gives
the bisphosphine cluster MoIr3(�3-CO)3(CO)6(PPh3)2Cp*

2,
where the phosphine groups are shown by X-ray analysis
to be coordinated to adjacent iridium atoms in the plane of
the bridging CO ligands. The ligand substitution of CO by
CNBut and diphenylacetylene in Mo2Ir2(�3-CO)3(CO)7Cp2
has been described. The X-ray structural characterization
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MeCpCr(�-SPh)]2(�3-Se)Mn2(CO)9, and [MeCpCr(�-
Ph)]2(�4-Se)Mn2(CO)8. The solid-state structure of ea
luster has been crystallographically determined, and th
f super-exchange spin–spin interaction through the ch
en bridge is discussed with respect to the observed mag
roperties[138]. The reactivity of the disulfido linkage
n2(CO)7(�-S2) has been investigated for its participat

n small molecule activation and cluster build-up schem
he tetranuclear cluster CpMoMn3(CO)13(�3-S)(�4-S)
as been isolated as a minor product from the rea
f Mn2(CO)7(�-S2) with Cp2Mo2(CO)6 [139]. A report
escribing the comparative crystallography and electroc

stry of several isostructural cubane clusters has appe
he title clusters were prepared from the reaction of th
omplete cubane cluster [(MeCp)3M3S4]+ (where M = Mo,
) with group 10 alkene complexes[140]. The reaction o

he metal acetylides Cp* M(CO)3(CCPh) (where M = Mo
) with the chalcogen-bridged cluster Fe3(CO)9(�3-S)2

n the presence of alkynes yields the new cluster c
ounds Cp* MFe3(�3-S)[�3-C(H) C(R)S](CO)6(�3-CCPh)
where R = various alkyl and aryl groups). The spec
copic data and X-ray structures of two derivatives
resented and discussed[141]. A structural reexamination
oRu3C2(CO)5Cp4 has been published. Low-temperat
ata collection using a CCD-equipped diffractom
ave allowed for the original ambiguity in distinguis

ng between the Mo and Ru centers to be resolved.
evised interpretation now converges on the elect
recise cluster�3,�1-[Cp(CO)2MoCC]Ru3(CO)5Cp3 [142].
ew polynuclear clusters containing C5 chains have bee
f Mo2Ir2(�4,�2-PhC2Ph)(�3-CO)4(CO)3(CNBut)Cp2 re-
eals that the adopted molecular structure exhibits a
erfly core with iridium hinge and molybdenum wing
toms[146]. A report dealing with the synthesis and so
tate structures, and electrochemical behavior of alk
oordinated Mo2Ir2 clusters that also contain coordinat
eterocyclic bridging moieties has appeared[147]. A re-

ated paper describing the synthesis and redox activi
o2Ir2 clusters linked by phenyleneethynylene groups
een published. DFT calculations have been carried
nd these data are discussed within the context of th
erved cyclic voltammetry behavior[148]. The pseudocta
edral clusters M2Ir2(�4,�2-RC2R′)(�-CO)4(CO)4(MeCp)2
where M = Mo, W; R, R′ = various alkyl and aryl group
ave been synthesized from the parent M2Ir2(CO)10(MeCp)2
lusters and added alkyne. Selected derivatives were
loyed in the preparation of organic�-delocalized complexe
here two and three separate M2Ir2 units have been joined b
uitable phenylenevinylene linking moieties. The synth
ethodologies employed and the solution spectroscopic
n twenty-seven cluster systems are reported. Three
tructures accompany this paper, of which the molec
tructure of W2Ir2(�4,�2-MeC2Ph)(CO)8(MeCp)2 is shown

n Fig. 15 [149].
New linear chain clusters containing rhenium and o

um centers have been prepared. The reaction of Os(3
CNBut)2 with Re2(�-H)(�,�1-C2H3)(CO)8 gives the
someric complexes (OC)4(CNBut)ReOs(CO)3(CNBut)Os
CO)3(CNBut)Re(CNBut)(CO)4 and (OC)3(CNBut)2ReOs
CO)4Os(CO)3(CNBut)Re(CNBut)(CO)4, which both con
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Fig. 15. X-ray structure of W2Ir2(�4,�2-MeC2Ph)(CO)8(MeCp)2. Reprin
ted with permission from Organometallics. Copyright 2003 American
Chemical Society.

tain a nearly linear chain of ReOsOsRe atoms based on X-ray
diffraction data. The fluxional behavior of the CO ligands was
explored by NMR spectroscopy, and these data have been
used in a discussion pertaining to the exchange pathways
available to both isomers[150]. Treatment of the carbyne
compounds [Cp(CO)2MCPh]+ (where M = Mn, Re) with
[Rh(CO)4][PPN] yields the tetranuclear clusters M2Rh2(�-
CPh)(�3-CPh)(�-CO)3(CO)3Cp2, along with Mn3Rh2(�-
CPh)2(�3-CPh)(�-Cl)(�-CO)3(CO)2Cp3 and ReRh4(�4-

CPh)(�-CO)4(CO)5Cp which were isolated as minor side-
products. The chlorine group in the former Mn3Rh2 cluster
presumably derives from the CH2Cl2 solvent that was em-
ployed in the recrystallization of the cluster. The X-ray struc-
ture shown inFig. 16confirms the presence of this chlorine
group that spans the Rh–Rh vector in this cluster[151].

Experimental evidence for direct bonding interaction
between the d10 centers of Pd(O) and Hg(II) has been
published. NMR studies reveal that the Pd center in
Hg[FeSi(OMe)3(CO)3(�-dppm)]2Pd shuffles between the
Hg and the two Fe groups in the linear Fe–Hg–Fe motif. The
energetics associated with the observed fluxional behavior
have been determined and fully discussed[152]. Electrophilic
addition to the Fe2E face of [Fe3(CO)9(�3-E)]2− (where
E = Se, Te) has been observed when the starting clusters are
treated with [Cp* M(MeCN)3]2+ (where M = Rh, Ir). The
resulting tetranuclear clusters MFe3(�4-E)(CO)9Cp* exhibit
a butterfly metallic core that is ligated by the�4-chalcogen
atom. The iridium reaction is also accompanied by the
formation of the triangular clusters IrFe2(�3-E)(CO)7Cp* ,
whose identity was crystallographically determined in the
case of the tellurium derivative[153]. The cluster Os3Rh(�-
H)3(CO)12 reacts with excess 2-vinylpyridine in refluxing
CHCl3 to produce Os4Rh(�-H)4(CO)13(�2-NC5H4C2H2).
The new cluster exists as a pair of isomers that differ in
the configuration of the metallated vinylpyridine moiety.
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ig. 16. X-ray structure of Mn3Rh2(�-CPh)2(�3-CPh)(�-Cl)(�-CO)3(CO)
hemical Society.
T EXSY data have allowed for the accurate determina
f the energetics for vinylpyridine isomerization ab

he cluster polyhedron. The solid-state structure of
roduct cluster has been solved[154]. The synthesis an
olecular structure of a cluster containing a�4-dicarbyne
oiety have been reported. Treatment of the perm

ated ethene complex (�4-C C)Fe2Ru2Cp*
2(CO)10 with

iphenylacetylene furnishes the 66e− cluster (�4-C-
)Fe2Ru2Cp*

2(CO)6(�-PhC2Ph), which contains a dim
allacyclobutariene core. This new cluster is unstable

eprinted with permission from Organometallics. Copyright 2003 Ame
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Fig. 17. X-ray structure of (�3-C2H)FeRu2Cp* (CO)5(dppm). Reprinted
with permission from Organometallics. Copyright 2003 American Chem-
ical Society.

slowly decomposes, in part, to give an Fe2Ru2 compound
possessing a linear 3-oxohepta-1,4-dien-6-yn-1,7-diyl
skeleton[155]. Hydrogenation of the permetallated ethene
ligand in (�4-C C)Fe2Ru2Cp*

2(CO)8L2 (where L2 = 2CO,
dppm) has been achieved through the sequential ad-
dition of proton and hydride.�-Chloropropionic acid
reacts with the decacarbonyl cluster to give the hydrido
carboxylate (�4-C C)(�-H)Fe2Ru2Cp*

2(CO)8(�,	1:	1-
MeCHClCO2). Reaction of the dppm-substituted deriva-
tive (�4-C C)Fe2Ru2Cp*

2(CO)8(dppm) with Et4NBH4
leads to the elimination of one of the iron fragments
and formation of the trinuclear acetylide cluster (�3-
C2H)FeRu2Cp* (CO)5(dppm), whose X-ray structure is
depicted inFig. 17. The flexible coordination capability of
the C2 ligand in these clusters is discussed, as are the X-ray
structures of six other cluster compounds that have been
determined[156].

The synthesis and X-ray diffraction structure of
[Cp* (PPh3)Ir(�-H)2]2[Ag2(OSO2CF3)2] have been pub-
lished[157]. New structural assemblies using Pt2(P P)2(�-
S)2 are described. The heterometallic compounds [Au2{Pt2
(PPh3)4(�3-S)2}2]2+, Au2Pt2Cl2(PPh3)4(�3-S)2, and Ag2
Pt2Cl2(dppf)2(�3-S)2 have been synthesized and char-
acterized by X-ray crystallography in the case of
the cationic derivative and the Ag2Pt4 cluster [158].
The unprecedented compound PtHg(� -O)(�-OH)(�-
C ac-
t
H

3

l-
l
C
[ ith

Fig. 18. X-ray structure of ReOs4(�-H)(�-CO)(CO)17. Reprinted with per-
mission from Organometallics. Copyright 2003 American Chemical Society.

the solution spectroscopic data and the molecular structures
of the vanadium and manganese compounds are discussed
[160]. A study dealing with the interpretation of the termi-
nal ν(CO) spectra of various mixed-metal M5 clusters has
appeared. The IR data have been analyzed by using spher-
ical harmonic and tensor harmonic models. The strengths
and weaknesses of each method in accurately describing the
ν(CO) vibrational data are outlined[161]. The reaction of
Os4(CO)14with HRe(CO)5 has been investigated. HRe(CO)5
adds to the osmium cluster at room temperature to give
ReOs4(�-H)(CO)19, whose X-ray structure is shown to con-
sist of a planar kite arrangement of metal atoms bearing an
equatorially bound Re(CO)5 moiety. Controlled thermoly-
sis of this adduct at 85◦C initially affords ReOs4(�-H)(�-
CO)(CO)17, followed by ReOs4(�-H)(CO)16. X-ray diffrac-
tion analysis of the former product (Fig. 18) reveals the pres-
ence of a distorted Os4 tetrahedron that contains a Re(CO)5
spike ligand, while the latter cluster product exhibits a trigo-
nal bipyramidal core of metal atoms. The three X-ray struc-
tures that are presented are discussed relative to the binary
clusters Os5(CO)n (wheren = 19, 18, 16). The fluxional be-
havior of the ancillary CO ligands in these three new ReOs4
clusters has been studied by VT13C NMR spectroscopy, with
the CO exchange mechanisms discussed[162].

3

p
t
d sep-
a ar-
b n
s
C s
3 4
l)Cl3(C6Cl5)(PPh3)3 has been isolated from the re

ion of [trans-PtCl2(C6Cl5)(PPh3)]+ or [Pt(C6Cl5)4]2+ with
g(NO3)2·2H2O [159].

.3. Pentanuclear clusters

Reduction of Fe2(CO)6(�2-S)2 by Super-hydride, fo
owed by treatment of the dianion with VCl3, MnCl2, and
rCl3/Zn yields VFe4(CO)12S4, [MnFe4(CO)12S4]2−, and

CrFe4(CO)12S4]2−, respectively. The details associated w
.4. Hexanuclear clusters

The activated cluster Ru3(CO)10(MeCN)2 reacts with
endant alkyne linkage of Co3(CO)9(�3-CCO2CH2C2H)

o yield Co3(CO)9[�3-CCO2CH2CC{HRu3(CO)9}]. X-ray
iffraction analysis confirms the presence of spatially
rated Co3 and Ru3 cluster groups that are joined by c
yne and acetylide moieties[163]. The synthesis, solutio
pectroscopic data, and X-ray structure of Os5Rh(�5-C)(�3-
O)(CO)13Cp* have been published. The 86e− cluster ha
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been isolated in good yield from the reaction of [Os5(�5-
C)(CO)14]2− with [Cp*

2Rh2]2+. The solid-state structure
consists of a square-based pyramid of osmium atoms with
one Os3 face capped by the Cp* Rh unit. An internal elec-
tronic imbalance is responsible for the adopted polyhedral
structure instead of thecloso octahedral core predicted by
PSEP theory[164]. A report dealing with the synthesis
and vibrational spectroscopy of [FeNi5(CO)13]2− has ap-
peared. The product cluster has been obtained from the re-
action of [Ni6(CO)12]2− with Fe(CO)5 in MeCN at room
temperature. The molecular structure consists of a trigo-
nally distorted octahedron. The structural differences be-
tween the FeNi5 cluster and [Ni6(CO)12]2− are discussed
relative to the replacement of a Ni(CO) moiety by an
Fe(CO)2 unit. The increased steric environment in the
mixed-metal system promotes facile protonation and CO-
induced fragmentation reactions. One of the cluster fragmen-
tation products isolated and structurally characterized was
[Fe3Ni(CO)12]2− [165]. The ligand substitution chemistry
in Ru5C(CO)14Pt(cod) and Ru6C(CO)16Pt(cod) has been
explored. The cod ligand is readily replaced by CO and
phosphine ligands. The former cluster reacts with CO to
give Ru5CPt(CO)16, while the latter Ru6Pt cluster exhibits
loss of a ruthenium or Pt(cod) moiety upon reaction with
added CO. Phosphine substitution at the platinum center af-
fords Ru C(CO) PtP (where P = PPh, dppm) in the case
o in
t the-
n
R
u
r lus-
t
F ech-
a and
m
T
a ob-
t n
m
a s a
r nc-
t rized
i

[Pt3Ru10C2(CO)32]2−, Pt4Ru5C(CO)16(PPh3)3, and Pt2Ru4
C(CO)14(PPh3) [167]. The fluxional opening and closing
of the platinum vertex in PtRu5(CO)15(PBut

3)(�5,6-C) has
been demonstrated by VT NMR measurements. This clus-
ter, which was isolated from the reaction of Ru5(CO)15(�5-
C) with Pt(PBut3)2, consists of a mixture of interconverting
isomers. Each isomer has been successfully recrystallized
and characterized by X-ray crystallography. One isomer pos-
sesses a square pyramidal Ru5 core that is based capped by
the Pt(PBut3) moiety, while the second isomer is structurally
similar with the Pt(PBut3) fragment bound to an edge of the
Ru5 square base. The NMR data allow for the calculation of
both the activation and thermodynamic parameters associated
with the fluxional polyhedral changes. A mechanism involv-
ing a reversible breaking and making of two PtRu bonds and
an oscillatory motion of the Pt moiety between the 4-fold
Ru4 site and the 2-fold edge-bridging Ru2 site is outlined.
The reaction between Ru5(CO)15(�5-C) and Pd(PBut3)2 fur-
nishes the new clusters PdRu5(�6-C)(CO)15(PBut

3) and
Pd2Ru5(�6-C)(CO)15(PBut

3)2 as the major and minor prod-
ucts, respectively. The fluxional behavior exhibited by these
Pd-Ru clusters has been investigated and their solid-state
structures determined[168]. The ligand-substituted clus-
ters PtRu5(�6-C)(CO)15L (where L = PMe2Ph, PMe3, SMe2)
and PtRu5(�6-C)(CO)14L2 (where L = PMe2Ph, PMe3) have
b ior in
s (s)
i gand
e rough
b nal-
y ation
a eriza-
t illus-
t d
t

-
e
H
A
M
( op-
e
p ion
s nds

F eprint rican
C

5 14 2 3
f Ru5C(CO)14Pt(cod). Extrusion of the Pt(cod) moiety

he Ru6Pt cluster by phosphines furnishes the hexaru
ium clusters Ru6C(CO)16(PPh3), Ru6C(CO)15(PPh3)2,
u6C(CO)15(dppm), and Ru6C(CO)13(dppm)2 depending
pon the reaction conditions. Also isolated from the Ru6Pt
eactions in low yields were the higher nuclearity c
ers Ru6C(CO)15Pt2(dppm) and Ru6C(CO)16Pt3(dppm)2.
ive X-ray structures have been determined, and m
nisms related to the substitution chemistry and lig
igration schemes are presented and discussed[166].
he synthesis and characterization of [PtRu5C(CO)15]2−
re described. The new dianionic cluster has been

ained from PtRu5C(CO)16 and its reaction with KOH i
ethanol. The reactivity of the dianion towards Au(PPh3)Cl
nd platinum dihalides has also been studied a
oute to higher nuclearity systems. Some of the fu
ionalized clusters isolated and structurally characte
nclude PtRu5C(CO)15(AuPPh3)2, Pt2Ru4C(CO)13(cod),

ig. 19. Ligand exchange pathways exhibited by PtRu5(�6-C)(CO)15L. R
hemical Society.
een synthesized and examined for their fluxional behav
olution. Dynamic isomerization of the ancillary L group

s observed and found to proceed by an intramolecular li
xchange of the ligand between the Pt and Ru centers th
ridging phosphine and sulfide intermediates. VT NMR a
ses have provided the critical data related to the activ
nd thermodynamic parameters for each of these isom

ions. Three X-ray structures and a detailed mechanism
rating the ligand isomerization (Fig. 19) are presented an
horoughly discussed[169].

Deprotonation of H4Os4(CO)12 by Et3N in the pres
nce of Au(PPh3)Cl produces the new clusters Os4Au2(�-
)2(CO)11(PPh3)2, Os4Au3(�-H)3(CO)11(PPh3)3, and Os4
u4(�-H)2(CO)11(PPh3)4. Treatment of H4Os4(CO)12 with
e3NO and Au(PPh3)Cl gives Os4Au(�-H)3(CO)11(NMe3)

PPh3). The X-ray structures and electrochemical pr
rties of these clusters are described[170]. A re-
ort dealing with the synthesis and X-ray diffract
tructure of new alkynyl-Group 9/Group 11 compou

ed with permission from Inorganic Chemistry. Copyright 2003 Ame
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has appeared. The compounds presented in this report
have the formula M2M′

4(C2R)8(PPh3)2 (where M = Rh,
Ir; M ′ = Cu, Ag; R = Ph, Fc) [171]. The reaction be-
tween [Ag2(�-Ph2PXPPh2)2(MeCN)2]2+ (where X = NH,
CH2) and [Pt(C2C6H4R-p)4]2− (where R = H, Me) pro-
duces the luminescent hexametallic compounds Pt2Ag4(�-
Ph2PXPPh2)4(C2C6H4R-p)4 and the trinuclear complex
[PtAg2(�-Ph2PCH2PPh2)2(C2C6H5)2(MeCN)2]2+. One X-
ray structure and the photophysics of these compounds are
discussed[172].

3.5. Higher nuclearity clusters

The cluster compound Os3Rh4(CO)13(�3,�1:�1:�1-
C6H5Me) has been isolated in low yield from the reac-
tion between toluene and Os3Rh(CO)12(�-H)3 in the pres-
ence of the hydride acceptor 4-vinylphenol. The molec-
ular structure of this Os3Rh4 cluster consists of an in-
ternal Rh4 tetrahedron with three face-capping Os(CO)3
units and an unprecedented face-capping toluene ligand.
A discussion of the observed product with respect to
surface-bound benzenes on atomically flat closed pack sur-
faces possessing C3v local symmetry is presented[173].
The luminescent alkynyl complexes [Ag6(�-dppm)4{�3-
C2C2Re(N N)(CO)3}4]2+ (where N N = various bipyridyl
ligands) have been synthesized and their photophysical prop-
e of
[ d
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bpy 2,2′-bipyridine
cod 1,5-cyclooctadiene
cot cyclooctatraene
Cp cyclopentadienyl
Cp* pentamethylcyclopentadienyl
Cy cyclohexyl
DMPO 5,5-dimethyl-1-pyrroline-N-oxide
dmad dimethyl acetylenedicarboxylate
dmpe 1,2-bis(dimethyphosphino)ethane
dpko bis(2-pyridyl)ketone oxime
dppa 1,2-bis(diphenylphosphino)acetylene
dppb 1,4-bis(diphenylphosphino)butane
dppe 1,2-bis(diphenylphosphino)ethane
dppef 1,2-bis(diperfluorophenylphosphino)ethane
dppf 1,1′-bis(diphenylphosphino)ferrocene
dppm bis(diphenylphosphino)methane
dppp 1,3-bis(diphenylphosphino)propane
Fc ferrocenyl
H2binam 2,2′-diamino-1,1′-binaphthalene
MeCp methylcyclopentadienyl
nbd norbornadiene
PPN bis(triphenylphosphine)iminium
py pyridine
TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy
tmp 2,2,6,6-tetramethylpiperidinyl
tol tolyl
x

R

03)

A.

3303.
03)

7.
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J.-
003)

ka-
rties examined[174]. The silica-promoted synthesis
Ru10Pt2C2(CO)28]2− and Ru5PtC(CO)16 has been achieve
y using [Ru5C(CO)14]2− and PtCl2(MeCN)2 as starting ma

erials. Use of the related carbide cluster [Ru6C(CO)16]2−
urnishes Ru12PtC2(CO)32(MeCN)2. The molecular struc
ure of each high-nuclearity cluster has been solved. The
f silica is believed to involve the coordination of the p

num reagent by the Si-OH surface, which yields a surf
tabilized [Pt(MeCN)2]2+ species that is available for t
ontrolled addition to the ruthenium cluster[175]. Treat-
ent of excess [Pd(MeCN)4]2+ with [Os10(CO)24(�6-C)]2−

n CH2Cl2 at room temperature gives [Os18Pd3(CO)42(�6-
)2]2− in moderate yield. X-ray structural analysis reve

he presence of three metallic domains, where a trian
d3 array is sandwiched between two tricapped octahe
s9(CO)21(�6-C) subclusters. The ability of the Os18Pd3

luster to serve as an electron reservoir without underg
luster fragmentation was demonstrated by cyclic voltam
ry studies. The CV shows five reversible cathodic waves
wo irreversible anodic processes[176].

ppendix A

mata 2,3-bis(diphenylphosphino)maleic acid-thioan-
hydride

pcd 4,5-bis(diphenylphosphino)-4-cyclopenten-1,3
dione

ppm 2,3-bis(diphenylphosphino)-N-phenylmaleimide
y 2,6-substituted xylene
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[118] M.A. Casado, J.J. Ṕerez-Torrente, M.A. Ciriano, I.T. Dobrinovitc

F.J. Lahoz, L.A. Oro, Inorg. Chem. 42 (2003) 3956.
[119] M. Shieh, R.-L. Chung, C.-H. Yu, M.-H. Hsu, C.-H. Ho, S.-

Peng, Y.-H. Liu, Inorg. Chem. 42 (2003) 5477.
[120] B. Ahrens, J.M. Cole, J.P. Hickey, J.N. Martin, M.J. Mays,

Raithby, S.J. Teat, A.D. Woods, J. Chem. Soc., Dalton T
(2003) 1389.

[121] N. Auvray, P. Braunstein, S. Mathur, M. Veith, H. Shen, S. Hüfner,
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