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Continuous study on preparation of multimetallic clusters is stimulated by their rich coordination
chemistry and promising applications in a variety of interesting fields. Although numerous efforts

have been devoted to this field, the rational design of somo- and hetero-multimetallic compounds
with direct metal-metal bonding supported by 1,2-dicarba-closo-dodecarborane-1,2-
dichalcogenolates will still be an important step forward. This tutorial review focuses on the
synthetic approach via redox reactions between the pseudo-aromatic half-sandwich
oraganometallic carborane precursors and low-valent transition metal reagents. The tailoring of
reaction conditions and the structural information from the resulting products are discussed

extensively.

1 Introduction

The synthesis of structurally defined multinuclear complexes
has been receiving tremendous attention and emphasis during
recent decades,’? in particular complexes containing direct
metal-metal bonds. The greatest stimulus for the development
of this research field is the cooperative interaction of two or
more coordination centers,® which offers attractive perspec-
tives in stoichiometric and catalytic transformations.*
Furthermore, multimetallic clusters have even found medical
applications.” Traditionally, the synthetic approaches are
designed mainly based on photochemistry,® direct synthesis
from metal oxides or halides,” and sometimes even on
serendipitous discoveries.® Whatever the procedure, the use
of bridging ligands to bring two metal centers within bonding
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t Cp” = n°-CsMes, n°-CsHs or 1n°-1,3-Bu',CsH; or n°-4-isopropyl-
toluene.

(or interaction) distance has played a decisive role in the
systematic investigation of such systems. Among the bridging
ligands commonly utilized,”!" dithiolene ligands have
attracted particular attention as ancillary groups in the
rational design of multi-metallic complexes, due to their
coordinative unsaturation in the planar MS,C, subunits.!>!3
1,2-Dicarba-closo-dodecarborane-1,2-dichalcogenolates
(ortho-carborane dichalcogenolates), the three-dimensional
super-aromatic analogue of the benzene counterpart,'* are of
particular interest as sterically demanding, chemically robust
chelating dichalcogenolato ligands. They are easily prepared
by the insertion of elemental chalcogen into the Li—C bonds of
dilithium carborane after deprotonation by n-butyllithium;
they exhibit potential to function as promising ligands to
facilitate the formation of direct metal-metal bonding. Not
only can these ligands serve as promising candidates for
construction of desired clusters like other dithiolenes, but
additional superior features can also be anticipated: (1) these
bulky ligands are expected to increase the stability of the
multinuclear complexes due to the highly conjugated system;
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Fig. 1 Molecular structures of la and 2b.

from this aspect, coordination reactions at the pseudo-
aromatic MS,C, metallacycles can proceed under relatively
mild conditions in most cases; (2) the icosahedral symmetry of
the carboranyl unit, together with the cyclopentadienyl
ligands, can dramatically increase the solubility of the resulting
clusters, and hence improve the common problem of crystal-
lization; (3) the inherent characteristics of the carborane
cluster may affect the chemical and physical properties of the
resulted products, and pave the way for practical applications.

The past decade has seen a rapid development of systematic
studies on the versatility of 1,2-dicarba-closo-dodecarborane-
1,2-dichalcogenolates in metal-metal bonding formation, since
the first attempt made in 1997, which effectively bridges the
two best developed areas of polyhedral boranes and metal
clusters in inorganic cluster chemistry. A recent review
concerning the chemistry of mononuclear organometallic
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complexes with 1,2-dichalcogenolato-o-carborane ligands
served as the basis for the present topic.'”> Although
metalladithiolene complexes employed in transformations
toward multinuclear entities has been already well-
documented, " up to now there is no review article focusing
on the specific research field of carboranyl dichalcogenolates.
Therefore, we summarize in this rutorial review the recent
investigations on the syntheses of homo- and hetero-
multinuclear clusters with ancillary 1,2-dichalcogenolate
carborane ligands as a general and facile approach, and the
crystallographic evidence of direct metal-metal bond forma-
tion. This collection of works centers exclusively on the ortho-
carborane dichalcogenolates, although a few examples of
metalacarborane complexes are included due to the fact that it
is indispensable to discuss the reactivity under different
conditions. Since most of the studies are based on half-
sandwich transition metal dichalcogenolates as precursors, the
following discussion will be classified according to different
reagents involved.

2 Serendipitous discoveries of bimetallic complexes

During the direct syntheses of a number of mononuclear half-
sandwich carboranyl complexes of Co, Rh, Ir and Ru, as
described in the previous review,'® dinuclear Cp and Cp* (Cp =
nS-C5H5; Cp* = nS-CsMeS) half-sandwich complexes contain-
ing bridging [EZCZ(BIOHIO)]Z_ (E = S, a; Se, b)i ligands are
observed serendipitously. For example, attempts to combine
the [E»Ca(BjoH;o)*~ building block with a 17¢ fragment,
[CpRu(PPh;),] or [Cp*RuCl,], did not give a mononuclear
product but a symmetrical bimetallic complex (CpRu),-
[S2C2(BioHi0)l2 (1a) or (Cp*Ru)a(p-Se)[SexCa(BioHi0)] (2b),
and the Ru—-Ru distances of 2.7781 and 2.7177 A correspond
to a single bond (Fig. 1).'¢

This trend of forming bimetallic complexes with direct metal—
metal bond also occurred in the reaction of dimerized rhodium

i Unless otherwise specified, E stands for a chalcogen element, with
suffix a for sulfur and b for selenium in this article.
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complex [Rh(COD)(p-Ch)], (COD = 1,5-cyclooctadiene, CgH»)
or [Rh(CO)y(n-CD], with Li,E-C,B1oH ¢ (Scheme 1), which
affords the dirhodium complexes (LRh),[E,C>BoH;0)] (L =
\
[LRhCI2] E

COD, 3; 2CO, 4)'7 at room temperature.
723
>[\' - E

Toluene CT"\"C
< =COD, 3:CO, 4 é@

Scheme 1 Synthetic route for dirhodium complexes (3, 4).
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This type of seeming accidental results revealed the strong
tendency of the central metals to form a saturated 18e
configuration. To study the potential of this series of transition
metal complexes, investigations have been extended to the
rational design and methodologic versatility for the systematic
preparation of such multi-metallic frameworks, in which direct
metal-metal bonds are formed between the metal centers.

3 Approaches toward rational design of transition
metal clusters

Among the mononuclear 16-electron Cp* half-sandwich
carbonyl complexes synthesized and characterized during the

) n-BuLi
2) E (E=S, Se)

%
o

M
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M=Co (5), Rh (6), Ir (7) M=Co (8), Rh(9) M=Co (10), Rh (11) 12

Scheme 2 Synthesis of the 16e half-sandwich carborane complexes.

last decade, the most thoroughly studied species are a series of
Group 8 (Ru and 0s)'® and Group 9 (Co,"” Rh?® and Ir?!)
complexes (Scheme 2), partially due the ease of preparation
and the relative stability of the pseudo-aromatic system.

In view of the nucleophilic behavior of chalcogen ligands
and easy formation of p-chalcogen bridges in hetero-bimetallic
complexes, it is not surprising that the neutral half-sandwich
rhenium  dichalcogenolate  carborane  complexes  of
Cp*Re[E,Ca(BioH o)l (E = S, Se; 13) act as organometallic
bidentate ligands through their chalcogen atoms. Thus, the
complexes Cp*Re[E,Cy(BoH o))z (13) react with (COD),Ni to
give [Cp*Re(S,CoBgH ),Ni], (14) (Fig. 2) and with the
toluene-stabilized  tricarbonyl =~ molybdenum  fragment
(C;Hg)Mo(CO); to give the hetero-tetranuclear complexes
[Cp*Re(E,C,B1oH 0)>Mo(CO)], (15) (Scheme 3).'° The Re-Ni
distances (2.4744 A) and the capping angles (Re-S-Ni 66.52°)
in the other two planes indicate the strong direct interaction
between Re and Ni atoms; while the short bond distances
between Re and Mo (2.5868 A, and 2.6205 A for the
diselenolate counterpart) also lie in the range for triple bonds,
so that each of Mo and Re centers in the complexes is formally
an 18-electron system. This is the very beginning of the vast
possibilities for direct metal-metal bonding.

3.1 Carbonyl reagents

Extensive exploration suggests that direct homo- and hetero-
metal bonding between ruthenium or group 9 metals (Co, Rh,
Ir) and transition metals namely Mo, W, Fe and Co can be
accomplished by reacting 16-electron 1,2-dicarba-closo-dode-
carborane-1,2-dichalcogenolato precursors (5-12) with carbo-
nyl transition metal reagents.

Mo(CO)3(py)s. The combination of Mo(CO)s(py)s (py =
pyridine, NCsHs; 16) and BF; has been used as an effective
way to generate a reactive [Mo(CO);] fragment in previous
study.? In this way, complexes 5-12 (a, b) can react with
Mo(CO)s(py); (16) in the presence of more than three
equivalents of BF3-Et,O to give a series of bi- or tri-metallic
mixed-metal complexes. Representative structures are pre-
sented in Scheme 4.

In the reaction between Cp*Co[E,Cy(BoHjp)] (5) and
Mo(CO);(py)s (16), the sole product in high yields is the
purple binuclear Cp*Co[E>Cy(BoH 0)]Mo(CO),[E,C>-
(BioH10)] (17).* The binuclear complex 17 contains two
o-carborane thiolato ligands: one serves as the bridging ligand

3@
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N (COD),Ni I\ \  (Toluene)Mo(CO)3
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Scheme 3 First attempts to prepare multinuclear complexes with direct M—M bonds.
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Fig. 2 Molecular structure of 14a.

and the other is attached only to the [Mo(CO),] fragment. The
molybdenum atom shows seven-coordination geometry, hav-
ing two terminal carbonyl ligands, the pseudo-aromatic system
of the colbadithiolene heterocycle in 17 is folded by 138° along
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the S---S vector, due to the coordination of the S atoms to Mo;
while the five-membered metallacycle MoS,C, is nearly planar.
If performed in the absence of BF3-Et,O using dichloro-
methane as solvent, red binuclear complexes Cp*Co(,-
CO)[E,Cy(B1oH19)]Mo(CO)(py), (18) can be formed in
moderate yields (Fig. 3). The Mo, further coordinated by
two pyridine groups and one carbonyl group, has a total of 16
valence electrons. The distance between cobalt and molybde-
num is 2.501 A in 18a, clearly indicating a single metal-metal
bond nature. Unlike the bridging carbonyl group in 17a, there
is a stronger interaction between cobalt and the bridging CO
group (Co(1)-C(3) 2.171 A); this may account for a shorter
Co-Mo bond (2.501 A) than the average single bond.
{CpCo[E>Cs(B1gH0)]}2Mo0o(CO), (19), a trimetallic product
is formed by the reaction of CpCo[E,C,(BjoHo)] (10) with
Mo(CO)s(py)s (16)/BF3-Et,O, which comprises two dichalco-
genolato metal centers bridged by a molybdenum dicarbonyl
unit (Fig. 3).

Meanwhile, when reacted with rhodium species
Cp*Rh[E>Cy(BioH0)] (6) and Cp’Rh[E,Cs(BioH )] (Cp’ =
n5-1,3-Bu12C5H3, 9), the main products are trinuclear Rh—Mo-
Rh species, namely {Cp*Rh[E,Ca(B;oH;0)]}2Mo(CO), (20)**
and {Cp'Rh[E,C»(B1oH0)]}>Mo(CO), (21).%° They all exhibit
similar configurations as the cobalt counterpart 19. Bimetallic
byproduct Cp*Rh[S,Cx(B1oH10)[Mo(CO)2[S2Ca(B1oH10)] (222)
is observed only in the case of 6a (Fig. 4). The Mo-Rh
interaction is a single bond if taking into account the
bond length (2.745 A), so this arrangement does not satisfy
the 18-electron rule in Mo center, and thus the complex
is coordinatively unsaturated. The reaction of the iridium
16-electron precursor Cp*Ir[Se,Cy(B1oH )] (7b) can only give

a \ / /E\
1T N
E E -"C'(
v\
M'(CO)3(PY)3 C’l?
BF 3 Et,0
M' = Mo,16; W,25 " -
Co Cp Mo (17); W (26)
Cp' W (27)
" Cp W (28)
= \ Rh Cp~ Mo (22): W (30)
2 Cp' W (31)
5
g co
o co
\M _///py Rhyn{'O"‘-—-____CO
Q\py ée \Se
E
\ £ \c-~c/
C=C )(\
32b
18a

Scheme 4 Reactions with Mo(CO);(py)s (16) and W(CO);(py)s (25).
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Fig. 4 Molecular structures of 22a and 23b.

trinuclear product {Cp*Ir[S,C»(BoH0)]}2Mo(CO), (23b) as
depicted in Fig. 4.2

Interestingly, in the case of ruthenium [(p-cymene)Ru-
{S,C5(B1oH10)}] (p-cymene = n6-4-isopr0pyltoluene, 12a),
substitution of the shielding p-cymene group by three
carbonyls is observed besides the formation of the trinuclear
cluster {(p-cymene)Ru[S,C,(BoH¢)]}>Mo(CO), (24a)
(Fig. 5).%

Therefore, the combination of Mo(CO);(py)s/BF3 with
mononuclear 16e half-sandwich carborane complexes can
successfully lead to syntheses of multinuclear clusters contain-
ing Group 9 metals and ruthenium. Direct M-Mo bonding
lies in the range of single bond interactions, namely 2.626 A
(Co-Mo), 2.755-2.826 A (Rh-Mo), 2.782-2.819 A (Ir-Mo)
and 2.789-2.819 A (Ru-Mo), each supported by a symme-
trically bridging ortho-carborane-1,2-dichalcogenolato ligand.
The former planar pseudo-aromatic systems of the MS,C, are
usually folded in the electronically saturated products, with the
dihedral angles at the E---E vector ranging from 135 to 140°.

W(CO)s(py)s. The reactions of complexes 5-11 with
W(CO)s3(py)s; (25) and BFj; in diethyl ether are comparable

to the molybdenum analogue (Scheme 4). The formation of the
neutral and diamagnetic mixed-metal complexes involves
redox processes during which the group 9 metal centers (Co,
Rh and Ir) are partially reduced by the low-valence tungsten
fragment [W(CO);]. The main products, trimetallic clusters,
can be obtained in higher yields only upon heating/refluxing or
when longer reaction times is applied, due to the lower
reactivity of W centers compared to Mo.

The reaction between the 16-electron half-sandwich cobalt
complexes 5, 8 and 10 with W(CO)s(py)s (25) lead only to the
formation of hetero-bimetallic products, namely Cp*Co[E,C,-
(B1oH10)]W(CO)[E>Ca(B1oH )] (26),7* Cp'Co[E2C(B1oHo)]
W(CO),[E>Cx(BoH )] (27)28 and  CpCo[E,Cx(BioH )]
W(CO),[E>Cs(B1gH )] (28).2 In these complexes, tungsten
atom is seven-coordinated with capped trigonal prism coordi-
nation geometry, and the non-bridging carboranyl ligand has a
distorted envelop conformation (Fig. 6). The Co-W bond
length varies from 2.653 to 2.705 A.

The purple/red trinuclear and binuclear complexes contain-
ing direct Rh—W bonding are obtained from half-sandwich
rhodium carborane dichalcogenolate complexes 6 and 9,
{Cp*RO[E2Co(B1oH10)]}2W(CO)2 (29), Cp*Rh[S>,Cx(BioH 0)]

This journal is © The Royal Society of Chemistry 2007
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Fig. 5 Molecular structure of 24a.

W(CO)[S2C(B1oH10)] (302),”” Cp'Rh[S,C5(B1oH 10)]W(CO)x-
[S2Ca(BioHi0)] (31a) and  {Cp’Rh[Se;Cy(B1oH10)]} (1-CO)-
[W(CO)3] (32b),>* respectively. The Rh-W bonds lie in the
same range, around 2.75 A, in both the bimetallic and
trimetallic compounds.

At room temperature, the desired product {Cp*Ir[E,C,-
(B1oH10)]}2W(CO), (33) can be isolated only in quite low
quantities in the case of iridium, whereas high-yield formation
is achieved by refluxing the mixture in toluene for 12 h.3*!
Dark red prismatic crystals are obtained after chromatography
on silica gel and recrystallization from toluene-hexane (Fig. 7).
The Ir-W bond is about 2.79 A according to single-crystal
X-ray analysis.

Fe(CO)s. The interaction of unsaturated hydrocarbons with
carbonyl complexes such as Fe(CO)s (34) has been recognized
as one of the most important reactions in the field of
organometallic chemistry, which makes Fe(CO)s (34) a

promising reagent for reactions with a pseudo-aromatic ring
in half-sandwich carboranyl complexes. To investigate the
possible extension of the synthetic approach for M—Fe clusters,
attempts were made to react the model complexes,
Cp'Co[E;Co(BoHio)]  (Cp’ = Cp* (5), Cp (10).2
CP'RO[E;Co(BgH 0)] (Cp” = Cp* (6), Cp' (9) and
Cp*Ir[E,Ca(B1oH 0)] (7),%° with 34 in the presence of two
equivalents of Me3;NO (Scheme 5).

Complexes  Cp*Co[E,Cy(BgH()]Fe(CO); (35) were
obtained from the reactions of the 16-electron complexes 5
with Fe(CO)s (34) at room temperature overnight, and the
yield was about 26%. While the similar reaction between 10
and 35 could not proceed at room temperature; when the
temperature was raised to about 50 °C, the toluene solution
gradually turned brown from yellow—green. After chromato-
graphy, the neutral air-sensitive, brown hetero-binuclear
complexes CpCo[E>Cy(BoH o)]Fe(CO); (36) could be
obtained in about 25% yields. Complexes 36 are more

Fig. 6 Molecular structures of 26b and 30a.

1548 | Chem. Soc. Rev., 2007, 36, 1543-1560
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Fig. 7 Molecular structures of 32b and 33b.

co
A,
M Fe—co

N \ M = /
E// E/ co Fe(CO)s (34) E\/CD\E Co5(CO)s (40) E/ \\Co\ —co
D E——— _— E
C"':C/ MesNO CFC/ Toluene };—_)é ea
O| cp’ Cp Cp Ol cp’ Cp

M | Co(35).Rn(37),1r(39) Co(36) Rh(38)

M | Co(41)Rh(43).Ir(44) Co(42)

Scheme 5 Reactions with Fe(CO)s (34) and Co,(CO)g (40).

air- and moisture-sensitive than their analogs 35. The products
of rhodium and iridium species, Cp"Rh[E,C,(BoH10)]Fe(CO)3
(Cp" = Cp* (37), Cp’ (38))™ and Cp*Ir[EsCa(B1oH0)]Fe(CO);3
(39)>* can be obtained in higher yields (around 50%) at
ambient conditions, and they are relatively more stable
compared with the corresponding cobalt analogues.

All these mixed-metal products exhibit typical vibration
absorptions of terminal CO ligands in the solid state, typically
at 2038vs and 1963vs cm ' in IR spectra. Through X-ray
crystal structure analysis, complexes 35-39 show similar
structures as depicted selectively in Fig. 8 and Fig. 9. Direct
M-Fe interactions are observed and the [Cp”"M] and [Fe(CO);]
units are bridged by two ps-chalcogen atoms from the
bridging carboranyl ligands. Both the group 9 metal and iron
are six-coordinated with a distorted trigonal-bipyramidal
geometry, if the cyclopentadienyl group and its derivatives
are viewed as three coordination ligands. The bond lengths
are found to be in the range expected for a single bond: 2.398-
2.423 A (Co-Fe), 2.513-2.550 A (Rh-Fe) and 2.576 A (Ir—Fe),
respectively. The C-O bond lengths in the terminal
carbonyls are not significantly different from one another
and are similar to the corresponding distances of those in
Fe,(CO)y.>

Co0,(CO)g. It has been found that precusors 5-7 and 10 can
react readily with Co(CO)g (40) in a 1 : 1 molar ratio at room
temperature, and the reactions proceed quickly, judging from
the immediate color change. The crystallized products,
Cp"Co[E>Ca(B1oH0)]{Co5(CO)s} (Cp” = Cp*, 41; Cp, 42),”

Fig. 8 Molecular structure of 36a.

This journal is © The Royal Society of Chemistry 2007
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Fig. 9 Molecular structures of 38a and 39b.

{CP*Rh[E;Co(B1oH10)]} {C0x(CO)s} (43)* and {Cp*Ir{E,Co-
(BioH10)]} {C0x(CO)s} (44),> can be isolated through
chromatography on silica gel in yields of more than 70%. It
is noteworthy that, in the presence of the decarbonylation
reagent MesNO, the products can be obtained in higher
yields, and for iridium species this reagent can also prevent
the  concomitant  formation of the  byproducts
Cp*Ir(CO)[E,Ca(B1oH10)] (45). All the products are neutral,
diamagnetic, and air-sensitive in solution. In the IR spectra,
two bands at around 1800vs cm ™' indicate the existence of
CO bridges besides typical absorptions of the terminal
carbonyls. Apparently, there are two types of v(CO) frequen-
cies for the Co,(CO)s moieties. However, the '*C NMR
spectra in CDCl; solution show only one peak for all the CO
groups.

Instead of the approximately linear arrangement of metal
centers in the previously discussed clusters, the three metal
cores in complexes 41-44 form a closed triangular backbone,

with two newly formed M—Co (M = Co, Rh and Ir) bonds and
one Co—Co bond retained from the Co,(CO)g.

In tricobalt complex 41a, the distance between the three Co
atoms are 2.588, 2.550 and 2.444 A respectively, which clearly
indicates bonding interactions between them (Fig. 10). The
bond length of the Co(2)-Co(3) from the Co,(CO)s moiety is
slightly shorter than that of Co(1)-Co(2) and Co(1)-Co(3).
This may be partly caused by the different bridging ligands; the
Co—Co inherited from the reagent is bridged by an additional
1>-CO ligand besides the p3-S ligands. Complex 43 has a closed
[RhCo,] triangular core, in which the three M-M edges are
bridged together by p;-chalcogenolato carboranyl ligands. The
Rh-Co distances (2.6057, 2.6399 A) are very short, and the
Co-Co distance is comparable to those in 4la. Similarly,
complexes 44 also contain three metal atoms, with a triangular
core similar to their analogues. Direct interactions between Ir
and Co are shown by bond lengths between 2.597 and 2.646 A
(Fig. 11).

Fig. 10 Molecular structures of 41a and 43a.

1550 | Chem. Soc. Rev.,, 2007, 36, 1543-1560
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Molecular structure of 44a.

Fig. 11

3.2 Reagents functionalized with COD ligands

Ni(COD),. Previously, the low-valent Ni(COD), (46) has
been applied in the reaction with one and a half equivalents of
Li,E,C>BioHyp (E = S, Se) in THF solution in air at room
temperature to give the homo-binuclear complexes
[Li(THF)4]2[Ni2(E2C2B10H10)3] (47), in which the two nickel
atoms are bridged by a dithiolato carborane to give a binuclear
structure with a metal-metal interaction of 2.656 A (47a)
(Fig. 12).¥ Further investigations have been carried out to
explore the reaction of highly reactive reagent toward hetero-
multinuclear clusters.

The related reaction between 10 and Ni(COD), (46) in
toluene leads to the air- and moisture-sensitive, brown hetero-
trinuclear complexes {CpCo[E,C,(BioH0)]}>Ni (48) in about
30% yields (Scheme 6),%* whereas 5 essentially does not react
with 46, even when high temperature and prolonging of the
reaction time were introduced. As illustrated in Fig. 13, the
molecule of 48a contains a C, axis, the four sulfur atoms from
the o-carborane dithiolate surrounding the central nickel atom
in a distorted tetrahedral arrangement, and the two S-Ni-S
planes are twisted by 68.6° due to the repulsion of the bulky

Fig. 12 Molecular structure of 47a.

? é’”‘/"}”\“;m%
E\ O\/E Ni(COD), (46) E/ \E E/ \E DM

N/

Co=C Tol \ / Cp
g;&é E oluene CFC CFC Cp

Scheme 6 Reactions with Ni(COD), (46).

Co(48)
Rh(49)

cyclopentadienyl ligands. The bond distance between nickel
and cobalt is 2.364 A, indicating a single metal-metal bond.*

Unlike the cobalt counterpart 10, rhodium precursor 9 can
react with Ni(COD), in toluene readily, producing violet
hetero-trinuclear complexes {Cp'Rh[E,C,(B;oH10)]}2Ni (45) in
about 50% yields.?> The molecular structure of 49a is depicted
in Fig. 13, and is comparable to that of 48a. The two S-Ni-S

Fig. 13 Molecular structures of 48a and 49a.
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Scheme 7 Reaction of 6a with [Rh(COD)(p-Cl)], (50).

planes are twisted by 79.1° with respect to one another, and
this larger distortion may be attributed to the higher steric
hindrance of the Cp’ ligand than Cp. The former planar
rhodadithiolene heterocycles are curved as a result of the
coordination of the S atoms to Ni. The Rh—Ni distances in 49a
(2.458 A) and 49b (2.492 A) may therefore be compared
with the corresponding distances in clusters such as
[NiRh4(CO)»s]*™ (2.481-2.532 A).%7

[Rh(COD)(p-CD),.  cis-[{Cp*Rh[S,C5(B1oH 0)]}2Rh]  (51a)
and trans-[{Cp*Rh[S,C»(BoH¢)]}>Rh] (52a) can be prepared
from the reaction of 6a with [Rh(COD)(p-Cl)], (50), in yields
of 25 and 39% respectively (Scheme 7).*° In refluxing THF
solution, cis-51a was converted in more than 95% yield to the
trans-isomer 52a. The molecular structures of the two isomers
are shown in Fig. 14. In the two complexes, the rhodium atoms
of the [Cp*Rh] fragment have been reduced from Rh™ to
Rh", apparently by [Rh'(COD)(u-Cl)l,. The molecule 51a
contains a C, axis, and the Rh—Rh length is 2.646 A. In isomer
52a, the o-carborane groups are drawn sufficiently close to the
rhodium center with the distance of Rh(1)---B(3) being 3.162 A.
Due to the inducement of the rhodium atom to the
neighboring boron atom in the carborane, the Rh—Rh length
increases to 2.823 A in 52a, and the dihedral angle along the
S(1)---S(2) vector in the RhS,C, ring decreases to 118.38°
compared to 133.98° in 51a. All these prove the presence of
metal-induced B-H activation effects in the formation of
isomer 52a.

The 16-electron complex 7a, was allowed to react with
[Rh(COD)(pu-Cl)], (50) in the molar ratio 2 : 1.>° When the
mixture was refluxed in toluene for 48 h, red crystals of
binuclear complex Cp*Ir[S,Cs(BjoHy)]JRh(COD) (53a) were
isolated in 61% yield (Scheme 8), and single crystals can be
obtained by slow diffusion of hexane into a concentrated
solution of 53a in toluene at low temperature. The binuclear
molecule 53a contains crystallographically imposed C; sym-
metry, with the o-carborane-1,2-dithiolate bridging a [Cp*Ir]
and a [Rh(COD)] fragment. The long Ir-Rh separation
(3.060 A) indicates that a weak bonding interaction exists
between the two metal atoms. The geometry around the
rhodium atom is square-planar, with the metal atom
bonded to both sulfido groups and to the two olefinic bonds
of an n*-cycloocta-1,5-diene ligand. The iridium center adopts
a three-legged piano-stool arrangement by coordination
with the two sulfur atoms and the boron atom, apart from
the n’-cyclopentadienyl ligand, if not considering the Ir-Rh
bond. The formation of an Ir-B bond is indicated by the
appearance of Ir-B resonances in the ''B NMR spectrum at
6 —19 ppm,*® and the short Ir—B separation of 2.096 A.

An investigation of the reactivity of 53a revealed that
the trinuclear complex trans-[{Cp*Ir[S,C,(BoHo)]} Rh-
{[S2C2(B1oH 0)]IrCp*}] (54a) can be constructed in approxi-
mately 60% yield (Scheme 8), when a mixture of complex 53a
and 7a in toluene was refluxed.’® A systematic study shows
that the 54a can also be directly obtained through the reaction
of 7a with [Rh(COD)(u-Cl)], in the molar ratio of 4 : 1. In the

Fig. 14 Molecular structures of 51a and 52a.
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Scheme 8 Reactions of 7 with [Rh(COD)(p-Cl)], (50).

complex 54a, only one of the ancillary o-carborane groups
contains the Ir-B bond that is present in 53a. The molecule is
therefore asymmetric, as confirmed by the "H NMR spectrum
with two singlet resonances of the Cp* rings at 6 = 2.11 and
2.19 ppm. The X-ray structural analysis also verifies the
presence of the Ir-B bond and the two nonequivalent Ir-Rh
bonds. The molecular structure shown in Fig. 15 shows a

slightly bent (173.9°) Ir-Rh-Ir backbone. The two iridium
atoms have retained their Cp* rings. The Rh center is six-
coordinate with distorted octahedral geometry. The Rh atom
and the four sulfide ligand atoms are almost coplanar (Rh(1),
S(1), S(2), S(3), S(4)). The atom Ir(1) takes a three-legged
piano-stool configuration with two four-membered metalla-
cyclic Ir-S—-C-B rings. This is due to the cyclometalation of the

Fig. 15 Molecular structures of 53a and 54a.
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Fig. 16 Molecular structures of 55a and 56b.

coordinated dithiolate ligand at the iridium metal center. The
Ir(1)-B(3) bond length (2.16 A) in 54a is longer than that in
53a, and the Ir(1)-Rh(1) bond (3.003(3) A) is longer than the
Ir(2)-Rh(1) bond (2.685(3) A), and this can be rationalized by
the fact that the formal oxidation (“‘valence”) state is +3 for
Ir(1) and +2 for Ir(2). Although only a weak interaction can be
assumed for the Ir(1)-Rh(1) bond, the Ir(2)-Rh(1) bond length
of 2.685(3) A lies in the expected range for a metal-metal
bond.

Refluxing a toluene solution containing a 1 : 1 ratio of
Cp*IrS,Cy(B1gH o) (7a) and [Rh(COD)(u-Cl)], can only lead
to the formation of homo-bimetallic Rh,(COD),(u-SH)[(CH)-
(1-SC)(B1oH )] (552).>° The 'H NMR spectrum of 55a exhibits
a carborane (C-H) resonance at ¢ = 5.31 and an S-H
resonance at 6 = 0.86 ppm. The X-ray diffraction analysis of
the molecular structure for complex 55a confirms a dinuclear
rhodium(1) thiolate complex, which is shown in Fig. 16. The
structure differs from that of {(COD)Rh},[S>Cs(BjoH;o)]
(3a)."” Two bridging sulfur atoms and a chelating cycloocta-
diene are ligated to each metal atom. The dihedral angle along
the Rh(1)---Rh(2) vector, between the two planes defined by
Rh(1)-Rh(2)-S(1) and Rh(1)-Rh(2)-S(2), is 126.08°. The bond
Rh(1)-Rh(2) (3.021 A) is slightly longer than the intermetallic
distances found in the dimer [{Rh(u-SC4Fs)(COD)},]
(2.955 A),** The S(1)-C(1) separation is 1.790 A, which
can be compared with the C-S separation in {(COD)Rh},-
[S2C2(BioH10)] (32)'”. On the other hand, the S(2)-C(2) bond is
cleaved and the distance is 3.354 A. The Rh-S bond lengths,
2.359-2.425 A, are statistically slightly different.

On reaction of 7b with [Rh(COD)(u-Cl)], in THF for three
days, the cisoid 56b and transoid 54b can be isolated in 38 and
32% vyield, respectively.”® In refluxing toluene solution,
complex 56b can be converted in more than 90% yield to 54b
(Scheme 8), which contains a boron-iridium bond. The
structure of complex 56b is similar with that of 54b in that
the four selenium atoms of the two ortho-carborane diseleno-
lato ligands surround the central rhodium atom in a distorted
tetrahedral arrangement. The Ir-Rh distances are 2.7097 and
2.6630 A. The two Se-Rh-Se planes are twisted by 63.1° with

respect to each other. In 54b, as in 54a, the iridium atoms of
the Ir,Rh backbone have retained their Cp* rings in a transoid
arrangement. One of the two ortho-carborane groups is drawn
sufficiently close to the iridium center to initiate B-H
activation, affording the corresponding cyclometalated species.
Similar with 54a, one of the Ir-Rh bonds (3.074 A) in 54b is
longer than the other (2.663 A).

[Rh(COD)(n-OMe)], and [Ir(COD)(p-OMe)],. Following
the observation of B-H activation during the process of
building homo- or hetero-multimetallic complexes as discussed
previously, studies have been expanded to rational synthesis of
the cup-shaped nido-carborane complexes, starting from
iridium complexes Cp*Ir[E-Cy(BigHjp)] (7). It appears to
provide useful structural information for further studies on the
preparation of other nido-carborane and polymetallic species.

Reaction of 2 equiv. of Cp*Ir[S>Cy(B;oHjp)] (7a) with
[Rh(COD)(u-OMe)], (57) in a refluxing toluene-methanol
mixture yields the dimetallic Cp*Ir[S,Cx(BoH¢)]Rh(COD)
(58a, 10%) and formerly studied Cp*Ir[S,C,(B;oHy)]JRh(COD)
(53a, 32%),%° two products that would be expected to arise
from different B-H activation processes at the B(3)/B(6) sites
of the carborane cage (Scheme 9).*” There is a competition
between the activities of the two metallic sites: if the iridium
atom approaches the B-H site the result is the formation of
53a, whereas the approach of the rhodium atom to the B-H
site leads to 58a. It may be noted that the cyclometalation
occurs at the iridium, not at the rhodium site.
More importantly, IrRh-nido-carborane Cp*Ir[S,C,(B9Ho)]
[(COD)Rh(OCH3)] (59a) can be isolated as the third band
via chromatography in 41% yield. All these differences can be
partially ascribed to the formally different valence state of
iridium and rhodium atoms before the reaction, and iridium is
also a stronger inducing agent of B-H activation than
rhodium.

In 58a, the o-carborane group is close to the rhodium center
(Rh(1)---B(3) 2.970 A). An interesting phenomenon is that the
B(3) atom appears to have the tendency to leave the cage. This
can also be confirmed by the lengthening of the C(1)-B(3) and
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Scheme 9 Reaction of 7a with [Rh(COD)(u-OMe)], (57).

C(2)-B(3) bonds (1.78(4) and 1.84(4) A, respectively), in
contrast to 1.72 A under normal conditions.*' The Ir-Rh
distance in 58a (2.7829(10) A) is much shorter than that in 53a
(3.060 A), due to the difference in oxidation states of the metal
centers.

The NMR spectra and crystal structure determination show
that the cluster framework adopted by 59a is generated by
incorporation of a nido-C,Bg unit into a Rh—Ir metal complex
(Fig. 17). In 59a, the [Cp*Ir] and [(COD)Rh] fragments are
bridged by two S atoms that links to the open C,B; face. The
metal atoms are arranged at one side of the cup-shaped nido-
carborane just like the handle of a cup. The Ir-Rh distances of

2.7526 A fall within the expected range of metal-metal single
bonds; consequently each metal center has 18 valence electrons
and thus accounts for the diamagnetism observed for these
complexes.

Similar reactions with iridium complexes were investigated
(Scheme 10).*C After treatment of Cp*Ir[E,Ca(BioHio)] (7)
with [Ir(COD)(n-OMe)], (60), an analogous dimetallic Ir—Ir-
nido-carborane product Cp*Ir[E,C»(BoHg)]{(COD)Ir(OCH3)}
(61) was obtained (Fig. 18). Based on spectrometry and
crystallographic characterization, complexes 61 (a, b) share a
similar framework with the hetero-metallic complex 59a. The
Ir(1)-Ir(2) distances of 2.7250 A (61a) and 2.8087 A (61b) fall

Fig. 17 Molecular structures of 58a and 59a.

[Ir(COD)(OCHgy)], (60)

05>

%\E Toluene / MeOH
7

62

Scheme 10 Reaction of 7 with [Ir(COD)(p-OMe)], (60).
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Fig. 18 Molecular structures of 61a and 62a.

within the expected range of metal-metal single bonds.
Cp*Ir[S,C5(B1oHo)|Ir(COD) (62) can be isolated as the minor
product, and is characterized by X-ray structure analysis. The
presence of an Ir-B bond indicates the activation of B-H,
which is clearly induced by the metal atom. Complexes 61 can
be obtained in higher yields when longer reaction times are
applied. Hence it can be assumed that 62 are the intermediates
with reactive Ir-B bonds. Generated after the iridium-induced
B-H activation, they then undergo cage-opening process to
give the concomitant formation of 61.

[Ir(COD)(u-Cl)l,. Heating 7 with 4 equiv. of
[Ir(COD)(u-CD], (63) in the presence of MeOH generates
nido-{(COD)Ir(OCH3)}[E>C»(BoHo)[{(COD)IrCl} (64) as the
major product, as well as the minor products
{(COD)Ir},[E;Co(BoHg)(OCH3) {Ir(n*-COD)}]  (65)  and
{(COD)II‘}2[E2C2(B10H8)(OCH3)2] (66) (Scheme 11).40 In
refluxing toluene-methanol solution, the bimetallic clusters
64 are converted in more than 60% yield to the trimetallic
complexes 65 when additional [Ir(COD)(p-Cl)], (63) is applied.

An X-ray diffraction study of 64a provided additional
interesting features for this kind of nido-carborane complex
(Fig. 19). Both iridium centers are in a distorted octahedral
environment. The difference between the two iridium atoms is
that the Ir(2) center bears a bridging OCHj3 ligand, whereas the

==

\
|
=

C——si

[I(COD)CI], (63)

/ Toluene / MeOH

Scheme 11

C E
CH3 +
7 64

Ir(1) center carries a terminal chloride ligand, in addition to
the olefinic bonds of the COD ligands and the bridging sulfur
atoms. Considering that the 14-electron fragments [Cp*Ir] and
[(COD)IrCl] are isolobal, other crystallographic parameters
are comparable with 62, for example the Ir-Ir bond lengths
(2.7250 A in 61a and 2.7379(8) A in 64a).

What more exciting is the isolation of 65, the products with
three metal atoms in a cluster, as confirmed by X-ray
diffraction for 65b (Fig. 19). The Ir(3) atom is coordinated
to the C,B;3 pentagonal open face and to the three allylic
carbon atoms of a cyclooctenyl ligand. The Ir(2)-Ir(3)
distance (3.0866 A) is lengthened compared with Ir(1)-Ir(2)
(2.9473(10) A). Interestingly, the C(1)-C(2) distance (1.81 A) is
longer than a normal bond between the two carbon atoms of a
carborane, but shorter than those in the pseudo-closo-
metallcarborane structure.** The lengthening of the C(1)-
C(2) distance in 65b produced a tetragonal open face
1r(3)-C(1)-C(2)-B(6), which is almost planar, with a dihedral
angle along C(1)-C(2) of 163.7°. Complexes of type 65
represent a novel class of cluster compounds in which a
V-shaped trimetallic unit has been constructed through a new
type of M-nido-carborane complex. It is also the first
structural confirmation of a trinuclear metallic cluster that
represents an unprecedented example of a metallacarborane
complex featuring intercluster metal-metal bonds.

CHgz

/@ CHs

65 66

Reaction of 7 with [Ir(COD)(p-Cl)], (63).
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In the byproduct complexes 66 of the reaction, both the
B(3)/B(6) sites of the carborane ligand are substituted with
methoxy groups and the Ir—Ir distance is 2.8939 A (Fig. 19).

[Rh(COD)(n-OEt)],. As discussed previously, the dimer
[Rh(COD)(p-Ch)], (50) was an acceptable material to produce
Ir,Rh trinuclear metallic clusters such as 54. Taking into
account that [Rh(COD)(p-OEt)], (67) has been long known to
be an useful precursor to prepare a variety of rhodium
complexes, the similar reaction with 7 was carried out.

Complex 7 reacted with [Rh(COD)(u-OEt)], (67) in
the molar ratio 2 : 1 in toluene, and two products, namely
trans-[{ Cp*Ir[E2Ca(B1oHg)[} Rh{[E2Co(B1oH 10)[IrCp*}]  (54)
and (COD)Rh{Cp*Ir{E>Cs(B;Ho)]} Rh{ Cp*Ir[EsCa(B1oHo)]}
(68) were obtained in moderate yield (Scheme 12).%
Complexes 68 can be obtained in higher yields when longer
reaction times are applied.

Compared with the structures of 54, the difference lies in the
[(COD)Rh] fragment in 68. It can be presumed that in the
whole reaction the [(COD)Rh] fragment exists in some reactive
form and inserts into the original S(3)-C(3) bond, accompany-
ing the cleavage of S(3)-C(3) bond, and 68 is formed, though
further investigations of these aspects are in progress.

The molecular structure of 68a is shown in Fig. 20. The
metal atoms of the core adopt a nearly planar Ir,Rh,
arrangement, which is rare to our knowledge.** The two
dithiolato ligands of carboranes are situated at the both
sides of the fetra-metallic plane with three sulfur atoms acting

==

|
Ir
SN\
E
L (OF  Rncop)(©C,Hs)]

Ce— »
@ 67)
7

as -bridging ligands and one sulfide simultaneously con-
necting three metals. If COD is considered as a bidentate
ligand, Rh(1) and Rh(2) metals both exhibit six-coordinate
environments, and Ir(1) shows a similar coordination sphere of
that in 54a with a three-legged piano-stool configuration. In
contrast, Ir(2) coordinates to a clearly different set of ligands,
boron and two metal bonds with Rh(1) and Rh(2), except for
the similar Cp* and bridging thiolate ligands. By using the
thiolate ligands, Rh(2) connects the Ir(1) and Ir(2) atoms, and
the bond lengths are 2.5990 A (Rh(2)-Ir(1)) and 2.9814 A
(Rh(2)-Ir(2)), respectively. Compared with the analogous
fragment in 54a (2.685 A), the Rh(2)-Ir(1) metal bond
becomes much shorter. The presence of a shorter d®-d®
Ir(1)-Rh(2) interaction in 68a is also supported by the Ir(1)-S—
Rh(2) angles (66.76 and 66.48°), which are smaller than the
analogous Rh—S-Ir angles in 54a (69.59 and 69.8°). The third
metal-metal bond formed by Ir(2)-Rh(1) (2.7862 A), falls in
the expected range for a single bond.

3.3 Half-sandwich reagents with Cp ligand

CpCo(CO), and CpCo(C,H,),. Although plenty of organo-
metallic clusters with dithiolene ligands have been synthesized
and characterized, the dinuclear complexes, in which both the
metal centers adopt half-sandwich configurations, have not
been fully investigated.

The first attempt to prepare hetero-bimetallic Rh-Co
complexes (Cp*Rh)[E,C,(BgH0)](CpCo) (71) involved the

Scheme 12 Reaction of 7 with [Rh(COD)(p-OEt)], (67).
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Fig. 20 Molecular structure and backbone of 68a.

treatment of 16-electron precursors 6 with an equivalent of
CpCo(CyH,)> (69) (Scheme 13).'° Additionally, 71 could also
be generated through the reaction of 6 with CpCo(CO); (70) in
the presence of Me;NO, and the yields could be increased by
nearly 10% upon heating.** The molecular structure of 7la,
established by X-ray analysis at room temperature (Fig. 21),
suggests that there is a mirror plane going through the Rh—Co
backbone. The metal centers are connected to both sulfido
atoms and to the Cp* (or Cp) rings, adopting a three-legged
piano-stool arrangement. The Rh(1)-Co(1) distance (2.4777 A)

AR

_Rh_ \ = SN o

M — 3 E E .
7\ \ / Cp' | Co(71)
L L

C==C Ccp’ | Rh(72)
é?ﬁ&\ ) Cp | Rh(73)

Scheme 13 Reactions with CpCo(C,Hy), (69), CpCo(CO), (70) and
CpRh(C>Hy), (74).

L=CO, CH,
M = Co, Rh

indicates strong bonding interaction between the two metal
atoms, and is short if compared with those in the trinuclear
complex Cp*Rh[E,Cy(B1oH;0)][Cox(CO)s] (43a; 2.6057,
2.6399 A).?’ The rhodadithiolate hetero-cycle (Rh(1)-S(1)-
C(1)-C(1A)-S(1A)) in 71a is bent with a dihedral angle along
the S(1)---S(1A) vector of 131.6°, due to the addition of the
[CpCo] moiety. The selenium counterpart 71b possesses a
similar structure as 71a and the Rh-Co bond (2.5101 A) is
comparable to 71a.

CpRh(C;Hy),. This facile synthetic approach was also
successful for the analogous dinuclear Rh—-Rh complexes,
namely (Cp*Rh)[E>Cy(B1oH;0)(CpRh) (72) and (CpRh),-
[S2Cs(B1gH10)] (73a), through treatment of 6 or 1la with
CpRh(C,Hy), (74), taking advantage of ethylene as a good
leaving group.*® In all these three complexes, the rhodium
fragments of the original carborane precusors have been
reduced from Rh'™ to Rh', apparently by 74. Molecular
structures have been determined by X-ray analysis using single
crystals grown from hexane solutions. The Rh-Rh bond
lengths are 2.5722 (72a), 2.6106 (72b) and 2.5627 (73a) A,

Fig. 21

Molecular structures of 71a, 72a and 73a.
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Scheme 14 Proposed reaction route to give 73a and 75a.

which are comparable with those in the previously reported
complexes (Cp*Rh),[S>Ca(B1oH o)] (75a; 2.6245 A)*® and
(Cp'Rh),[E>C»(B1oH 0)] (76a; 2.5654 A)*> and also correspond
to metal-metal single bonds. Interestingly, complexes 73a
and 75a can also be isolated as by-products in very low
yields from the preparation of 72a, if a slight excess of
CpRh(C,Hy), is present and longer reaction times are
employed (Scheme 14).

4 Summary and perspectives

Considerable progress has been made on metal-metal bond
formation via 1,2-dicarba-closo-dodecarborane-1,2-dichalco-
genolates during the past decade, which makes it an
indispensable approach of rational design for homo- and
hetero-multimetallic clusters. This review article summarizes
briefly the methodology of taking advantage of the redox

reactions between the pseudo-aromatic carborane-1,2-
dichalcogenolato cobalt(ill), rhodium(1ir), iridium(Iil) or
ruthenium(1l) complexes and low-valent organometallic

reagents. Combined analytical tools of X-ray crystallography
and spectroscopic characterizations are introduced to confirm
the formation of direct metal-metal bonds and study the
nature of the reaction route. In addition, metal-induced B-H
activation can be accomplished by tailoring the reaction
precursors and the reaction conditions, which provides
systematic information for further studies on the preparation
of cup-shaped nido-carborane complexes or metallacarborane
complexes.

Given the relatively mild reaction conditions, moderate
yields, as well as the ease of characterization and crystal-
lization of the target products, it can be anticipated that the
pseudo-aromatic carborane-dichalcogenolate compounds are
promising precursors for the investigation of the chemistry of
various homo- and hetero-multimetallic clusters. More impor-
tantly, the extensive study of this pseudo-aromatic carborane
system also ignites the exploration of organometallic cluster-
based assemblies*®*” and the potential applications of multi-
metallic entities as well.
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