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A B S T R A C T : T h e r m o l y s i s o f n i d o -
[(Cp*Mo)2B4TeClH5], with an excess of Co2(CO)8 at
room temperature, afforded a triple-decker sandwich
complex [(Cp*Mo)2{μ-η

6:η6-B3H3TeCo2(CO)5}] (4),
which represents an unsaturated 24-valence-electron
sandwich cluster in which the middle deck is composed
of B, Co, and a heavy group 16 element.

Since the discovery of ferrocene [(C5H5)2Fe],
1 the chemistry

of metal sandwich systems has enjoyed immence research
interest in modern organometallic chemistry and continues to
attract attention as a result of their structural diversity, unusual
properties, and application as special materials.2 This prototype
along with arenes,3 boranes,4 carboranes,5 porphyrins, and
polycyclic aromatics6 has generated numerous organo-transition-
metal sandwich complexes. The possibility of extending such
sandwich structures to larger molecules, i.e., triple-decker
sandwich structures, was first suggested in 1964 by the
observation of Cp3Ni2

+ in the mass spectrum of nickelocene,7

and subsequently the first tr ip le-decker complex
[Cp3Ni2]

+[BF4]
− was isolated in 1972 by Werner and Salzer.8,9

As a result, the chemistry of triple-decker/multidecker sandwich
complexes containing cyclo-(ηn-En) as the center ring (E = B, P,
As, Sb, etc.; n = 5 or 6) has become a well-established field, and
the literature in this regard is very extensive.10−12 Triple-decker
sandwiches in which the heteroarene rings are simultaneously
and equivalently bonded to two transition-metal atoms lying
opposite to each other are particularly rare.13 Several theoretical
studies appeared that discovered some insight into the bonding
and electronic structure of this type of molecule.14 However,
because of the lack of convenient synthesis, experimental work in
this area has advanced rather slowly.
Recently, we have demonstrated that compounds of the type

[(Cp*Mo)2B4E2] (E = S, Se, or Te; Cp* = η5-C5Me5) are useful
metal synthons for the synthesis of cubane-type clusters.15

Further, a combined theoretical (SI, Figure S1) and
experimental16 study shows that the reactivity of
[(Cp*Mo)2B5H9] with metal carbonyl increases manyfold if
one of the boron vertices is replaced by chalcogen atoms. We
wonder whether this is due to the availability of the lone pair on
the chalcogen, which can coordinate to the metal carbonyl. Thus,
we have explored the reactivity of nido-[(Cp*Mo)2B4EClmH6−m]
(1: E = S, m = 0; 2: E = Se, m = 0; 3: E = Te, m = 1) with various
metal carbonyls. In doing so, the reaction of 3 with Co2(CO)8 at
room temperature yielded two boride clusters,16a [(Cp*Mo-
CO)2B3H2(μ3-Te)(μ-CO){Co3(CO)6}] and [(Cp*Mo-

CO)2B3H2(μ3-Te)(μ-CO)4{Co6(CO)8}] as major products
a l o n g w i t h a b y p r odu c t , [ (Cp*Mo) 2 {μ -η

6 :η 6 -
B3H3TeCo2(CO)5}] (4), which is a novel member of the family
of known triple-decker complexes. Consistent with past
observations by Fehlner, the ring geometry of this novel triple-
decker complex is an isolobal analogue of [(CpCr)2{μ-η

6:η6-
B4H4C2R2}] (I),

17, [(Cp*Re)2{μ-η
6:η6-1,2-B6H4Cl2}] (II),

4 and
[(Cp*Re)2{μ-η

6:η6-B4H4Co2(CO)5}] (III)18 (Chart 1). The
tellurium complex 4 is highly significant because it extends the
generality of the oblatocloso designation of the (Cp*Re)2(BnHn)
species.

The molecular structure of 4, shown in Figure 1, contains a
nearly planar hexahapto six-membered ring, seen to be
[(Cp*Mo)2{μ-η

6:η6-B3H3TeCo2(CO)5}]. To the best of our
knowledge, this is the first tiple-decker complex in which the
middle deck is composed of B, Co, and a heavy group 16 atom.
The molecule possesses a planar (sum of the internal angles
718.46°) six-membered B3TeCo2 ring sandwiched between two
Cp*Mo fragments. However, the accommodation of the five CO
ligands of the Co2 fragment between the Cp* ligands causes the
Cp* ligands to incline and produces a conrotatory twist of the
two Co(CO)2(μ-CO) fragments around their pseudo-C3 axes
such that the bridging CO lies out of the plane of the [B3TeCo2]
ring. Although the methyl groups of the Cp* ligands are in the
nearly eclipsed orientations, the Cp* rings are nearly coplanar
(dihedral angle 1.2°). The Mo−Mo bond length of 2.7520(6) Å
is shorter than the sum of the van der waals radii of two Mo
atoms, however comparable with other molybdaborane
clusters.19 Although the Mo−B and B−B distances are in the
range found for the other molybdaboranes characterized,19 the
Co−Te bond of 2.4471(8) Å is significantly shorter than the
corresponding single bond [2.575(5)−2.614(5) Å].20 Thus, the
planarity of the ring and its edge lengths are consistent with
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Chart 1. Isoelectronic Triple-Decker Sandwiches I−III and 4
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considering 4 as an analogue of a coordinated benzene just like
isolobal I−III, shown in Chart 1.
Alternatively, the geometry of 4 can be viewed as a hexagonal

bipyramid, which is rare in metallaborane chemistry and is not
one of the polyhedra generally associated with eight-vertex closo
clusters.21,22 Cluster 4 does not have sufficient valence electrons
(ve) to meet the requirements for a nine skeleton electron pairs
(sep), eight-vertex closo structure. Thus, cluster 4 is better
described as a 24-ve triple-decker complex, [(η5-C5Me5Mo)2{μ-
η6:η6-B3H3TeCo2(μ-CO)(CO)4}], containing a metal−metal
bond and a planar 6π-electron [B3H3TeCo2(CO)5]

6− central
ring. The [B3Co2Te] ring in 4 is not puckered, as observed in 24-
ve {Cp*V}2{μ-η

3:η3-P6} and CpTi-(μ-η3:η3-P6)TiCp.
23,24 This

may be attributed to the better compatibility of B and Mo orbital
energies, which favors a nearly planar central ring. Indeed, there
is a good match between the energies of the Cp*Mo fragment
orbitals and the out-of-plane orbitals of the central ring, which
yields a substantial HOMO−LUMO gap without the necessity of
ring distortion17,24 (SI, Figure S1 and Table S1).
During attempts to produce the S and Se analogues of 4,

unusually a new type of compound was isolated (Scheme 1). The
analysis and spectroscopic data yielded the composition
[(Cp*Mo)2B3H3ECo2(CO)6] (5, E = S; 6, E = Se), which

suggests a parallel formulation as 4 except one extra CO ligand.
On the other hand, 11B NMR shows three dissimilar boron
environments different from that of 4. In addition, there is no
sign of a B−H−Mo bridging H atom. Although related to 4 in
terms of composition, both compounds 5 and 6 were defined by
a structure determination.25

The molecular structures of 5 and 6, shown in Figure 2,
contain qualitatively a similar [Co2B3E] (E = S and Se) fragment

when the Te atom of 4 is replaced by S and Se. Their overall
structure is fascinating, and the core geometry can be viewed as a
Mo2CoB3 octahedron. The other cobalt atom (Co2) caps the
Mo2Co face of this central Mo2CoB3 octahedron, consistent
with the tendency of transition metals to prefer higher degree
vertices. The resulting seven-vertex capped octahedron also has
an Mo2Co face involving the Co atom that was used for the first
capping process. Capping this face with the single chalcogen
atom (E) gives the experimentally observed eight-vertex
deltahedron. On the basis of the capping principle,26 the skeletal
electron count is determined by the central polyhedron (i.e.,
Mo2CoB3 octahedron) and amounts to seven sep, required for
the octahedron geometry. Thus, 5 and 6 obey Wade−Mingos
electron-counting rules27 for the observed geometry. This
geometry may be derived from the closo metal-free borane
deltahedra by a diamond−square−diamond process (SI, Chart
S1). Alternatively, compounds 5 and 6 can be viewed as an
oblatonido cluster derived from [(Cp*Re)2B7H7] with one
missing vertex.28

The solution spectroscopic data of all the compounds are fully
consistent with the solid-state structure. The IR spectra feature
strong bands in the range of 2490−2471 cm−1 due to terminal
B−H stretches and bands in the region of 2028−1816 cm−1 due
to the presence of terminal and bridging CO groups. Consistent
with the X-ray results, the 11B{1H} NMR spectrum of 4
rationalizes the presence of three B atoms at δ 84.4, 53.6, and 25.9
in the ratio of 1:1:1. Similarly, the 11B{1H}NMR spectra of 5 and
6 confirm the presence of three B atoms in the ratio of 1:2, at δ
75.7 and 71.7 for 5 and δ 77.4 and 73.4 for 6. The density
functional theory (DFT) calculations using the gauge-
independent atomic orbital DFT [GIAO−DFT] method at the
B3LYP/SDD/6-31g*29 level reproduced the 1H and 11B NMR
and IR data satisfactorily (SI, Table S2).
The quantum-chemical calculations with DFT have been used

to probe the bonding and electronic structures of compounds 1−
6. The DFT studies establish that the cluster [(Cp*Mo)2B5H9]
would show enhanced reactivity if one of the boron vertices in
the open face is replaced by a S, Se, or Te ligand. The calculation
indicates a large HOMO−LUMO gap (ca. 3 eV) and vertical

Figure 1. Molecular structure of 4. The CO groups in Co2(CO)5 are
omitted for clarity. Selected bond lengths (Å) and angles (deg): Mo1−
Mo2 2.7520(6), Mo1−Co2 2.6551(8), Mo1−Te 2.7255(6), Mo2−Te
2.309(10), Mo2−Co1 2.7100(9), Co1−Co2 2.4741(10), Mo2−B2
2.243(7), Co1−Te 2.4471(8), B2−B3 1.727(18); Co1−Co2−Te
114.87(4).

Scheme 1. Synthesis of 4−6 (Carbonyls Are Not Shown for
Clarity)

Figure 2.Molecular structures of 5 and 6. Selected bond lengths (Å) for
5: Mo1−Mo2 3.0087(4), Mo1−Co1 2.6313(5), Co1−Co2 2.4889(6),
Mo1−B1 2.289(4), Mo1−S1 2.3361(9), B1−B2 1.692(6). Selected
bond lengths (Å) for 6: Mo1−Mo2 3.0466(5), Co1−Co2 2.4827(9),
Mo1−B1 2.290(5), Co1−B2 2.131(7), B1−B2 1.698(8).
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ionization potential (>6 eV) for 1−3, which is consistent with
their apparent stability (SI, Table S3). The composition of the
orbitals,30 located in the HOMO region, reflects a strong
delocalization in both Mo2B5 and 1−3 skeletons. Nevertheless, a
significant destabilization of HOMOs of clusters 1−3 suggests a
higher reactivity compared to their parent molecule. This may be
due to the introduction of π-donor chalcogen ligands into the
clusters (SI, Figure S1).31

The question now arises, why does Te prefer to adopt a triple-
decker geometry, whereas S and Se prefer a condensed bicapped
trigonal-prism geometry? One may attribute this fact to the
electronegativity or size differences of the chalcogen atoms that
lead to the formation of different geometries. Further, more
spatially extended and diffused p and d orbitals of Te favor the
formation of a more flattend geometry over S and Se. Note that
Lupan and King32 recently described the oblate deltahedral
geometry of the eight-vertex dirhenaborane, [Cp2Re2B6H6],
which is energetically stable. However, on the basis of DFT
studies, we observed that clusters 4−6 prefer a bicapped trigonal-
prism geometry over the oblate deltahedral geometry (hexagonal
bipyramid). The hypothetical hexagonal-bipyramidal geometry
for S and Se congeners, 5a and 6a, are less stable by 7 kcal/mol
compared to 5 and 6, respectively. Although cluster 4a, the Te
analogue of 5 or 6, was found to be surprisingly stable by 17 kcal/
mol, we were not able to isolate it experimentally.
In conclusion, a new member of the rare class of 24-electron

triple-decker complexes containing a Te ligand has been
synthesized and structurally characterized in solution and in
the solid state. Clusters 4−6 signify a rare example of
hypoelectronic mixed-metal metallaboranes containing a chalc-
ogen atom. The DFT results demonstrate that these clusters with
their open face possibly offer further cluster buildup reaction to
produce a novel class of compounds. A more detailed chemistry
and analysis is in progress.
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