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ABSTRACT

Recent isolation and structural characterization of a planar triple-decker metallaborane complex
of tungsten prompted us to synthesize its molybdenum analogue. Therefore, we have explored
the thermolysis reaction of the intermediates obtained from the low-temperature reaction of
[Cp*MoCls] (Cp* = 5°-CsMes) and LiBH4 with Co2(CO)s. The reaction indeed produced the
analogous triple-decker complex of molybdenum with a planar middle-deck [(Cp*Mo)2{u-#%:#5-
B4H4Co02(CO)s}(H)2], 1, along with the formation of the reported [(Cp*Mo)2BsHo]
metallaborane. In an effort to isolate multi-decker complexes with a different geometries, we
have also further explored the thermolysis reaction of the intermediates obtained from the low-
temperature reaction of [Cp*WCls] and LiBHs4 with Co02(CO)s. The reaction afforded an
octahedral cluster, [{Cp*W(CO)2}2(u-H)2B3H3C02(CO)4], 2, along with the formation of the
bimetallic cluster [(Cp*W)2B3H3z(u-H)2C02(CO)4(u-CO)2], 3. The cage geometry of compound 2
is based on an octahedron with one additional vertex capping a trigonal face. That of compound
3 is a bicapped trigonal-bipyramidal analogue to the parent compound [(Cp*W)2BsHo]. While
compound 1 has been characterized by various spectroscopic analyses, compounds 2 and 3 have
been characterized by multiple spectroscopic and single-crystal X-ray diffraction analyses.

Density-functional theory (DFT) calculations account for their stability and structural variation.

1. Introduction

The discovery of ferrocene' augmented the field of metal sandwich compounds that have
become the icon of modern organometallic chemistry.> Because of the enormous use of sandwich

compounds,>* research was extended to multi-decker systems. Among them, triple-decker



complexes of transition metals are well known.>® They have a unique structure in which two
metal atoms are located between three cyclic frameworks. The very first transition metal triple-
decker sandwich complex tris(cyclopentadienyl) di-nickel cation [CpNi(u-7:7-Cp)NiCp]* was
reported by Werner and Salzer in 1972.° However the first air-stable and neutral triple-decker
metallacarborane compound, namely [RC2B3H4(CpCo).] (R =H/Me) was reported by Grimes.!?
Apart from the structural diversity, triple-decker complexes have several applications in metal-

complex catalysis,'! hydrogen storage,'? and molecular electronics'.

During the course of our studies on triple-decker complexes, we have isolated a few such
triple-decker complexes containing a puckered or a planar borane/heteroborane middle-deck.!416
In our early communication, the characterization of a unique example of poly-metallic 24-
valence-electron (ve) tungsten triple-decker sandwich complexes with puckered or planar
middle-decks comprising bridging hydrogen atoms prompted us to synthesize the analogous
triple-decker complex of molybdenum.!” Therefore, we have explored the thermolysis reaction
of the intermediates obtained from the low-temperature reaction of [Cp*MoCls] and LiBH4 with
Co2(CO)s. Further, we have revisited the thermolysis reaction of the intermediates obtained from

the reaction of [Cp*WCl4] and LiBHs with Co2(CO)s aiming to synthesize other triple-decker

complexes with a different geometry. The main results are reported here.

2. Results and discussion

The thermolysis reaction of an in situ produced intermediate, obtained from the low-temperature
reaction of [Cp*MoCls] and LiBH4 with Co2(CO)s was carried out similarly to that we
performed earlier with Cp*WCl4.!” The reaction indeed yielded a triple-decker sandwich

complex of molybdenum [(Cp*Mo)2{u-#%:#°-BsHsCo2(CO)s}(1H)2], 1, along with known



[(Cp*Mo)2 BsHo]'® (Scheme 1). Note that this reaction also produced some low yielded air and
moisture sensitive compounds which we were unable to isolate and characterized. Preparative
thin-layer chromatography was used for the separation of the comparatively stable 1 and
[(Cp*Mo).BsHo], which allows the characterization of the pure species. The detailed spectral

characterization of 1 is discussed below.

(Scheme 1 near here)

Compound 1 was isolated as a brown solid in 15% yield. The ESI-MS of 1 showed a
molecular ion peak at m/z = 774.9767. Its ''B{'H} NMR spectrum of 1 showed two signals at &
= 103.8 and 50.9 ppm indicating the existence of two different types of boron atoms. Along with
the signals for B-H, protons at § = 6.44 and 3.13 ppm, the '"H NMR spectrum shows two types of
Cp* ligands at 6 = 2.01 and 1.87 ppm. In addition, an up-field chemical shift at 0 = -11.24 ppm
observes in the "TH NMR spectrum which is due to the presence of two Mo-H-B protons. The 3C
NMR spectrum also verified the existence of Cp* ligands. The stretching frequencies
corresponding to both the terminal and bridging CO ligands, as well as the BHt groups, were
visible in the IR spectra. Complete characterization of 1 was performed based on the
spectroscopic data in the context of the planar triple-decker complex of tungsten recently
reported by us.!” We could grow suitable crystals of 1 for X-ray analysis, but all spectroscopic
data mentioned above are similar to the spectroscopic data of the reported tungsten triple-decker
complex. This led us to conclude that the geometrical arrangement of 1 is iso-structural to the
reported W-triple-decker sandwich complex [(Cp*W)2(t-H)2 {u-1#%:75-BsHsCo02(CO)s}] (I).!7 The
hexagonal [Co2(CO)sB4Ha] planar middle ring of the compound is sandwiched between two
{Cp*Mo} units. Thus, compound 1 is a rare example of 24-ve triple-decker complex with a

planar middle-deck consisting of bridging hydrogen atoms.



In parallel to the reaction described in Scheme 1, the recent isolation of planar or puckered
middle-deck triple-decker complexes of tungsten prompted us to further re-explore the
thermolysis reaction of the intermediates obtained from the low-temperature reaction of
[Cp*WCl4] and LiBH4 with Co2(CO)s hoping to synthesize additional triple-decker compounds
with a different geometries. The reaction afforded an octahedral cluster, [{Cp*W(CO)2}2(u-
H)>B3H3C02(CO)4], 2, a bimetallic cluster [(Cp*W)2B3H3(u-H)2C02(CO)4(u-CO)2], 3, in addition
to the reported compounds [(Cp*W)2BsHo], [(Cp*W)2{u-n%:5%-BsHsCox(CO)s}( u-H)2] (I,
similar to compound 1, see above), [(Cp*W)2(us3-H)(u-H)2BsH4Co(CO)3], and
[{Cp*W(CO)2}{Cp*W(CO)(u-CO)}B(u-H)C0o2(CO)s] (Scheme 2).!7:1% Preparative thin-layer
chromatography was used to separate these compounds, which allows the characterization of the
pure species. Below we discuss 2 and 3 in detail to characterize their spectral and structural

features.

(Scheme 2 near here)

Compound 2 was isolated as a black solid in 12% yield. The ESI-MS of 2 showed a molecular
ion peak at m/z = 1017.0198. The "B{'H} NMR spectrum of 2 showed two signals at J = 96.5
and 76.5 ppm, indicating the presence of two different types of boron atoms in a 1:2 ratio. In
addition to the signals for B-H; protons, the '"H NMR spectrum shows two types of Cp* ligands
at 6 = 2.25 and 2.09 ppm. The 'H NMR spectrum also shows an up-field chemical shift at J = -
5.32 ppm which is due to the presence of Co-H-B protons. The presence of Cp* ligands were
also confirmed by '3C NMR spectrum. The IR spectrum showed stretching frequencies
corresponding to the CO ligands and BH; groups. Thus, a detailed explanation eluded us until a

single-crystal X-ray analysis revealed the geometry of cluster 2.



The molecular structure of 2 shown in Fig. 1 is consistent with the spectroscopic data which
indicated that the formula of 2 was [{Cp*W(CO)2}2(u-H)2B3H3C02(CO)4]. Its single-crystal X-
ray structure revealed that the cage geometry is based on a {WCo0;B3} octahedron with the
tungsten atom W1, cobalt atom Co2 and the two boron atoms B1 and B3 forming the equatorial
plane and the B2 and Col atoms occupying the apical vertices. In addition, a {Cp*W(CO)2}
fragment caps the {Co2B} triangular face. The W-Co and B-B bond length of 2 are comparable
to the corresponding distances reported in other metallaboranes.!”!” From the '"B{'H} NMR
spectrum, the chemical shift at 6 = 96.5 ppm corresponds to B3 and that at 6 = 76.5 ppm
corresponds to B1 and B2. '"H NMR analysis identified the existence of two bridging hydrogen
atoms, but crystallographically they could not be located. Therefore in order to verify their
presence and position, a 'H-'"B{'H} HSQC (Heteronuclear Single Quantum Coherence)
experiment was performed that established a correlation between the two bridging Co-H-B

hydrogen atoms and the boron atom B3 with the resonance at 0 = 96.5 ppm.

(Fig. 1. near here)

The existence of compound 2 allows us to draw some structural comparison with other
reported monocapped-octahedral metallaborane clusters (Chart 1 and Table 1). Importantly, all
the reported capped-octahedral species bear seven skeleton electron pairs (sep) as expected for
mono-capped closo-octahedral clusters according to the cluster electron-counting rules.?’
Surprisingly enough, cluster 2 contains eight seps ({[Cp*W(CO)2] 3 x 2 + [Co(CO)2] 1 X 2 +
[BH] 2 x 3 + [fH] 1 x 2} = 16/2) despite having the same mono-capped closo-octahedral core.?!

Note that some closo-octahedral clusters have been reported with eight rather than seven seps.??



(Chart 1 near here)

(Table 1 near here)

Compound 3 was isolated during the same reaction (Scheme 2) as a brown solid in 18% yield.
The ESI-MS of 3 showed a molecular ion peak at m/z = 963.0439. The ''B{'H} NMR spectrum
of 3 showed three signals at 0 = 99.3, 82.5 and 25.7 ppm in a 1:1:1 ratio indicating the presence
of three different types of boron environments. In addition to the signals for B-H; protons at 6 =
8.07 and 5.20 ppm, the 'H NMR spectrum revealed one type of Cp* ligand at d = 2.18 ppm. The
"H NMR spectrum also showed an up-field chemical shift at & = -13.72 ppm due to the presence
of W-H-B protons. The presence of Cp* ligand was also confirmed by '3C NMR. The IR
spectrum showed stretching frequencies corresponding to both terminal and bridging CO ligands
and BH; groups. Thus, an unambiguous conclusion eluded us until a single-crystal X-ray analysis

revealed the geometry of the cluster core.

(Fig. 2. near here)

As shown in Fig. 2, the molecular structure of 3 is consistent with the spectroscopic data. The
asymmetric unit of the crystal structure of 3 contains two independent molecules (one, molecule
B, is shown in Fig. 2) having similar geometric parameters. The structure can be viewed as an
open and flattened nido hexagonal-bipyramid with atoms Co3, Co4, B3, B4 and B5 constituting
the base capped above and below by W3 and W4, respectively. Note the latter atoms are strongly

bonded. If the classical skeletal electron counting formalism?° is applied, cluster 3 can be viewed



as electron deficient 6-sep oblato-nido-species derived from an 8-vertex oblato-closo hexagonal
bipyramidal cluster with a short cross-cluster M-M bond (2.871 A). It is somewhat longer than
that experimentally measured in [(Cp*W)2{u-#%:7°-B4HsC02(CO)s} (1-H)a] (I) which is 2.790 A
long.'” Indeed, compound 3 is structurally and electronically analogous to other hypoelectronic
metallaboranes®* such as [(Cp*W).BsHs(u-H)4] or [(Cp*Cr)2Co(CO)3B4H7] reported by Fehlner
et al.,'>>?* and the tungstaboranes [(Cp*W).M(CO)sBsHg] (M = W, Mo, and Cr) reported
recently by us.?3 Note that the W-W and B-B bond lengths of 3 are comparable to the bond

lengths measured in [(Cp*W)2(u-H)4BsHs]'” and others (Table 2).
(Table 2 near here)

To get insight into the electronic structure of the novel molecules reported here, density
functional theory (DFT)-based quantum chemical calculations were carried out on simplified
models I', 1', and 3', Cp analogs of I, 1, and 3, respectively. The geometry optimization resulted
in bond distances and angles that agree rather well with the solid-state structural parameters was
noted (Table S1). As expected from the spectroscopic data obtained for 1 (vide supra), the
optimized structure of 1' corresponds to a dimolybdenum triple-decker sandwich complex where
the hexagonal planar [B4H4Co02(CO)s] middle-deck is sandwiched between two {Cp*Mo}
fragments (Fig. 3). Indeed, cluster 1' is analogous to the 6-sep oblato-closo triple-decker clusters
[(Cp* W) {u-n®:n>BsHiCox(CO)s} (H)2]  (D,17  or  [(Cp*Re)a{u-n®:10-BsHiCox(CO)s )1,
characterized by high metal coordination numbers, a rather short Mo-Mo cross-cluster distance
(2.783 A ), and a formal cluster electron count three seps short of that required for a canonical

closo-structure of the same nuclearity.?’



(Fig. 3 near here)

Stability as well as M—M bond strengths were analyzed. As expected, the W and Mo oblato-
closo species I' and 1', show similar frontier molecular orbitals (MO) with substantial HOMO-
LUMO gaps of 3.268 eV and 3.260 eV (Table S2), respectively, diagnosis of good kinetic
stability. Similarly, a rather less HOMO-LUMO gap (2.982 eV) is computed for the oblato-nido
species 3' (Fig. 4). Analysis of the nodal properties of the HOMO and LUMO indicate strong c-
and d-bonding interactions between the metal atoms, not only M and Co but also M and M (M =
Mo, W). Strong c-antibonding interactions between metal atoms are observed in the LUMO+3

(Fig. 4).

Wiberg bond indices (WBI)?® were obtained from natural bond orbital (NBO) analysis.?
Higher WBI values (Table S1) for triple-decker complexes further supported the fact that the
presence of closed middle deck strengthening the M-M bond for both triple-decker complexes (I'
and 1'), whereas oblato-nido species 3' show a weaker M-M bond. In addition, a higher M-M

bond WBI value for I' compared to 1' was computed.

(Fig. 4. near here)

3. Conclusion

In summary, we have described the synthesis and the spectroscopic characterization of the novel
planar triple-decker complex of molybdenum [(Cp*Mo)2{u-#%:7°-BsHsCo2(CO)s}(1-H)a].
Further, revisiting the thermolysis reaction of the intermediates obtained from the low-

temperature reaction of [Cp*MoClsy] and LiBHs with Co2(CO)s, we have successfully



synthesized and characterized two new tungsten metallaborane clusters, namely
[{Cp*W(CO)2}2(u-H)2B3H3C02(CO)4] and [(Cp*W)2B3Hs(u-H)2C02(CO)4(u-CO)2]. Theoretical
computations on the Cp analogue of [(Cp*Mo)a{u-7°:1#°-B4sH4C02(CO)s }(-H).] indicate that its
cluster core adopts a flattened hexagonal bipyramidal geometry analogous to that encountered
for the 6-sep oblato-closo triple-decker clusters [(Cp*W)a{u-7°:5%-B4sH4Co02(CO)s}(1-H)2]
previously reported. X-ray data shows that the cage geometry of [{Cp*W(CO)2}a(u-
H)>B3H3Co02(CO)4] is based on an octahedron with one additional vertex capping a trigonal face.
The geometry of compound 3 is bicapped trigonal-bipyramidal analogue to the flattened oblato-
nido parent [(Cp*W)2BsHo]. These results exemplify the possibility of the synthesis of novel

poly-metallic molecular clusters with original geometry and bonding from thermolysis reactions.

4. Experimental section

General procedures and instrumentation. All the experiments were performed under a dry
argon atmosphere or in vacuo of using a standard glovebox or Schlenk line techniques.
Compounds [Cp*MCl4] (M = W and Mo) were synthesized following the method reported in the
literature,® While other chemicals such as Cp*H, n-BuLi, [LiBHa.thf] 2.0 M in THF, and
[Co2(CO)s] were obtained commercially (Aldrich) and used as received. Prior to use solvents
(toluene, hexane, THF) were purified by distillation from suitable drying agents
(sodium/benzophenone) under dry argon. Using the three freeze-pump-thaw cycles CDCl; and
CsDs were degassed and stored over molecular sieves. Mel was purchased from Aldrich and
freshly distilled prior to use. The external reference for the ''B NMR, [BusN][BsHs] was
synthesized following the literature method.>' Preparative thin-layer chromatography was

performed with Merck 105554 TLC silica gel 60 Fas4, layer thickness 250 pm on aluminum

10



sheets (20 x 20 cm). 500 MHz Bruker FT-NMR spectrometer was used to record the NMR
spectra. The residual solvent protons were used as reference (0, ppm, ds-benzene, 7.16, CDCl;,
7.26), while a sealed tube containing [BusN][B3Hs] in ds-benzene (Js, ppm, —30.07) was used as
an external reference for the ''"B NMR. The infrared spectra were recorded on a JASCO FT/IR-

4100 spectrometer in CH2Cl> solvent. Electrospray mass (ESI-MS) spectra were recorded on an

Agilent 6545 Q-TOF LC/MS instrument.

Synthesis of 1: In a flame-dried Schlenk tube [Cp*MoCl4], (0.1 g, 0.27 mmol) in 10 mL of
toluene was treated with a 5-fold excess of [LiBH4- THF] (0.7 mL) at -78 °C and allowed to stir
at room temperature for 1 h. After the removal of toluene, the residue was extracted into hexane
and filtered through a frit using Celite. The brownish-green hexane extract was dried in vacuo,
and taken in 10 mL of THF and heated at 60 °C in the presence of [Co2(CO)s] (0.03 g) for 16 h.
The solvent was evaporated in vacuo followed by the extraction of the residue into hexane/dcm
and passing it through Celite. After removing solvent from the filtrate, the residue was subjected
to chromatographic workup using silica gel TLC plates. Elution with a hexane/CH>Cl> (70:30

v/v) mixture yielded brown 1 (0.014 g, 15%), [(Cp*Mo):BsHo]'® (0.017 g, 24%).

1: MS (ESI+): m/z calculated for [C25sH3605B4Co.Mox+H]* 774.9785, found 774.9767; ''B{'H}
NMR (160 MHz, CDCls, 22 °C): o = 103.8 (s, 2B), 50.9 ppm (s, 2B); '"H NMR (500 MHz,
CDCls, 22 °C): & = 6.44 (br, 2H, B-H,), 3.13 (br, 2H, B-H,), 2.01 (s, 15H, CsMes), 1.87 (s, 15H,
CsMes), -11.24 ppm (br, 2H, Mo-H-B); 3C{'H} NMR (22 °C, 125 MHz, CDCL:): § = 108.5
(CsMes), 107.6 (CsMes), 12.6 (CsMes), 12.0 ppm (CsMes); IR (CHaCla, cml): 2499, 2451 (w,

BH;), 2039, 2010, 1995, 1772 (CO).

11



Synthesis of 2 and 3: In a flame-dried Schlenk tube [Cp*WCl4], (0.1 g, 0.21 mmol) in 10 mL of
toluene was treated with 5-fold excess of [LiBH4- THF] (0.7 mL) at -78 °C and allowed to stir at
room temperature for 1 h. After removal of toluene, the residue was extracted into hexane and
filtered through a frit using Celite. The brownish-green hexane extract was dried in vacuo, and
taken in 10 mL of THF and heated at 60 °C in presence of [Co2(CO)s] (0.03 g) for 16 h. The
solvent was evaporated in vacuo followed by the extraction of the residue into hexane/dcm and
passing it through Celite. After removal of solvent from the filtrate, the residue was subjected to
chromatographic workup using silica gel TLC plates. Elution with a hexane/CH2Cl, (70:30 v/v)
mixture yielded black 2 (0.013 g, 12%), brown 3 (0.019 g, 18%) along with the known
[(Cp*W)2{u-1%:7>-B4H4C02(CO)s}(H)2] (0.012 g, 12%), [(Cp*W)2(u-H)2(u3-H)BsH4Co(CO)3]
(0.010 g, 11%), [{Cp*W(CO)}{Cp*W(CO)u-CO)}B(u-H)Cox(CO)s] (0.016 g, 14%) and

[(Cp*W),BsHo] (0.018 g, 23%).

2: MS (ESI+): m/z calculated for [C2sH350sB3C0W2-H]* 1017.0215, found 1017.0198; 'B{'H}
NMR (160 MHz, CDClI3, 22 °C): § = 96.5 (s, 1B), 76.5 ppm (s, 2B); 'H NMR (500 MHz, CDCls,
22 °C): 0 = 8.06 (br, B-H,), 2.25 (s, 15H, CsMes), 2.09 (s, 15H, CsMes), -5.32 ppm (br, 2H, Co-
H-B); 3C{'H} NMR (22 °C, 125 MHz, CDCL): § = 102.1 (CsMes), 101.0 (CsMes), 11.4

(CsMes), 10.6 ppm (CsMes); IR (CH2Cla, cm™): 2497 (w, BH), 2019, 1974, 1919, 1868 (CO).

3: MS (ESI+): m/z calculated for [M]* 963.05, found 963.0439; "B{'H} NMR (160 MHz,
CDCl3, 22 °C): 6 =99.3 (s, 1B), 82.5 (s, 1B), 25.7 (s, 1B); '"H NMR (500 MHz, CDCl3, 22 °C): 6
= 8.07 (br, B-H)), 5.20 (br, B-Hy), 2.18 (s, 30H, CsMes), -13.72 (br, 2H, W-H-B); 3C{'H} NMR
(22 °C, 125 MHz, CDCl3): 6 = 108.1 (CsMes), 12.5 ppm (CsMes); IR (CH2Clz, cm™): 2497, 2463

(w, BHy), 2019, 1985, 1841, 1798 (CO).

12



Computational details. Optimization of all the molecules were carried out using the Gaussian
16 program.’?> Optimizations were performed employing the gradient-corrected B3LYP33
functional along with a Def2-SVP basis set taken from EMSL (EMSL Basis Set Exchange
Library. https://bse.pnl.gov/bse/portal). The model compounds were fully optimized in the
gaseous state without any solvent effect starting from the coordinates obtained from X-ray
crystallography. To reduce the computational effort, Cp analogues were chosen to mimic
compounds 1, 3 and I. Frequency calculations were carried out to check the nature of the
stationary geometries and to confirm the absence of any imaginary frequency. Wiberg bond
indices (WBI)*® were obtained from a natural bond orbital analysis (NBO).? All the optimized
structures and orbital pictures were plotted using Chemcraft (Chemcraft - Graphical Software for
Visualization of Quantum Chemistry Computations. https://www.chemcraftprog.com)
visualization programs. Two-dimensional electron density and Laplacian electronic distribution

plots were generated using the Multiwfn package.**

X-ray structure determination. Suitable X-ray quality crystals of 2 and 3 were grown by slow
diffusion of a hexane-CH2Cl; solution. The crystal data of 2 and 3 were collected and integrated
using a Bruker D8 VENTURE diffractometer with a PHOTON II detector with graphite
monochromated Mo-Ka (4 = 0.71073 A) radiation at 297(2) K. The structures were solved by

dual-space algorithm using SHELXT program™

and refined with full-matrix least-squares
methods based on F? (SHELXL program).*® The molecular structures were drawn using Olex2.%
The non-hydrogen atoms were refined with anisotropic displacement parameters. Except for the

bridging ones, hydrogen atoms were introduced through Fourier difference maps analysis. H

atoms were finally included in their calculated positions and treated as riding on their parent

13



atom with constrained thermal parameters. The structure of 2 shows some disorder in the
position of boron atoms over two sites with an occupancy ratio 58:42. SIMU restraints on
displacement parameters were taken into account to have the same uji values. Crystallographic
data have been deposited at the Cambridge Crystallographic Data Center as supplementary
publication no CCDC-2075946(2), and CCDC-2075948(3). These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

Crystal data for 2: C2sH33B308W2Co2, M = 1015.53, Monoclinic, space group P21, a = 9.345(4)
A, b=16.737(7) A, ¢ = 10.656(5) A, a=90°, p = 100.976(14)°, y = 90°, V = 1636.1(12) A3, Z =
2, pealed = 2.061 g/cm?, 1 = 8.049 mm™!, F(000) = 964, Flack parameter = 0.029(15), R; = 0.0272,

wR>=0.0618, 5647 independent reflections [260 < 56.30°] and 411 parameters.

Crystal data for 3: CysH3sB30sW2Co2, M: = 961.53, Monoclinic, space group P2i/c, a =
17.040(3) A b= 11.7667(19) A c= 30.210(5) A a= 90.000(5)°, p=96.159(6)°, y = 90.000(6)",
V =6022.2(18) A3, z=38, Pealed = 2.121 g/em?, = 8.735 mm!, F(000) = 3648, R; = 0.0919, wR;

=0.2275, 40831 independent reflections [26 < 52.4°] and 701 parameters.
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Scheme 1.

Scheme 2.

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Chart 1.

Table 1.

Table 2.

Synthesis of 1.
Synthesis of the tungstaborane clusters 2 and 3.

Selected bond lengths (A) and bond angles (°) of 2: W1-Col 2.8153(18), W1-Co2
2.7446(17), W2-Col 2.7479(17), W2-Co2 2.8037(19), Col-Co2 2.525(2), W1-
B1 2.31(2), W1-B2 2.30(2), W2-B3 2.26(3), Col-B1 2.10(2), Col-B3 2.02(2),
Co2-B2 2.13(2), Co2-B3 2.03(3), B1-B2 1.77(3), B1-B3 1.69(3), B2-B3 1.70(3);
Col-W2-Co2 54.09(5), W1-Co2-W2 123.61(5), B2-W1-B1 45.1(8), B1-W1-Co2
71.5(6), B1-Co1-B3 48.5(9), B1-Co1-Co2 79.4(7), B3-Col1-W1 79.1(8), B2-Co2-

Col 80.0(6), B1-B3-B2 62.8(15).

Selected bond lengths (A) and bond angles (°) of 3 (molecule B): W3-W4
2.8706(16), Co3-Co4 2.432(5), W3-Co3 2.725(4), W3-Co4 2.707(4), W4-Co3
2.714(4), W4-Co4 2.740(4), W3-B4 2.29(3), W3-B5 2.21(3), W3-B6 2.34(3),
W4-B4 2.24(3), W4-B5 2.22(3), W4-B6 2.28(3), Co3-B4 2.04(3), B4-B5 1.75(4),
B5-B6 1.76(5); B5-W3-B4 45.7(11), B4-W3-B6 84.3(11), B5-W3-Co4 108.5(8),
B5-W3-W4 49.8(8), Co4-W3-W4 58.74(9), B4-W4-W3 51.5(8), B5-B4-Co3

132(2), B4-B5-B6 125(2).

DFT-optimized structure of 1'.

Frontier molecular diagrams and HOMO-LUMO gaps (eV) of 1’, I" and 3".
Examples of capped octahedral metallaborane clusters reported in the literature.
Avg. M-M, M-B and B-B bond lengths of 2 and similar compounds.

Avg. M-M, M-B and B-B bond lengths of 3 and similar compounds.
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Scheme 1

i) LiBH,, toluene, -78 'C
toRT, 1h
0.

o’/ \acl ii) Co,(CO)g, THF, 60 'C,
Cl 16 h

Co =Co(CO),; B=BH

Scheme 2
i) LiBH,4, toluene, -78 °C
toRT, 1h
e\ i) Coy(CO)s, THF, 60 °C,
cl G 4en
Co =Co(CO),; Co' = Co(CO);
Co"=Co(CO);; B=BH; B'=B
Fig. 1.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Chart 1
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Ru

N e K

C B——Rh s—F B//
Co%gB R/héR//h//gB R{/\\ |7/6//§Rh R%//Rh
[ ZE N2~

[(Cp*Co)3B4H4] [(Cp*Rh)3B4H4]  [(Cp*Rh):B3H3{Fe(CO)s}a]  [(Cp*Rh)yB3H3{RU(CO)3}s]
Table 1.
Compound sep  dM-M) (A) d(M-B) (A)* d(B-B) (A)*
count
[(Cp*Co)3B4H4]?* 7 2.50 2.00 1.70
[(Cp*Rh)3;B4H4]2® 7 2.67 2.11 1.73
[(Cp*Ir);B4H4]>¢ 7 2.70 2.08 1.70
[(Cp*Rh)2B3H3{Fe(CO)3}2]>* 7 2.63 2.09 1.80
[(Cp*Rh)2B3H3{Ru(CO)3},]>* 7 2.77 2.15 1.80
[{Cp*W(CO)2}2(u-H)2B3H3C02(CO)4] 8 2.70 2.22 1.74
(2)
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Table 2.

Compound sep  dM-M) d(M-B) (Ay* d(B-B) (A)
count (A)
[(Cp*Cr)2Co(CO);B4H7 % 6 2.69 2.13 1.69
[(Cp*Cr)2B4HsFe(CO)3]* 6 271 2.15 1.72
[(Cp'Mo)(u-H)4BsHs]" 18 6 2.81 2.26 1.73
[(Cp*W)a(u-H)4BsHs] 6 2.82 2.26 1.71
[(Cp*Mo)2BsHoFe(CO)s] 2 7 2.94 1.75 1.76
[(Cp*Mo)3BsHa(u-CO)a(u-H)a(u3-H)] 6 291 2.28 1.72
[(Cp*Mo)2BsHa(u-H)a(uu3-H)sW(CO)a] 25 6 291 2.24 1.72
[(Cp*Mo)2BsHa(u-H)2W(CO)s] 2 6 291 2.24 1.73
[(Cp*W):B4HsMo(CO)a(u-H)o(us-H)2] 24 6 2.97 2.32 1.72
[(Cp*W)2B3H3C02(CO)4(u-CO)2(u-H):] 6 2.87 2.25 1.75

3)

¢ Average distance, ? Cp' = 5°-MeCsHa.
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