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ABSTRACT: Structures and bonding of various homo and heterometallic metallaborane clusters are described which are sta-
bilized in the coordination sphere of early transition metals. For example, the bimetallic triborane species, [{Cp*Mo(CO)}2{u-
1n3:n3-BsHr}], 2 has been synthesized from the pyrolysis of an in situ generated intermediate, produced from the reaction of
[Cp*Mo(CO)sMe], 1 and [LiBH4-THF], with an excess amount of [BH3-THF]. Superficially cluster 2 is isostructural but not iso-
electronic with [(Cp*MoCl)2BsH7] (I). Both clusters 2 and I contain a bimetallic template bridged by {BsH7} moiety. Cluster 2
is denoted as a unique saturated and unsubstituted closo bimetallic BsH7 cluster. Theoretical output implies that saturation
in such clusters brings thermodynamic stability. Further, we have developed a new strategy for the synthesis of various het-
erometallic metal-rich metallaborane clusters. For example, pyrolysis of an intermediate, obtained from the reaction of
[Cp*MoCl4], 4 and [LiBH4+THF], with cobalt and iron carbonyl compounds yielded triply bridging hydrido(hydroborylene),
[{Cp*Mo(CO0)2}2Co(CO)3BH(u-H)], 5, tetrametallic ps-boride, [{Cp*Mo(CO)2}2(u4-B) (u-H){Co2(CO)s}], 6, triple decker complex,
[(Cp*Mo)2{u-n°:n°-BsHaCo2(CO)s}(u-H)2], 7, metal-rich dimolybdaborane cluster, [(Cp*Mo)2Co2(CO)3(u-CO)3BsH3(u-H):], 8
and mixed-metal cluster, [(Cp*Mo)2BsHsFe(CO)s3], 9. All the molecules have been characterized by 'H, "'B{'H}, and 3C{*H}
NMR spectroscopy; mass spectrometry; infrared (IR) spectroscopy and single-crystal X-ray diffraction studies for clusters 2
and 5-9. The electron counting rules and density functional theory (DFT) calculations provided further insight into the bond-
ing and electronic structures of these clusters.
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Due to the unique nature of bonding, the lower borane [ 5 —p—g ] B/ B/_o Fé \ ;:
species have been utilized outwardly in many organic syn- oy N /@ 8o [
theses, for example, catalytic diboration, hydroboration and \Dip Dif RN ”\;e [ )R @/H Nipr

borylation reactions.! However, the right-hand neighbours
of boron show different properties and one of them is cate-
nation property that led to the formation of consecutive C-C
bonds or Si-Si bonds in chemistry of polysilanes. In contrast, HH
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ents.2 For example, as shown in Chart 137, linear catenated
triborane(5), A3 has been stabilized by bulky diamino sub-
stituents on terminal boron atom. However, with increasing
number of boron atoms, they lean towards cluster for-
mation, in which the triborane or tetraborane typically pre-
fer cyclic form®. Interestingly, Braunschweig et al. reported
the hydroboration of diborenes that generated unique
bis(NHC)-stabilized triborane B.* Successively they have
synthesized electron precise sp3-sp2-sp?® triborane C from
ferrocene-bridged diborene.*b

D, Rheingold, 1991 E, Gaines, 1980

F, Ghosh, 2021

The triborane moiety is the simplest polyborane in which
distinct bonding modes with metal counterparts have been
observed.? Triborane D,* shown in Chart 1, represents a m-
borallyl triborane ligand, which is coordinated to metal with
pseudo square-planar environment. In 1980, Gaines and co-
workers isolated and structurally characterized a fascinat-
ing butterfly cluster [(CO)sMnBsHsgBr],° E, in which the bi-
dentate Bs ring is ligated to Mn(CO)s moiety. To the best of
our knowledge, the numbers of linear triboranes are very

Chart 1. Various types of triborane species (A-F). M= Pd
or Pt, E =SePh.

limited except some structurally characterized BzHs-metal
clusters. To isolate such kind of species, transition metal co-
ordination sphere is considered to be one of the key
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templates that can stabilize the unstable reactive motifs.”10
For example, recently we have isolated a classical [Bz2Hs]"
ion stabilized by binuclear tantalum template.’%2 Subse-
quently, we have isolated a triborane analogue {BsHsSePh}
which is also stabilized in the coordination sphere of
{Cp*Ta}2.” Further, a bimetallic diborane(4) species,
[{Cp*Mo(CO)z}2{u-n?:n?-B2H4}]1% was isolated which is sta-
bilized by {Cp*Mo}. fragment. Note that isolobal analogy!!
and electron counting!? rules play a major role in designing
and synthesizing these species, which are stabilized by early
transition metal template.

Therefore, with an objective to isolate such metal coordi-
nated lower borane species, we explored the reaction of an
in situ generated intermediate, made from the reaction of
[Cp*Mo(CO)sMe] and [LiBH4THF], with an excess of
[BHs-THF]. The reaction yielded linear triborane species,
confined in metal templates. In this article, we described the
details of their structure, bonding and spectroscopic char-
acterization. In addition, we have further explored the reac-
tivity of Co2(CO)s and Fez(CO)y with another in situ gener-
ated intermediate, generated from the reaction of
[Cp*MoCl4] and [LiBH4-THF], that yielded novel metal-rich
metallaborane clusters.

RESULTS AND DISCUSSION

Low temperature reaction of [Cp*Mo(CO)sMe], 1, with
[LiBH4-THF] followed by mild pyrolysis with [BHs-THF] re-
sulted in the formation of an air and moisture sensitive
green solid 2 (Scheme 1). The reaction also yielded arachno-
[Cp*Mo(CO)2B3Hg]'%¢, 3 and [(Cp*Mo).BsHg] along with
other unstable as well as moisture sensitive compounds,
which we were unsuccessful in isolating in pure form. Com-
pound 2 was characterized by 'H, 1B, 13C NMR, IR, mass
spectrometry and single crystal X-ray diffraction study. The
1B{1H} NMR spectrum of 2 shows two resonances at § =
12.9 and -3.7 ppm ~2:1 ratio. Alongside peaks at 6 = 3.01
ppm and 1.57 ppm for the B-H terminal protons, the 'H NMR
spectrum shows two distinct Cp* proton peaks at § = 2.02
and 1.90 ppm. Additionally, a broad up-field resonance at §
=-13.08 ppm has been detected. The IR spectrum of 2 fea-
tured bands at 1638 and 2475 cm™! corresponding to car-
bonyl and terminal B-H ligands, respectively. Later, the
13C{'H} NMR spectrum of 2 also suggests the existence of

Scheme 1. Synthesis of [{Cp*Mo(CO)}2{u-n3:13-BsH7}]
(Mo-Mo bonds are not shown for clearness).
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Cp* and CO ligands. The mass spectrum of 2 shows the par-
ent ion peak at m/z 558.1215 that corresponds to
[C22H37B3Mo0202+H]*. Although mass spectrometric data

along with all other the spectroscopic data provided some
tips about nature of the molecule 2, the core geometry was
established when the single crystal X-ray diffraction analy-
sis was carried out.

The X-ray analysis of 2 revealed a linear triborane [BzH7],
stabilized in the coordination sphere of two Mo atoms that
depicted a trigonal bipyramidal [Mo:Bz] core geometry
(Figure 1). One of the boron atoms (B2) and two metals
(Mo1, Mo2) occupy the equatorial positions of the trigonal
bipyramid, while other two boron atoms (B1 and B3) are
placed at the axial positions. The avg. B-B bond distance in
the triborane chain of 2 (1.736 A) is shorter as compared to
the avg. B-B bond distance of [BsHFe2(C0)s] (1.778 A)13 and
[1,2-(Cp*Ru)2B3H7(u-H)2] (1.920 A)14. The Mo-Mo bond dis-
tance of 3.0326(6) A is analogous to that of
[{Cp(CO)2Mo}2{u-n2:n?-P2}] (3.036(2) A)15, however, it is
shorter than that of [CpMo(CO)s]2 (3.235 A)16, [M02(C0)10]>
(3.123(7) A)'7 and [(Cp*MoCl);BsH], I (3.095(12) A)8. In
addition to Cp* ligand, both the Mo centers are ligated to
one CO ligand. Interestingly, unlike [(Cp*MCO).B4Ha(u-H)z]
(M = Cr, Mo), the CO ligands are positioned trans to each
other in 2, which is reflected in torsional angle of 172.79°(C-
Mo-Mo-C). As a result, Cp* coordinated to Mo2, inclined to-
wards the open face of BsH7 to minimize steric hindrance.
This resulted two different Cp* environments, which was
also evidential from 'H and 3C NMR spectra. This trans ori-
entation of both CO and Cp* ring is quite unique; which was
not observed in analogous [(Cp*MoCl)2B3H7], I'8,

Figure 1. Molecular structure and labeling diagram of 2. Selec-
ted bond lengths (&) and angles (°): Mo1-Mo2 3.0326(6), Mo1-
B1 2.354(5), Mo1-B2 2.207(5), Mo1-B3 2.351(6), B1-Mo2
2.319(5), B2-Mo2 2.253(5), B3-Mo2 2.338(5), B1-B2 1.715(8),
B2-B3 1.757(7); Mo1l-B1-Mo2 80.93(16), Mol-B2-Mo2
85.67(17), B1-B2-B3 127.5(4).

In an effort to isolate the key molybdaborane intermedi-
ates during the formation of [(Cp*Mo):BsHo]'%, Fehlner and
co-workers isolated electronically unsaturated

Table 1. Important geometrical and spectroscopical parameters of some transition metal triborane complexes.

M:B;3 clusters Geometry, SEP

Structural Parameter

Spectroscopic data Ref.
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[(Cp*MoCl)2BsH7] and [(Cp*MoCl)2BsH10].1® Subsequently,
we suggested that the intermediate is rather a saturated
[(Cp*Mo0)2B4H10]?° instead of unsaturated [(Cp*Mo):BsHsg]
(Cp* = Cp or Cp*). Thus, the search for saturated form of an-
other intermediate as such [(Cp*MoCl):BzH7], I became fas-
cinating. Interestingly, [{Cp*Mo(CO)}2{u-n3n3-BsH7}], 2 was
found to be isostructural with I. Hence, an insight into the
cluster valence electrons (CVE) and skeletal electron pair
(SEP) count of 2 became of interest. According to Wade
skeleton electron counting rule, the SEP count required for
the trigonal bipyramid [M2Bs] core is six (CVE = 42). Thus,
cluster 2 is electronically saturated with 42 CVE and 6 SEP.

Occurrence of saturated [Mo:Bz] cluster 2 allowed us to
compare it with other [M2Bs] clusters based on geometry,
structural parameter, electron count and spectroscopic data
(Table 1).13141821 Apart from 2 and I, all other [M2B3] clus-
ters are manifested as nido-square pyramid geometry con-
sisting 7 SEP. However, metals are located at different ver-
tices in all these nido-[M:Bs] clusters. For instance, [2,3-
(Cp*Rh)2BsH7]* exhibited as 7 SEP nido-square pyramid ge-
ometry comprised of M-M bond but [2,3-(Cp*Co).B3H7]?!
reflected the same geometry without any M-M bond. This
may be because of more feasibility in overlap between

metal d-orbitals when coming down the group in periodic
table. To sum up, we can propose that compound 2 is the
first reported closo, saturated and unsubstituted dimetallic
triborane species. Although 2 and I show structural resem-
blances, they display different 1'B{'H} chemical shifts. The
H1B{'H} chemical shifts of 2, appeared at § = 12.9 and -3.7
ppm in ~2:1 ratio, are significantly upfield shifted as com-
pared to the corresponding '*'B{*H} chemical shifts for I that
appeared at § = 105.5 and 34.2 ppm.'8 Cluster 2 rather ex-
hibits similar kind of upfield ''B resonances like other
[M:Bs] clusters listed in Table 1.13141821 Therefore, in order
to assign the 1B chemical shifts of 2 and I, we have carried
out the 1B NMR calculations using gauge invariant atomic
orbital (GIAO) method that corroborate well with the exper-
imental 1B chemical shift values (Table S2).

In order to investigate the electronic and steric effect, we
have carried out DFT calculation of I and 2 using
b3lyp/def2-tzvp level of theory. All the structural parame-
ters are quite comparable with that of solid-state X-ray
structures. The MO analysis suggests that the additional
pair of electrons of 2 is accommodated in one of the unoc-
cupied orbitals of unsaturated cluster I and gets stabilized.
In addition to that, the HOMO-LUMO gap is also remarkably



lower for I (2.439 eV) than 2 (3.370 eV). Moreover, the
HOMO-8 of 2 sketched a substantial bonding overlap be-
tween the boron p and metal d orbitals extended through-
out the cluster (Figure 2(a)). This type of extended orbital
interaction was absent in I. These phenomena may demon-
strate the fact that saturation in such clusters provides a
greater stability. Further, the NBO charge analysis shows
that the oxidation state of molybdenum decreased as the an-
cillary ligand Cl has been replaced by CO. This eventually in-
creases the natural charge of the boron atoms of 2 (Table
S1). Thus, the above results support the upfield 'B{'H}
chemical shift of 2. On the other hand, the Laplacian plot of
electron density along the B1-B2-B3 plane displayed bond
critical points (BCPs) and bond path connecting all these bo-
ron centers that represent the strong bonding along the tri-
borane unit {Figure 2(b)}, which was further supported by
WBI values of particular bonds. Again, a region of charge
concentration has been detected along the B1-B2 and B2-
B3 bonds. It shows high covalent character which is also re-
flected by the average electron density [p:] value of 0.132
and a negative the energy density [H(r)] of -0.092.

(a) (b)

Figure 2. (a) HOMO-8 of 2 and (b) contour line diagram along
the B1-B2-B3 plane obtained from Laplacian of electron den-
sity of 2. [Charge concentration (V2p(r) < 0) regions have been
represented by solid red lines, while the areas of charge deple-
tion (V2p(r) > 0) are shown as dashed black lines. Blue dots and
bold dark-brown lines depict BCPs and the bond path respec-
tively].

Subsequently, in search for a probable existence of the
tungsten analogue of saturated 2, we have optimized
[{Cp*W(CO)}2{u-n3n3-BsH-}] II. The B-B bond distance is
marginally lower in Il compared to 2 and it shows a signifi-
cant decrease in AExomo-Lumo by 0.517 eV from Mo analogue
2, which occurred mainly due to the notable destabilization
of HOMO. The HOMOs of both 2 and II are localized on the
B-B bonds and the d-orbitals of the metal centers. As WBI
(Table S1) values suggested the B-B bonding interaction to
be more prominent in II, the destabilization of HOMO may
be defined by the presence of higher energy 5d orbitals lo-
calized on tungsten atom (II) in place of 4d orbital of Mo
atom (2). These phenomena indirectly suggest a reduced ki-
netic stability for II than 2, which may be the reason for non-
existence of the triborane analogue of tungsten.

Reactivity of [Cp*MoCl4] with Co2(CO)s. As part of our
effort to synthesize metal-rich metallaborane starting from
transition metal stabilized tris-boranes, we tried the reac-
tivity of 2 with different metal carbonyl fragments. These
reactions led to the formation of various air-sensitive com-
pounds with poor yield, which we were unable to isolate in
pure form. As a result, in search for a different and efficient
synthetic strategy from smaller metallaboranes to metal
rich metallaborane we investigated the reactivity of metal
carbonyls with in-situ generated intermediate, produced
from the reaction of [Cp*MoCl4] and [LiBH4-THF]. Thermol-
ysis of the intermediate with Co2(CO)s led to the formation
of hydrido(hydroborylene) 5, w-boride 6, triple-decker
sandwich complex 7 and bimolybdenametallaborane 8
(Scheme 2). Preparative thin-layer chromatography was
used to separate all products for further spectroscopic and
structural characterization. Detailed spectroscopic and
structural characterization of these species are described
below.

Triply-bridging hydrido(hydroborylene), 5. Com-
pound 5 was isolated as green solid in moderate yield. The
1B NMR spectrum reveals a broad downfield resonance
peak at § = 69.7 ppm. In addition to that, the presence of a
peak at § = 1.86 ppm in 'H NMR confirmed one Cp* environ-
ment. Further, there is a peak at m/z 731.9764 in mass spec-
trum that corresponds to [C20H3109Mo2CoB]*. These data in-
dicate that the structural framework contains two Cp*Mo
unit. Apart from one up field chemical shift at § = -11.31
ppm, the 'H NMR also revealed a downfield broad peak at §
= 10.41 ppm. This could result from the existence of B-
H.2122 The broadened nature of the !'B peak and the 'H
chemical for shifts due to terminal B-H protons support the
existence of borylene moiety in 5. All these spectral infor-
mation was abstruse to get a proper view on complete
structure. Thus, the X-ray diffraction study explicitly guided
us to understand the structural framework.

Figure 3. Molecular structure and labeling diagram of 5. The
bridging H-atom is not located. Selected bond lengths (A) and
angles (°): B1-Col 2.04(2), B1-Mo2 2.23(3), B1-Mo1 2.25(3),
Mol-Mo2 3.058(8). Col-B1-Mo2 80.5(8), Col-B1-Mol
81.2(10), Mo2-B1-Mo1 86.2(9), B1-Co1-Mo2 52.7(10).

Scheme 2. Synthetic route to metal rich metallaborane. (Carbonyls and Mo-Mo bonds are not shown for clarity in 7

and 8).
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As shown in Figure 3, 5 can be represented by formulae
[{Cp*Mo(C0)2}2Co(CO)3BH(u-H)], owning tetrahedral core
geometry, where boron atom occupied the peak of the pyr-
amid connected to trimetallic trigonal plane (Mo-Co-Mo).
Although the Co-H-B has not been located in X-ray, 'H-NMR
peak at § = -11.31 ppm clearly signified the occurrence of
Co-H-B. So based on the structural parameters as well as
spectroscopic data, we describe compound 5 as triply bridg-
ing hydrido(hydroborylene) species. The Co-B bond dis-
tance is slightly closer to boron-rich cobaltaboranes®! and
hydrido(hydroborylene)?3 species reported by us. Earlier,
Braunschweig?* and Tobita2?> group have synthesized a se-
ries of mono and binuclear hydrido(borylene). Recently, we
have also developed a typical synthetic strategy for the syn-
thesis of triply bridging borylene and hydrido(borylenes)
species.?® Note that the !B chemical shift for 5 that ap-
peared at 6 = 69.7 ppm is in the upfield region as compared
to reported [(Cp*Rh}:2{Coz(CO)4}(u-CO)(us-CO)(us-BH)]?3
and [{Cp*W(CO0)2}2 {Fe(CO)2}(us3-BH)zH2].26

Figure 4. (a) 3c-2e bonding interaction of Co-H-B in 5; (c)
HOMO-18 of 6, showing extended bonding overlap over molec-
ular framework; (b) and (d) represent contour line diagram
along the M-H-B planes of 5 and 6 respectively, obtained from
Laplacian of electron density.

To get some insight into the borylene character as well as
bonding scenario, we have performed the DFT calculation
on b3lyp/def2-tzvp level of theory. Although, the MO analy-
sis shows a head to head overlap between the d orbital of Co
and the p orbital of B, the Co-B separation of (2.133 A) in the
optimized structure of 5 is significantly longer in compari-
son to its solid-state structure (2.04(2) A). This ¢ bonding
interaction was further supported by WBI value of 0.413. In
addition, there is one 3c-2e bonding interaction along Co-H-
B (Figure 4(a)). The NBO studies also supported a greater

contribution of B (31.83%) than Co (26.63%) in the Co-H-B
banana bond. Further, from the topological analysis, we
have noticed a shift of BCP towards H atom along the Co-H
bond path. This clearly signifies that the bond is more po-
larized towards hydridic hydrogen than Co-center. Based
on all these theoretical outputs, it is apparent that the B-H
interaction is more prominent than Co-H within the Co-H-B
3c-2e bonding scenario.

Tetrametallic us-Boride, 6. Beside the triply bridging
hydrido(hydroborylene) species, another moderately air
stable black solid was also yielded in 11% yield. The mass
spectrum shows an intense ion peak at m/z 844.8936 that
corresponds to [C27H32BO7Mo2Coz]*. The 'H NMR spectrum
displays single peak at §=1.93 ppm in Cp* region along with
one upfield region shift at § =-3.27 ppm. The presence of CO
and Cp* ligand was further confirmed from *C NMR and IR
spectroscopic data. Further, a downfield single resonance
shift was recorded at § = 129.5 ppm in room temperature
11B NMR, which demonstrates the presence of metal rich en-
vironment around boron. The observed !B chemical shift is
in agreement with some of the structurally characterized
boride clusters.26:28

Figure 5. Molecular structure and labeling diagram of 6. The
bridging H-atom is not located. Selected bond lengths (A) and
angles (°):Mo1-B1 2.180(5), Mo1-Co3 2.8839(8), Mol-Co4
2.7023(8), Mo2-Co3 2.967(5), Mo2-B1 2.125(5), Co3-B1
2.022(5), Co4-B1 2.076(5). B1-Mo1-Co4 48.92(14), Co4-Mo1-
C03 52.00(2), Mo2-B1-Mo1 163.7(3), Co4-B1-Co3 73.57(17).

Along with the spectroscopic details, the X-ray structure
analysis also led us to the confirmation about the solid-state
structure. As shown in Figure 5, the crystal structure of 6
can be described as heterometallic boride cluster having a
boron atom placed at semi-interstitial position of butterfly
M:;M” core (M= Mo, M’ = Co). The observed Mo-B (2.414)
and Co-B (2.05A4) bond distances are consistent with the
known molybdaboranes, cobaltaboranes and other re-
ported p4-boride clusters. 27.18b29 The boron atom is situated
at semi-interstitial position in quite bent fashion because of



Mo1-B1-Mo2 angle of 163.7°. Cluster 6 comprises of 62-
CVE. And it is isostructural as well as isoelectronic to re-
cently reported [{Cp*W(CO0)2}2{Co2(CO)s}(us-B) (12-H)].2%2

To investigate the stability of this boride cluster, we have
carried out molecular orbital analysis. As shown in Figure
4(c), the HOMO-18 showed an extended overlap between
the d orbitals of metal centers and p orbital of semi-intersti-
tial boron atom. In addition, the presence of 3c-2e bonding
scenario has also been observed along the Mo-H-B. Interest-
ingly, unlike 5, there was no shift of BCP observed along the
Mo-H bond.

In addition to the formation of these species, the reaction
also yielded a triple-decker species 7%°°, which was re-
ported recently based on spectroscopic data. Thus, in an at-
tempt to get the X-ray structure, we have carried out the
XRD analysis of 7. The solid-state X-ray structure of 7 rep-
resented as [(Cp*Mo)2{u-n®:n®-Coz(CO)sBsH4s}(u-H)2] pos-
sessing two {Cp*Mo} fragments sandwiched hexagonal pla-
nar [Co2(CO)sBsH4] middle deck (sum of internal angles =
720°) {Figure 6(left)}. The pz-bridged carbonyl connected
to two cobalt center is inclined towards Mo2 atom. The
eclipsed alignment of terminal CO in Co2(CO)s has also been
found in 7. In comparison to some reported dimolyb-
denaboranes, the Mo-Mo bond distance of 2.790 A is smaller
as compared to, which is also supported by higher WBI val-
ues (Table S1).

Metal-rich dimolybdaborane cluster, 8. Along with
metal-rich metallaborane clusters 5, 6 and triple decker
sandwich complex, 7, the reaction also yielded compound 8

(a)

as a brown solid in 12% yield. In the ESI-MS of 8, a molecu-
lar ion peak has been recorded at m/z = 786.9598. The
1B{tH} NMR spectrum of 8 showed three signals at § =
102.5,100.0 and 30.3 ppm in ~1:1:1 ratio signifying the ex-
istence of three distinct boron environments. The 'H NMR
spectrum revealed one kind of Cp* ligand at § = 2.00 ppm in
addition to the resonance peak for B-H; protons at § = 6.89
ppm. The presence of an up-field chemical shiftat § = -13.44
ppm in the 'H NMR may be due to the presence of Mo-H-B
protons. The 3C NMR and IR spectrum further confirmed
the existence of both bridging and terminal CO ligands.
However, a definite inference eluded us until the cluster
core has been revealed by single-crystal X-ray analysis.

As shown in Figure 6 (middle), the molecular structure of
8 can be defined as [(Cp*Mo)2Co2(C0)3(u-CO)3BsHs(u-H)-].
[t is consistent with the spectroscopic output and structur-
ally and electronically analogous to ditungstenaborane,2°®
recently reported by us. The structure can be portrayed as
a nido hexagonal bipyramid with atoms Co1, Co2, B1, B2 and
B3 constituting the open and flattened base. Mol and Mo2
capped above and below of the base respectively. Applying
classical skeletal electron counting formalism!2, using 8-
vertex oblato-closo hexagonal bipyramid as starting point,
cluster 8 can be represented as electron deficient 6-SEP ob-
lato-nido-species. Although the avg. Mo-B-Mo bond angle in
8 is shorter as compared to [{Cp*Mo(CO)}2{u-n3n3-BsHr}],
1, it is larger compared to [(Cp*Mo){u-n®:ne-
Co2(CO)sB4H4}(u-H)z2], 7. Further, the Mo-Mo separation of
(2.8489(9) A) is shorter as compared

(c)

Figure 6. Molecular structure and labeling diagram of 7 (left), 8 (middle) and 9 (right). Selected bond lengths (A) and angles (°) of
7: Mo1-Mo2 2.7900(4), Mo1-B1 2.329(3), Mo1-B2 2.181(3), B1-Mo2 2.273(3), B2-Mo2 2.205(3), Co1-Co2 2.5110(6), Co1-Mol
2.7958(4), B1-Co1 2.112(3), B1-B2 1.715(8); Mo1-B1-Mo2 74.63(9), Mo1-B2-Mo2 79.01(9). Selected bond lengths (A) and angles
(°) of 8: Mo1-Mo2 2.8489(9), Mo1-B1 2.247(8), Mo1-B2 2.186(8), Mo1-B3 2.285(8), Co1-Co2 2.4341(13), Co1-Mo1l 2.7032(12), B1-
Co1 2.022(8); Mo1-B1-Mo2 78.8(3), Mo1-B2-Mo2 81.4(3), Mo1-B3-Mo2 76.8(3). Selected bond lengths (&) and angles (°) of 9: Mo1-
Mo2 2.7965(18), Mo1-B1 2.41(2), Mo1-B2 2.25(2), Mo1-B3 2.170(18), Mo1-B4 2.22(2), Mo1-Fel 2.668(3), Fel-B1 2.12(2), Fel-B4

2.05(2); Mo2-B1-Mo1 70.9(5), Mo2-B4-Mo1 78.4(6).

to [(Cp*Mo)2(CO)(u-Cl)W(CO)4BsH4],?° however, it is longer
as found in  [(Cp*Mo).Se;(SeCH:Ph)BsH3]  and
[(Cp*Mo)zTe2B4H4] 30,

In a similar fashion, the reaction of Fez(CO)9 with the in-
situ generated intermediate, produced from [Cp*MoCls]
with LiBHa4 reaction, at 60 °C led to the formation of an air

and moisture sensitive product 9.3! Note that, compound 9
and known [(Cp*Mo)2BsHs] couldn’t be separated by chro-
matographic methods. Hence, they were isolated as insepa-
rable solids and crystallized from a CH2Clz/hexane solution
at -5 °C. Two different types of crystals were obtained; crys-
tals of 9 is black and [(Cp*Mo)2BsHs] is orange. The X-ray



diffraction analysis suggested that the structural formulae
for 9 can be defined as [(Cp*Mo)2BsHsFe(CO)s3]. As shown in
Figure 6(right), 9 can be represented as bicapped trigonal
bipyramidal geometry. Two Mo atoms and B4 are placed at
equatorial position of the trigonal bipyramid and the axial
Bl and B2 atoms capped the {MolFelMo2} and
{Mo01B3Mo2} triangular faces, respectively. Interestingly, 9
is isostructural with [(Cp*W):BsHsFe(C0)3]3? in which two
Mo atoms occupied the same position as that of W. Cluster
9 follows the electron counting rule with total cluster val-
ance electron of 56 (6 SEP). The Mo-Mo bond distance of
2.7969(18) A is also comparable to other reported dimolyb-
denaborane containing 6 SEP.

Further, all the spectroscopy data of 9 corroborated well
with X-ray structure. For example, four intense boron reso-
nances of 9 appeared at § = 93.0, 83.1, 38.9, and 34.5 ppm
signify the presence of four boron atoms having different
environments. The 'H NMR spectrum showed a peak at § =
2.07 ppm due to the presence of single Cp* environment. In
addition, two upfield region peaks at 6 = -5.96 and -12.36
ppm in the 'H NMR correspond to bridging Mo-H-B hydro-
gens. Further, the IR spectrum of 9 revealed the presence of
terminal CO ligand at v = 1988, and 1918 cm.. The mass
spectrum showed molecular ion peak at m/z = 655.0757
which correspond to [M+H]*.

CONCLUSION

In this article, we have explained the isolation and struc-
tural characterization of a linear triborane species stabi-
lized in the coordination sphere of two molybdenum atoms.
Structural insight obtained from X-ray diffraction analysis,
revealed that a BsH7 unit is ligated in n3-fashion to both of
the metal centre. Cluster [{Cp*Mo(CO)}2{u-n3:n3-BsH7}], 2 is
an unique addition to the series of linear triborane species
which show distinct electronic as well as structural fea-
tures. Despite of having structural resemblances with
[(Cp*MoCl)2BsH7], 2 is considered novel due to its electronic
saturation. Additionally, theoretical studies demonstrated
the plausible explanation for the stability. Further, we have
demonstrated a different and efficient approach to synthe-
size metal-rich heterometallic metallaborane clusters that
led to the formation of triply bridging trimetallic hy-
drido(hydroborylene), 5 and tetrametallic us-boride, 6.
NMR studies and a detailed theoretical investigation explic-
itly explained a lower borylene character of 5 compared as
compared to other reported hydrido(borylenes) species.

EXPERIMENTAL SECTION

General Procedures and Instrumentation. All reactions and
experiments were performed under an inert atmosphere or in va-
cuo using standard Schlenk line techniques and glove box. THF, to-
luene and hexane were among the solvents those were first dried
utilising appropriate drying agents (sodium/benzophenone) and
then distilled under argon environment. Three cycles of freeze-
pump-thaw degassed CDCls, which was then reserved over
molecular sieves. [Cp*Mo(CO)3Me]33 and [Cp*MoCls]3* were syn-
thesized following the literature methods. Meanwhile, other chem-
icals like [LiBH4-THF], [Co2(CO)s] and [Fez(CO)9] were obtained
from commercial source (Aldrich) and used exactly as it was given
without further purification. Preparative thin layer chromatog-
raphy was performed for the separation of products (20 x 20 cm).
It was made of Merck 105554 TLC silica gel 60 F2s4 layer, having
thickness of 250 um on aluminium sheets. NMR spectra were

recorded on 400 and 500 MHz Bruker FT-NMR spectrometers. The
residual solvent protons functioned as reference (& ppm, ds-ben-
zene, 7.16; CDCl3, 7.26).1H decoupled 11B spectra were processed
with a backward linear prediction algorithm to remove the broad
11B background signal of the NMR tube. The infrared spectra were
recorded on a Nicolet iS10 spectrometer. Agilent 6545 Q-TOF
LC/MS instrument recorded Electrospray mass (ESI-MS) spectra.

Synthesis of 2. In a flame-dried Schlenk tube, [Cp*Mo(CO)3Me],
(0.1 g, 0.30 mmol) dissolved in 15 mL of toluene was reacted with
1.2 equiv. (2.4 mL) of [LiBH4-THF] at -78 °C and allowed to stir for
1 h at room temperature and then by addition of [BH3-THF] (1 mL,
10 mmol) it was left to stir for additional 24 h. The volatile
components were evaporated using vacuo and then hexane/dcm
was added into the residue to dissolve as much as possible. It was
then extracted through Celite using a frit. The extracted filtrate was
then dried and put through a chromatographic work-up utilising
TLC plates made of silica gel. Elution with full hexane mixture af-
forded the compound in order of elution: green 2 (0.010 g, 12%)
along with arachno-[Cp*Mo(CO)2B3Hg]%¢ (0.022 g, 23%) and
[(Cp*Mo)2BsHoq]'? (0.016 g, 21%).

2: MS (ESI*): m/z calculated for [M+H]* 558.1217, found
558.1215; 11B{*H} NMR (160 MHz, CDCls, 22 °C): § = 12.9 (s, 2B), -
3.7 ppm (s, 1B); tH NMR (500 MHz, CDCls, 22 °C): 6 = 3.01 (br, 2H,
BH:), 1.57 (br, 1H, BH:) 2.02 (s, 15H, CsMes), 1.90 (s, 15H, CsMes), -
13.08 ppm (br, 4H, Mo-H-B); 13C{1H} NMR (22 °C, 125 MHz, CDCls):
6 =236.5 (s, €0), 233.7 (s, €0), 103.7 (s, CsMes), 103.3 (s, CsMes),
11.8 (s, CsMes), 11.7 ppm (s, CsMes); IR (CH2Clz, cm™): 2475 (w,
BH:), 1638 (CO).

Synthesis of 5-8: At first, [Cp*MoCl4], (0.1 g, 0.27 mmol) was
weighed in a flame-dried Schlenk tube and dissolved in 10 mL of
toulene. Five-fold excess of [LiBH4-THF] (0.7 mL) was slowly added
dropwise into it at -78 °C and the mixture was then stirred at room
temperature for 1 h. The volatile components were evaporated
using vacuo and then hexane was added into the residue to
dissolve as much as possible. It was then extracted through Celite
using a frit. After drying hexane, we got the brownish-green
coloured extract. Later, 10 mL of THF solution of [Co2(CO)s] (0.03
g) was transferred to extracted mixture using argon flow. The
thermolysis of whole mixture was carried out for 16 h at 60 °C. The
solvent was eliminated using vacuum, and the residue was then
extracted into hexane/dcm which was passed through Celite. The
extracted filtrate was then dried and put through a chromatogra-
phic work-up utilising TLC plates made of silica gel. Elution with a
hexane/CH:Cl2 (70:30 v/v) mixture yielded, well separated
greenish brown 5 (0.007 g, 7%), black 6 (0.012 g, 11%), brown 7
(0.014 g 15%), brown 8 (0.013 g 12%) along with
[(Cp*Mo)2BsHo]19 (0.017 g, 24%).

5: MS (ESI+): m/z calculated for [M+H]* 731.9777, found
731.9764; 1B{1H} NMR (160 MHz, CDCl3, 22 °C): § = 69.7 (s, 1B);
1H NMR (500 MHz, CDCls, 22 °C): § = 10.41 (br, 1H, B-Hy), 1.86 (s,
30H, CsMes), -11.31 (br, 1H, Mo-H-B); 13C{H} NMR (22 °C, 125
MHz, CDCl3): 6 = 101.8 (CsMes), 9.6 ppm (CsMes); IR (CH2Clz, cm1):
2446 (w, BHy), 2020, 1959 (CO).

6: MS (ESI+): m/z calculated for [M+H]* 844.8938, found
844.8936; 11B{*H} NMR (160 MHz, CDCls, 22 °C): § = 129.5 (s, 1B);
1H NMR (500 MHz, CDCl3, 22 °C): 6 = 1.93 (s, 30H, CsMes), -3.27 (br,
1H, Mo-H-B); 13C{1H} NMR (22 °C, 125 MHz, CDCl3): § = 103.9
(CsMes), 10.8 ppm (CsMes); IR (CH2Clz, cm1): 2023, 1988 (w, BHy),
1793,1752 (CO).

8: MS (ESI+): m/z calculated for [M+H]* 786.9601, found
786.9598; 11B{'H} NMR (160 MHz, CDCls, 22 °C): 6 = 102.5 (s, 1B),
100.0 ppm (s, 1B), 30.3 (s, 1B); tH NMR (500 MHz, CDCl3, 22 °C): §
=6.89 (br, 3H, B-Hy), 2.00 (s, 30H, CsMes), -13.44 ppm (br, 2H, Mo-
H-B); 13C{1H} NMR (22 °C, 125 MHz, CDCl3): § = 110.1 (CsMes), 12.2
(CsMes); IR (CHzClz, cm1): 2490, 2450 (w, BHy), 2012, 1992, 1829,
1639 (CO).

Synthesis of 9: At first, [Cp*MoCl4], (0.1 g 0.27 mmol) was
weighed in a flame-dried Schlenk tube and dissolved in 10 mL of
toulene. Five-fold excess of [LiBH4-THF] (0.7 mL) was slowly added



dropwise into it at -78 °C and the mixture was then stirred at room
temperature for 1 h. The volatile components were evaporated
using vacuo and then hexane was added into the residue to
dissolve as much as possible. It was then extracted through Celite
using a frit. After drying hexane, we got the brownish-green
coloured extract. Later, 10 mL of THF solution of [Co2(CO)s] (0.03
g) was transfered to the extracted mixture using argon flow. The
thermolysis of whole mixture was carried out for 16 h at 60 °C. The
solvent was eliminated using vacuum, and the residue was then
extracted into hexane/dcm which was passed through Celite. The
extracted filtrate was then dried and put through a chromatogra-
phic work-up utilising TLC plates made of silica gel. Elution with a
hexane/CHzCl: (70:30 v/v) mixture yielded black 9 (0.009 g, 11%)
along with the known [(Cp*Mo)2BsHo]19 (0.017 g, 24%).

9: MS (ESI+): m/z calculated for 9 655.0757, found 655.0763;
1B{1H} NMR (160 MHz, CDCl3, 22 °C): 6 = 93.0 (s, 1B), 83.1 ppm (s,
1B), 38.9 (s, 1B), 34.5 ppm (s, 1B); 1H NMR (500 MHz, CDCl3, 22 °C):
6 =4.46 (br, 2H, B-H:), 6.54 (q, 2H, B-H:) 2.07 (s, 30H, CsMes), -5.96
ppm (br, 2H, Mo-H-B), -12.36 ppm (br, 2H, Mo-H-B); 13C{*H} NMR
(22 °C, 125 MHz, CDClz): 6 = 107.2 (CsMes), 12.0 (CsMes) ; IR
(CH2Clz, cm1): 2458 (w, BH:), 1988, 1918 (CO).

X-ray Analysis Details. Slow diffusion of a hexane-CH2Clz solu-
tion of 2, 5-9 compound was applied to grow quality crystals which
are suitable for XRD analysis. The crystal data collection of 2, 6 and
7 was done in Bruker AXS Kappa APEXII CCD diffractometer. For 5
and 8, collection and integration of crystal data were performed
using a D8 VENTURE Bruker AXS diffractometer with graphite
monochromated Mo-Ka (A = 0.71073 A) radiation at 150(2) K.
Bruker Kappa APEXIII was used to collect as well as integrate the
crystal data of 9. In order to solve the structures, dual-space algo-
rithm using SHELXT program35 was used and refinement was
achieved utilizing full-matrix least-squares methods based on F2
(SHELXL program)3¢. The molecular structures were drawn using
Olex2.37 Whereas, anisotropic displacement parameters assisted
for refinement of the non-hydrogen atoms, the hydrogen atoms ex-
cept bridging hydrogen were introduced through Fourier differ-
ence maps analysis. H atoms were finally included in their calcu-
lated positions and treated as riding on their parent atom with con-
strained thermal parameters. Crystallographic data have been de-
posited with the Cambridge Crystallographic Data Center as sup-
plementary publication no CCDC- 1019009 (2), CCDC- 2183897
(5), CCDC- 2183896 (6), CCDC- 2183898 (7), CCDC- 2183894 (8),
and CCDC- 2183895 (9). These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_re-
quest/cif.www.ccdc.cam.ac.uk/data request/cif.

Crystal data for 2: C22H37B302Mo2, M, = 557.83, Triclinic space
group P-1,a = 8.9262(10) A, b =9.7089(12) A, ¢ = 15.7243(18) 4,
a=72.239(4)°, = 79.130(5)°, y = 76.193(5)°, V = 1250.4(3) A3, Z
=2, Pealecd = 1.482 g/cm3, = 1.017 mm-1, F(000) = 568, R1 = 0.0554,
wR2 = 0.1750, 9322 independent reflections [26<49.20°] and 297
parameters.

Crystal data for 5: C27H31BO7Mo2Co, M = 729.14, Orthorhombic
space group Pbca, a = 10.800(2) A, b = 17.380(4) &, c = 30.260(6)
A, @=90°8=90°y=90°V="5680(2) A3,Z=8, pcatca = 1.705 g/cm3,
u = 1.489 mm-1, F(000) = 2920, Ri= 0.0960, wRz = 0.2556, 4572
independent reflections [20<49.99°] and 394 parameters.

Crystal data for 6: C290H30BO9sMo02Co02, M, = 843.08, Monoclinic
space group P21/n, a = 9.0234(3) A, b = 16.8366(4)A, ¢ =
21.9213(7) A, @ =90°, = 101.8121(14)°, ¥ = 90°, V = 3259.83(17)
A3, Z =4, patca = 1.718 g/cm3, p = 1.800 mm-1, F(000) = 1676, Ry =
0.0410, wRz2 = 0.0907, 5739 independent reflections [26<49.99°]
and 398 parameters.

Crystal data for 7: C25sH34B40sMo2zCoz, Mr = 767.50, Orthorhom-
bic, space group Pnma, a = 16.8001(3) A, b = 15.2353(3) A, ¢ =
11.5143(2) A, a=90°, 8=90°,y=90° V=2947.14(9) A3, Z = 4, pcaca
=1.730 g/cm3, u = 1.970 mm-1, F(000) = 1528, R1 = 0.0196, wR: =
0.0533, 2696 independent reflections [26<50.00°] and 198 para-
meters.

Crystal data for 8: C2sH3sB3sOsMo2C02, M, = 785.77, Triclinic,
space group P-1,a = 11.7113(17) A, b = 16.662(2) A, ¢ = 16.920(3)
A, a=114.781(6)°, f=90.041(7)°, y = 99.541(7)°, V= 2947.1(8) A3,
Z=4, paid = 1.771 g/cm3, u = 1.976 mm-1, F(000) = 1568, R1 =
0.0531, wR2=0.1315, 11161 independent reflections [260<51.36°]
and 755 parameters.

Crystal data for 9: C23H3003BsMozFe, M, = 645.44, Monoclinic,
space group P2;, a = 10.5118(13) A, b = 16.3058(18) 4, ¢ =
16.700(2) A, @ =90°, B = 102.664(5)°, y = 90°, V=2792.8(6) A3, Z =
4, paaled = 1.535 g/cm3, p = 1.418 mm-1, F(000) = 1288, Ry = 0.0540,
wR2 = 0.1487, 9788 independent reflections [260<50.00°] and 596
parameters.
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A rare saturated closo bimetallic triborane cluster, stabilized by early transition metal frameworks, has been isolated and
structurally characterized. This triborane cluster containing 42 cluster valence electrons (CVE) is the newest addition to the
series triborane species.
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