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Abstract: Treatment of [Cp*TiCl;] with [LiBH,-THF]
followed by thermolysis with [Ph,E,] (E=S or Se)
resulted in the formation of classical diborane(6) com-
plexes, [(Cp*Ti)(5*-B,H,LL")] (L=C,H,E; L'=C,H.E; 1a:
E=S, 1b: E=Se), stabilized at titanium template. To the
best of our knowledge, they are the first examples of
mono-metallic classical diborane(6) complexes. The
bonding analysis and theoretical studies suggest that the
stabilization of these diborane(6) species is due to the
presence of four bridging ligands in x*-fashion, where
two of them are phenyl thiolates/selenolates that provide
more electrons to the electron-deficient titanium center.
Reactions of these diborane(6) species with [M-
(CO)s-THF] (M=Mo, W) led to the cleavage of the
electron-precise B(sp’)-B(sp®) bond that yielded x’-
hydridoborato complexes [(Cp*Ti)(x’-BH;R)(u-EPh),-
{M(CO),}] (2a—c: R=H, 3a-c: R=Ph). In an attempt to
isolate the Te-analogue of 1a-b, a similar reaction was
performed; however, the complex was too unstable to be
isolated. Interestingly, the treatment of this unstable
intermediate with [W(CO)s-THF] yielded [(Cp*Ti)(x*-
BH;R)(u-TePh),{W(CO),}] (2d: R=H, 3d: R=Ph) that
are analogues of 2a—c and 3a—c, respectively. Formation
of these species provide indirect evidence for the
existence of unstable [(Cp*Ti)(5*-B,H,LL")] (L=C,H,Te;
L'=C,H;Te; 1¢).
O ) )

Despite many dramatic advances in the chemistry of
quintessential electron-deficient diborane, [B,Hg],"™" its
electron-sufficient dianionic isomer,®'? [B,H]*", is much
less studied. Unlike ethane, isoelectronic [B,H]*~ cannot be
isolated as a free species and can only be stabilized in
transition metal-template.®'” In most of the complexes,
[B,Hg]* acts as an effective ligand via bis(bidentate)
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chelation to form [x*-B,H]*” metal complex with a tetrahe-
dral unit of complex type I (Figure 1).®! The first bimetallic
classical diborane(6) complex, [Fe,(CO)q(u-x*-B,Hy)], spec-
troscopically characterized by Fehlner etal. in 1978, is
isoelectronic to [C,H,Co,(CO)4].*" Subsequently, Cotton
and co-workers described the structural characterization of
complex I, which comprises a [£*-B,Hg]*~ ligand.’” It is
noteworthy to mention that a few structurally characterized
bis(bidentate) dianionic [B,Hg]*~ complexes having eclipsed
conformation are known."! Apart from this bimetallic
bis(bidentate) complex, a trimetallic tris(bidentate) complex
(II), featuring eclipsed conformation is also known, where
[°-B,H,]*" utilized all of its hydrogen atoms to form three
pairs of B-H-M bonds.'”! Given these fundamental devel-
opments, it is rather surprising that simple mono-metallic
transition metal diborane(6) complexes comprising an
ethane-like classical form of [B,H¢]*~ have not been known
to date.

Recently, Braunschweig,*"®! Himmel,"! and ust <741
have individually developed diborane complexes, stabilized
in transition-metal templates. In this regard, our group
structurally characterized the first bimetallic diborane(4)
complex, [[Cp*Mo-(CO),J,fu-r’:*-B,H,)], where [B,H,]
mimics the acetylene, [C,H,].'* Further, as shown in
Figure 1 (IIT), we have recently reported a dithiolate-based
diborane(5) species, stabilized in a bimetallic template, in

\ &
OC;Mn\H,Mn—CO
oo {5 e
1} This work

Figure 1. Classical diborane(6) species stabilized in bi- (I: N=NR where
R=p-tolyl, phenyl), tri- (II) and monometallic (This work: E=S or Se)
frameworks, and classical diborane(5) in bimetallic (111) framework.
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which the classical [B,Hs]™ is the boron analogue of ethyl
cation, [C,Hs]*.*"! Added to these, the current thrust in
stabilizing aromatic [B¢Hg]® isoelectronic to benzene and
other [B,H,]"" systems!"” motivated us to explore diborane
chemistry by utilizing early transition metals to stabilize the
ethane-like diborane(6) in a mononuclear complex. Herein,
we present the first examples of monometallic classical
diborane(6) derivatives [(Cp*Ti)(x*-B,H,LL")] (L=C,H,E;
L'=C4H;E; 1a: E=S, 1b: E=Se), where diborane(6) exhibits
as unique tetrahapto coordinated ligand [x*-B,H,LLY] in a
mono-metallic template. Further, we have demonstrated the
unusual reactivity of these diborane(6) complexes 1la-b,
where the B—B bond is elongated due to the donation of its
2e to the metal, with [M(CO)s-THF] (M =Mo, W) that led
to the formation of w’-borate complexes 2a—c and 3a-c
through the cleavage of electron-precise B(sp*)-B(sp*) bond
of the diborane(6) moiety.

The reaction of [Cp*TiCl;] with three equivalents of
[LiBH,-THF] at —78°C followed by thermolysis at 90°C in
presence of an excess of [Ph,E,] (E=S, Se) resulted in the
formation of [(Cp*Ti)(x*B,H,LL")] (L=CH,E; L'=C,H;E;
1la: E=S, 52% yield; 1b: E=Se, 46 % yield; Scheme 1).[17]
Complexes 1a-b were isolated as purple solids, which were
characterized by 'H, "B{'H}, "C{'H} NMR, IR, and UV/Vis
spectroscopy, mass spectrometry, and single-crystal X-ray
analysis. The '"H NMR spectra exhibited peaks at §=2.11
(1a) and 2.14 (1b) ppm that correspond to Cp* protons and
the peaks at §=—1.43 (1a) and —1.37 (1b) indicative of Ti-
H-B hydrogens. The room-temperature "B{'H} NMR spec-
tra of la-b displayed two resonances at d=-—6.3 and
22.0 ppm (1a), and —1.8 and 23.4 ppm (1b), indicating two
chemically inequivalent boron atoms. Additionally, the
analysis of 'H{"'B} and 'H-'B{'H} HSQC NMR spectra
facilitated the assignments of the terminal (BH,) and
bridging (Ti-H-B) hydrogen atoms. For instance, the 'H
chemical shifts at 6=-1.43 (1a) and —1.37 (1b) ppm
correspond to Ti-H-B bridging hydrogens, attributed to the
hydrogens linked to the boron that appeared at =22.0 (1a)
and 23.4 (1b) ppm in the "B NMR. Similarly, the other
boron atoms that appeared at =—6.3 (1a) and —1.8 (1b)
ppm are connected to only BH, hydrogens. The “C{'H}
NMR spectra also confirmed the presence of Cp* and
phenyl ligands. The ”’Se NMR spectrum of 1b showed two
resonances at 0=114.6 and 292.9 ppm that suggest the
presence of two chemically inequivalent selenium atoms.
The mass spectra displayed isotopic distribution patterns at
m/z 427.1336 (1a) and 521.0395 (1b).
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Scheme 1. Synthesis of phenyl thiolate/selenolate-based titanium
diborane(6) complexes 1a-b (yield; Ta=52%; 1b=46%).
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To validate the spectroscopic data and determine the
solid-state X-ray structures of la-b, single-crystal X-ray
diffraction analyses were performed. The solid-state X-ray
structures of 1a-b revealed a classical diborane derivatives,
unsymmetrically coordinated with {Cp*Ti} fragment through
a «x*-bridged fasion forming four-legged piano-stool type
complexes (Figure 2). In the diborane moiety, B2 atom is
bonded to the Ti center via two 3c-2e B—H—Ti bonds, while
B1 atom is connected to the Ti center through two phenyl
thiolate/selenolate groups (Figure S1). Among the two
phenyl thiolate/selenolate ligands, one forms a covalent
B—S/Se bond and a coordinate bond between the S/Se atom
and the Ti center, while the other ligand forms a covalent
B—C bond and another covalent bond between the S/Se
atom and the Ti center. A notable feature of 1la-b is the
activation of the C—H bond of EPh (E=S or Se) ligand that
led to B—C bond formation. The B—C bond lengths in 1a
(1.590(8) A) and 1b (1.586(7) A) are comparable to that of
reported C-H and B-H activated complexes
[(TaCp*),BsH,o(CsHs)]"* (1.574(10) A). However, they are
slightly shorter as compared to [(TaCp*),(u-B,H,S){u-S-
(CsH,)BH,}] (1.643(14) A).ls0)

The presence of two phenyl thiolate or selenolate
moieties linked with one of the boron atoms (B1) of the
diborane unit is such that the Cp* ligand oriented to the
opposite side of this particular boron atom to avoid steric
hindrance. These unsymmetrical ligands around B1 (Fig-
ure 2) caused deviation from the eclipsed orientation of the
ligands attached to the boron atoms (torsion angle
H-B1-B2-H, ~18.32° (1a), 44.43° (1b)), unlike to the
situation observed in classical diborane(6) molecules.® "
This led to lengthening of the Til-B1 distances (2.464(6) A
(1a) and 2.499(5) A (1b)). In contrast, the Til-B2 distances
of 2.109(7) A (1a) and 2.105(6) A (1b) are significantly
shorter as compared to the Ti—B bond lengths in complexes
[(Cp*Ti)y(uyw*-BoHy),] (av. 2387 A), [(Cp*Ti),(u-BsHg) (-
Hg)]'! (av. 2.316 A) and [(Cp*Ti),B,,Hy]"”" (av. 2.411 A).
The X-ray structures also display significantly longer B—B
bond lengths of 1.855(8) A (1a) and 1.808(8) A (1b) that
indicate the presence of B(sp®)-B(sp’) bond. Although the

Figure 2. Molecular structures and labelling diagrams of 1a-b.” Ph-
ligands attached to S2 and Se2 atoms and H-atoms of Cp* and Ph
ligands are omitted for clarity. Selected bond lengths (A) and angles
(deg); 1a: B1--Til 2.464(6), B2--Ti1 2.109(7), B1—B2 1.855(8), B2—H,
1.14(4), B2—H, 1.17(4),1.19(4), B1—C1 1.590(8), B1-S2 1.957(6),
Til—H, 1.82(4), 1.88(4), Ti—S2 2.4186(15), B1-Ti1—B2 46.2(4); 1b:
B1--Til 2.499(5), B2--Til 2.105(6), B1—B2 1.808(8).
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observed B-B distances are similar to [H;B—BH;]*~ species,
observed in [(Cp*Ti),(ur«*-B,Hg),] (1.800(5) A), they are
considerably longer as compared to III (1.681(6) A), shown
in Figure 1. A qualitative electron counting Scheme suggests
la-b to a be 14 electron system (Cp*~ (6e)+[B,H,LL]*
(4e from 2B-H bonds) +[(CsH,)E]™ (2¢) +[(CeHs5)E] (2¢)),
and Ti*" (zero €), where Ti is in +4 oxidation state.
However, an AANDP analysis shows la-b to be an 18e
complex, as seen below.

The intriguing bonding aspect of la-b is investigated
using DFT at the B3LYP-D3/Def2-SVP level. The opti-
mized geometry at this level closely follows the X-ray
structures (Table S2). We have performed the Adaptive
Natural Density Partitioning (AINDP)?"! analysis to gen-
erate a localized bonding picture of 1a (Figure 3) and 1b
(Figure S66). The total 69 localized orbitals, corresponding
to 138 valence electrons, are categorized into two lone pairs,
one on each of the sulfur, 55 two centre-two electron (2c—
2e), 3 three centre-two electron (3c-2¢), and 9 six centre-
two electron bonds. Among the 55 2c2e are 22 C-C, 24
C-H, 2 B-H, 2 C-S, 1 B-S, 1 B-C, and 3 Ti-S bonds.
Normally a lone pair count of two is anticipated on each
sulfur. One lone pair on each sulfur is used to form
additional 2c—2e bonds. In addition to the anticipated 2c—2e
Ti—S1 sigma bond, there is a n-type Ti—S1 2c—2e bond.
Similarly, the S2 forms two 2c—2e bonds, one each with B
and Ti. This also accounts for the three Ti—S 2c-2e bonds.
The three 3c—2e bonds are B2-H4-Til, B2-H3-Til, and Til-
B1-B2. The two benzene rings account for six 6¢c—2e n-bonds;

H1 1c-2e LP S1
ON =196 |e|

X /6((
¥ 4
iy SQ > ?\

2¢-2e 0 Ti-S2 2¢-2e TTI-S1
ON=1.97 |¢| ON =191 |¢| ON =1.89 |e|

<, <, <
‘m\ ¢ &

1c-2e LP 82
ON=1.95 [g|

%
ke ?%

2¢-2e 0 Ti-S1

o

i
(% (¥ -

3c-2e 0 B2-H4-Ti1
ON =198 |e|

3c-2¢ 0 B2-H3-Ti1
ON =1.97 |e|

3c-2e 0 Ti1-B1-B2
ON =1.94 |g|

Figure 3. Selected localized orbitals of 1a (see text). The occupancy
threshold of 1.8 is used for the selection of candidate localized orbitals.
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the remaining three 6¢c—2e bonds arise from the n-orbitals of
cyclopentadienyl with titanium. The 3c—2e Til-B1-B2 bond
involving the donation of B—B sigma bond of a saturated
[B,H¢]*~ derivative to the metal is rare (Figure 3). This 3c—
2e bond between the metal and two boron atoms makes the
B-B bond weak; Wiberg bond index is only 0.68. The
interaction of the two boron with the metal is not sym-
metrical. The 3c—2e bond has slightly more coefficients on
{BH;} boron (33 %) than {BHLL'} boron (29 %). Also, the
{BH,;} boron has additional two 3c—2e interaction with metal
and bridging hydrogens H3 and H4, signifying its close
contact with metal than the {BHLL'} boron (Figure 3).
Wiberg bond Indices further support this argument
(Til-B1=0.28, Til-B2=0.64). Another interesting feature
is the difference in bonding between Ti and S1/S2. The
longer distance S2 has only a 2c-2e o-bond, while the shorter
S1 also has a n-bonding, signifying the bond’s coordinative
nature in the former (Figure 3). The 2e donation from the
B-B bond and the 2e from the S1 of C;H,S1 for the Ti—S1
n-bond make la a formal 18e complex. The synthesis of
isostructural 1a and 1b with a formal [B,H¢]*" ligand
starting from [LiBH,] is also an indicator of the extra
stability of this 18e arrangement.

The interaction of boranes with transition-metal centers
has been a prime aspect of our research.*<7!31%l Gijven
their widespread applications in catalysis, these investiga-
tions have centered on the interaction of the B-H and B—B
bonds with metals.!"? In this regard, the diboration reaction
is notable as “the most-used organometallic reaction in
organic synthesis” involving diborane. This provides a
valuable synthetic method for introducing a boryl group into
an unsaturated organic compound.” Diborane species are
also important starting materials to generate electron-
precise metal-boron bonds.”™** Braunschweig etal. de-
scribed the cleavage of the B-B bond in diborane(4) that
led to the formation of borylene complex [(CsH,Me)Mn-
(CO),),(u-BX)] (X=NMe,, Bu).”*! Later, Shimoi group
showed the fragmentation of [B,H,-2PMe;] that generated a
boron analogue of methylene, [BH-PMe;], which was
stabilized as a bridging ligand in [{Co(CO);}(u-CO)(u-
BH-PMe;)].”*! Note that the experimental and theoretical
studies suggest a longer and weaker B—B bond in 1a-b.
Intrigued by these findings, we sought to explore the
reactivity of 1a-b toward [M(CO)sTHF] (M=Mo, W) that
led to the cleavage of B-B bond and yielded x*-hydridobor-
ato complexes, [(Cp*Ti)(x*-BH;R)(u-EPh),{M(CO),}] (2a-
¢ R=H; 3a-c: R=Ph; Scheme 2(a)). Note that these
reactions also yielded other air and moisture sensitive
products in low yields. The reaction mixtures were separated
using thin layer chromatography (TLC) on aluminium-
supported silica gel plates. Although elution with hexane
and dichloromethane solvent (80:20 v/v) allowed us to
isolate 2a—c and 3a—c as green solids, all of our attempts to
isolate other species were unsuccessful. Compounds 2a-c
and 3a-c were characterized by 'H, "B{'H}, "C{'H} NMR,
IR, and UV/Vis spectroscopy, mass spectrometry, and
single-crystal X-ray analysis.

After the successful isolation of these hydridoborato
species, we now tried to isolate the Te-analogues of 2a—c
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Scheme 2. Synthesis of borate complexes 2a—d and 3 a-d having k*-
BH;R (R=H, Ph) ligands (yield; 2a=42%; 2b=44%; 2¢=37%;
2d=23%;3a=25%; 3b=23%;3¢c=20%; 3d=11%). 1c represents
the possible intermediate, Te-analogue of 1a-b.

and 3a-c. As a result, we treated the in situ generated
intermediate, obtained from the reaction of [Cp*TiCly],
[LiBH,- THF] and [Ph,Te,], with [W(CO)s. THF] (Scheme 2-
(b)) that indeed led to the formation of hydridoborato
species, [(Cp*Ti)(x’-BH;R)(u-TePh),{W(CO),}] (2d: R=H;
3d: R=Ph). Complexes 2d and 3d were also isolated as
green solids, which were characterized by various spectro-
scopic data and single-crystal X-ray analysis. Thus, the
structural isolation of x*-hydridoborato complexes 2d and
3d indirectly suggest the existence of the Te-analogue of
1a-b, that is [(Cp*Ti)(y*-B,H,LL")] (L=C¢H,Te; L'=C,H;Te;
1c).

The "B{'H} NMR spectra of 2a-d and 3a-d displayed a
single set of resonances in the range of §=4.6-17.1 ppm,
suggesting the presence of tetra-coordinated boron atoms.
Note that the "B chemical shifts for 2a-d as well as 3a-d
are shifted downfield while moving from S—Se—Te (S: 6=
4.6 (2a), 12.8 (3a); Se: =6.5 (2b), 14.9 (3b); and Te: §=8.9
(2d), 17.1 (3d) ppm). The 'H chemical shifts of the B-H-Ti
bridging hydrogens were similar to that of diboranes species
1a-b. The 'H and “C{'H} NMR spectra further confirmed
the presence of both Cp* and Ph ligands. The "’Se chemical
shifts for complexes 2b and 3b appeared as singlets at 6=
742.4 and 734.0 ppm, respectively that suggest chemically
equivalent selenium atoms. The IR spectra of 2a—d showed
absorption bands associated with CO (terminal), B—H
(terminal), and B—H (bridging) bonds. While 3a-d show
absorption bands corresponding to only terminal CO and
bridging B—H stretches. Furthermore, the mass spectra of
complexes 2a—d and 3a-d suggest molecular formulas of
CxH»BOE, TiM and C;,H3;;BOE,TiM, respectively. To
validate the spectroscopic data and determine the solid-state
X-ray structures of these species, the single-crystal X-ray
diffraction analyses were performed. The solid-state X-ray
structures of 2a-b, 2d, and 3b-d are shown in Figures 4, 5,
and S2-$4.
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Figure 4. Molecular structures and labelling diagrams of 2b and 2d.!
Hydrogen atoms of Cp* ligands and Ph ligands attached to chalcogen
atoms are omitted for clarity. Selected bond lengths (A) and angles
(deg); 2b: B1--Til 2.149(6), B1—H, 1.14(4), B1—H, 1.06(5)-1.23(5),
Til—H, 1.85(5)-1.98(5), Til—Mo1 3.2172(9), Til-Se1—Mo1 76.25(3);
2d: B1--Ti1 2.165(11), Til—H, 1.87(7)-2.00(7), Til—W1 3.2689(16),
Til—Tel 2.7295(15), Til—Tel—-W1 72.07(3).

The molecular structures of 2b, 2d (Figure 4), and 3b,
3d (Figure 5) clearly show that a hydridoborato [BH;R]™
(R=H, Ph) moiety is attached to Cp*Ti fragment in x’-
fashion. Additionally, a {M(CO),} (M=Mo and W) fragment
is bonded to the Ti center through two chalcogen bridges
forming a flattened butterfly core of [TiME,]. One of the
striking features of 2a—d and 3a-d is the presence of K’-
coordinated BH;R (R=H, Ph) ligand. The presence of a
linear Ti-B—R skeleton (167.9(4)-178.2(5)°), three short
Ti-H distances (1.82(3)-2.05(3) A), and associated short
Ti-B distance (2.149(6)-2.168(5) A) suggest a -BH;R—Ti
interaction. The Ti~B distances are similar to those
observed for the w*-hydridoborato ligands in [(CO),Ti(x’-
BH,)|®Y  (2.158(7) A) and  [{(Cp*Ti)(x*-BH;Me)},(u-
B,H()]" (2.162(3) and 2.170(3) A).* The coordinated «’-
hydridoborato ligand is essentially tetrahedral with B-H,
distances of 1.06(5)-1.23(5) A. Additionally, all the H-B—H
angles fall within the narrow range of tetrahedral structure,
consistent with a relatively unperturbed tetrahedral ’-
BH,R ligand.”**! On the other hand, the [TiME,] butterfly
core, similar to that of [{(CO),M(SePh),}Cp*Ta{B,H;}]*

B1
|
/ ] c1 ¢

/ c1 =

1\; // 3b 3d

|
|
P

Figure 5. Molecular structures and labelling diagrams of 3b and 3d.""
Hydrogen atoms of Cp* ligands and Ph ligands attached to chalcogen
atoms are omitted for clarity. Selected bond lengths (A) and angles
(deg); 3b: B1--Til 2.165(5), Til—H, 1.84(4)-2.05(3), B1—C1 1.568(6),
Ti1—Se1—Mo1 75.861(19); 3d: B1--Ti1 2.158(7), Til—H, 1.864-1.935,
B1—C1 1.564(9), Til—Tel—W1 72.40(2).
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(M=Mo, W), comprised 38 valence electrons. Although the
oxidation states of Ti and group 6 metals of (+4) and (0),
respectively, remained unaffected, an increase of 2e at the
Ti centers at 2a—d and 3a-d has been observed.

In summary, we have synthesized and structurally
characterized ethane-like dianaionic diborane(6) species in a
monometallic template of titanium, where the diborane
moiety bridges the metal center by a novel x*-coordination
mode. Detailed theoretical studies provide insight into the
rationale behind the stabilization of diborane(6) species in
the monometallic template where the presence of a 3c—2e
Ti-B—B bonding interaction weakens the B—B bond in
diborane moiety. Additionally, we have demonstrated the
reactivity of the diborane(6)-metal complex towards group 6
metal fragments, which perturbs the B—B bond and resulted
in x*-hydridoborato complexes. Further utilization of these
hetero-dinuclear borate complexes in dehydrogenation,
catalytic hydroboration, and C—H functionalization reac-
tions is currently underway, and we expect further develop-
ments in the near future.
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CO)s5 THF]

H E=S,Se H

Classical diborane(6) k>-hydridoborate

Ethane-like classical dianionic diborane- (M =Mo or W) led to the cleavage of

(6) species stabilized by mononuclear electron-precise B(sp®)—B(sp’) bonds
Cp*Ti have been isolated and structur-  that yielded *-hydridoborato complexes
ally characterized. Treatment of these (see picture).

diborane(6) species with [M(CO)s-THF]
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