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was reported for Mes,B-B(Mes)Ph, which was synthesized

ABSTRACT: Tetra(o-tolyl)diborane(4), 1, was synthe- from (MeO),B-B(OMe), and is capable of forming the
sized and characterized experimentally as well as corresponding radical anion and dianion."" Moreover, Mes,B-
theoretically by density functional theory (DFT) calcu- B(Mes)Ph represents the only reported example of a
lations. Exposure of 1 to H, (1 bar) at room temperature tetraaryldiborane(4). Herein, we report the synthesis of
afforded the corresponding di(o-tolyl)hydroborane tetra(o-tolyl)diborane(4), 1, and its reactivity toward H, at
through cleavage of the H-H and B—B bonds. DFT room temperature, as well as a mechanistic study based on
calculations suggested a diarylboryl anion character for the DFT calculations.

transition state. By careful choice of the precursor, 1 could be obtained in

30% isolated yield from the reaction between B,cat, and o-
tolMgBr (Scheme 1). The molecular structure of 1 was

S ince the discovery of heterogeneously catalyzed hydro-

genations by Sabatier,' catalytic and stoichiometric hydro- Scheme 1. Synthesis of Tetra(o-tolyl)diborane(4), 1
genations with H, have represented major research fields in
molecular transition-metal chemistry.” However, the limited o-tolMgBr Q
availability of precious metals as hydrogenation catalysts has (4 equw \§\§
fueled the quest for more sustainable options. Two such @ B-8 ]@ ELO. RT é
recently developed alternatives are (i) the replacement of the z @
precious metals with base metals and (ii) the use of main-group 38%
elements which can react with H,> The latter can be
subdivided into two classes: (i) frustrated Lewis pairs
(FLPs)* and (ii) main-group element compounds in low determined by single-crystal X-ray diffraction analysis (Figure
oxidation states. The latter class involves group 13, 14, or 15 1). In the crystal, 1 adopts an almost orthogonally twisted
elements such as C(II), Si(II), Ge(I), Sn(I), P(1I), B(0), B(II), structure [CS—Bll—IBZ—CIS = 101.9(7)°], similar to that of
Al(T), and Ga(I).” Our recent report regarding the deprotona- Mes,B-B(Mes)Ph."* The 'H NMR spectrum of 1 exhibited
tion of H, with boryllithium® is also relevant in this context, as four magnetically equivalent o-tol groups at room temperature,

boryl anions can be considered as a B(I) species. As far as indicating free rotation around the B—B and B—C bonds on the

reactive trivalent group 13 compounds are concerned, the
reaction of an antiaromatic borole with H,, the reversible
cleavage of H, with dianionic diboraanthracenes,® and FLP-like
reactivity of diaminogallium with cooperation of ligand”’ have
been recently reported.

Recently, we reported the synthesis of the unsymmetrical
diborane(4) pinB—BMe5210 and its reactivity toward CO and
tert-butylisocyanide.'” This diborane(4) reacts also with
alkynes to form diborylalkenes,'”” and the regioselectivity of
the diboration to afford syn- or anti-diborylalkenes can be
controlled by addition of a catalytic amount of base and 1,2-
dimethoxyethane. This diborane(4) furthermore reacts with Figure 1. Molecular structure of 1 (thermal ellipsoids set at 50%
2,6-dimethylphenylisocyanide to furnish a 1,2-oxaboretane ring probab%lity; one of two independent molecules and hydrogen atoms
through a ring-contraction of Bpin.'” This characteristic are omitted for clarity).
reactivity of pinB-BMes, was attributed to the high electron
affinity arising from the two vacant p-orbitals of the two boron Received: January 27, 2017
atoms in parallel arrangement.'*® Similarly high electron affinity Published: February 6, 2017
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NMR time scale. The ''B NMR spectrum of 1 in C4D4 showed
a broad signal at 89 ppm. Dissolution of 1 in THF did not alter
the ''B NMR chemical shift, indicating that THF does not
coordinate to the boron atom in 1.

To estimate the electron affinity of 1, electrochemical
measurements and DFT calculations were conducted. The
cyclic voltammogram of a THF solution of 1 showed a
reversible reduction wave at —2.1 V (vs Cp,Fe/Cp,Fe"). The
first reduction potential of 1 is thus less negative than that of
the previously regorted pinB-BMes, (—2.5 V). Similar to our
previous report,'”" we also calculated the dependency of the
lowest unoccupied molecular orbital (LUMO) level and the
free energy of 1 on the torsion angle C—B—B—C. The
optimized structure of 1 contains a torsion angle of —96.6°,
which is comparable to the crystal structure and leads to a
calculated LUMO level of —1.29 eV. Increasing the torsion
angle of 1 from —90° to 0° in increments of 10° lowers the
LUMO energy (as well as the stability), as shown in Figure 2.
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Figure 2. Dependency of the LUMO energy level (in eV) and the
relative stability (in kcal/mol) of 1 on the torsion angle of the
C(ipso)—B—B—C(ipso) moiety.

When the torsion angle approaches 0°, the LUMO energy
drops to —2.20 eV and the corresponding structure is
destabilized by 8.51 kcal/mol. This relatively mild destabiliza-
tion suggests that rotation around the B—B bond should occur
at room temperature. The lowering of the LUMO of 1 upon
rotation around the B—B bond should be attributed to the
overlap of the two vacant p-orbitals on the two boron centers
(Figure 3). The LUMO of 1 (—96.6°) in the ground state
consists of z*-orbitals of two o-tol rings and one vacant p-
orbital of the boron atom. The LUMO+1 is of similar energy
and mainly localized on the other B(o-tol), moiety, while the
LUMO of 1 (0.0) exhibits two completely merged vacant p-

1(-96.6)

HOMO

Figure 3. Frontier orbitals of the rotational isomers of 1 at C—B—B—C
= 0.0° (top) and C—B—B—C = —96.6° (bottom).
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orbitals on the two boron atoms. It should be noted that the
HOMOs of both rotational isomers exhibit a B—B o-bond
character.

Tetra(o-tolyl)diborane(4), 1, reacts directly with H,.
Exposing a hexane solution of 1 for 2 h to H, (1 bar) at
room temperature afforded di(o-tolyl)hydroborane, 2, in 52%
yield (Scheme 2). This reaction could be considered as a

Scheme 2. Reaction of 1 with H, and Subsequent Reactions
Hs (1 bar)
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stoichiometric counterpart of the previously reported
hydrogenolysis of diborane(4) by group 10 metal catalysts."”
The crystal structure of 2 revealed a dimeric structure with
hydride bridges (Figure 4, left), which is similar to those of
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Figure 4. Molecular structures of 2 (left) and 4 (right) (thermal
ellipsoids at 50% probability; hydrogen atoms except for B—H are
omitted for clarity).

previously reported dimeric diarylhydroboranes."> The solid-
state IR spectrum of 2 exhibited a characteristic y-H vibration
at 1520 cm™, which is comparable to that of [HB(C¢F;),],."*"
Dissolution of 2 in CsDy4 or CDCI; led to five B-bonded 'H
nuclei and three "B nuclei in the 'H{''B} and ''B NMR
spectra, respectively. This behavior should be attributed to a
monomer/dimer equilibrium'* and a potential coordination of
solvent molecules to the highly Lewis acidic boron center of the
monomer."*>"* In contrast, dissolution of 2 in THE-dg led to a
simple NMR spectrum, indicating formation of 3-dg, which
could not be isolated because the coordinating THF was labile.
Addition of pyridine to isolated 2 without solvent at room
temperature afforded single crystals of the corresponding
pyridine—hydroborane complex 4, which was completely
characterized by NMR spectroscopy, X-ray analysis, and high-
resolution fast-atom bombardment mass spectroscopy.

To get a better understanding of the detailed pathway for the
reaction of 1 with H,, DFT calculations were performed to
show that the overall reaction consists of four steps (Scheme
3). The reaction should be initiated by coordination of the H—
H bond to one of the vacant p-orbitals of one of the boron
atoms to afford intermediate S, in which the C—B—B—C
torsion angle changed to —55.1°, indicating that the strong
electron affinity of 1 enables the binding to H,. Upon
coordination of H,, both the H-H and B—B bonds should
be elongated, and the geometry of the H,-coordinated boron
atom should become pyramidalized. Subsequently, cleavage of
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Scheme 3. Proposed Reaction Mechanism and Energy
Profile for the Hydrogenolysis of 1°
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“Ar = o-tolyl; calculated at M06/6-31G(d) (SMD: benzene). Dashed
lines correspond to the formation/cleavage of bonds or three-center,
two-electron bonds. Relative free energies and electronic energies (in
parentheses) are given in kcal/mol.

the B—B o-bond should be accompanied by a proton-migrating
H—H bond cleavage via TS, leading to the formation of the
dimeric hydroborane intermediate 6, which contains a hydride
and an o-tolyl group as bridging ligands. Here, it should be
noted that in TSy, the ipso carbon atom of one o-tolyl group
starts to interact with the boron atom to which it is not directly
attached [C--B 2.347 A]. TS; ¢ represents the rate-determining
step of the reaction sequence and requires an overall activation
free energy of 19.8 kcal/mol. The resulting intermediate (6) is
thus located 8.3 kcal/mol below the reference point (1 + H,).
Intermediate 6 involves a characteristic B—C—B three-center,
two-electron bond, which has recently been confirmed.'®
Dissociation of 6 to afford monomeric hydroborane 7, and
the subsequent dimerization of 7 to afford the hydride-bridged
dimer 2 through the two low-energy transition states TS, and
TS, include relatively low activation barriers. The overall
reaction from 1 + H, to give 6 is exergonic by 20.1 kcal/mol.

To characterize the transition state for the H—H bond
cleavage, an NBO analysis was performed. The calculated
natural charge on the migrating H1 (+0.306) is more positive
than that on H2 (+0.200), indicating that H1 should be
transferred as a proton. The NBO analysis on TS showed
that the vacant orbital of the migrating proton HI interacts
with both the bonding orbitals of the H-B and B—B bonds
(NBO 91 and NBO92, Figure Sa,b), and exhibits significant
second-order perturbation energies (E,) of 352.52 and 200.49
kcal/mol. Thus, the transition states cleaving H—H bond
(TSs.) may be described as an intramolecular deprotonation
by an sp’sp’ diborane'’ that exhibits a diarylboryl anion
character (Figure Sc). The proton-migrating character of TS
is similar to TSs for the reaction of H, with boryllithium,® an
antiaromatic borole,” and phosphinoborane.18

In conclusion, tetra(o-tolyl)diborane(4), 1, was synthesized
and characterized experimentally as well as theoretically by
DFT calculations. Exposure of 1 to H, at room temperature
afforded the corresponding diarylhydroborane via cleavage of
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(b) ¢ (c)

Figure S. Selected natural bond orbitals: (a) NBO91 and (b) NBO92
of TSss (numbering of atoms is based on the calculations). (c)
Schematic illustration of the diarylboryl anion character of B3 in TS;_4.

the H-H and B—B bonds. DFT calculations suggested a
diarylboryl anion character for the transition state.
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