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ABSTRACT: Reactions of boron- and nitrogen-substituted acetylene toward hydro-/chloro-boranes are described. The X-ray crys-
tallography revealed the formation of BCBH/BCBCI four-membered rings in the solid state. By NMR and IR spectroscopic analy-
sis, the BCBH four-membered ring was retained even in the solution. In contrast, the BCBCI four-membered ring exists as an asso-
ciation/dissociation equilibrium mixture in solution. The B—H—B moiety forms a three-center-two-electron bond through a spheri-
cal 1s orbital of hydrogen atom, therefore, the four-membered ring does not have significant strain. On the other hand, due to the
weak coordination bond from Cl to B, the BCBCI four-membered ring was labile. In addition, the rearrangement of the BCBH ring

under heating condition is described.

Nitrogen-substituted acetylenes (ynamine, ynamide) are
known as a useful building block for nitrogen-containing or-
ganic molecules.' The B-carbon atom of ynamine possesses a
nucleophilicity due to the electron donation from the lone pair
electrons of nitrogen. Introduction of boryl group into yna-
mine gives boryl- and amino-substituted acetylene (BN-
acetylene), which would have both nucleophilic and electro-
philic characters because of the electron donating and with-
drawing nature of amino- and boryl-groups (Scheme la, A).
However, experimental research on the BN-acetylenes has
been limited.”” There have been only two examples of BN-
acetylenes,” and no structural characterization by X-ray dif-
fraction analysis has been reported, until our recent contribu-
tion.® Previously, we reported synthesis of dimesitylboryl- and
diethylamino-substituted acetylene as the first example of
crystallographically characterized BN-acetylene.3b It was re-
vealed that the substituted boron and nitrogen atoms could
conjugate through the C=C triple bond to have butatriene-type
resonance contribution with N=B, C=C, and B=C double bond
character (Scheme 1a, B). On the other hand, due to the reso-
nance contribution C, the boron moiety can act as electrophilic
Lewis acidic site with an adjacent carbanion. In fact, BN-
acetylene 1 bearing relatively small and Lewis acidic boryl
group, such as 9-borabicyclo[3.3.1]nonyl (BBN) group, forms
a head-to-head dimer bearing B,C, four-membered ring
through an intermolecular nucleophilic attack of the carbanion
to boron atom (Scheme 1b).% It should be noted that an anion-
ic boraalkene (borataalkene) having a B=C bond, being similar
to 1, reacted with hydroborane derivatives to form a BCBH
four-membered rings.”” Herein, we report the formation of
BCBH /BCBCI four-membered rings by the reaction of BN-
acetylene 1 with hydro-/chloro-boranes 2 and 3 (Scheme 1c).
The latter compound is the first organoborane compounds

bearing the BCBCI four-membered ring. The structures and
bonding natures of 2 and 3 are discussed on the basis of X-ray
crystallographic and spectroscopic analysis as well as theoreti-
cal studies. In addition, the thermal isomerization of 2 into
1,1-diborylalkene is also described.

Scheme 1. (a) Resonance structures of BN-acetylene. (b)
Previously reported dimerization of 1. (¢) This work: Re-
actions of BN-acetylene with hydro-/chloro-boranes.
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Crystals of 2 were obtained from a mixture of BN-acetylene
1 with BBN-H dimer in toluene. The "H NMR spectrum of 2
in CDCl; showed a broad signal at —0.11 ppm, which was
assignable to the hydride bridging two boron atoms. In the ''B
NMR spectrum of 2, two magnetically equivalent boron nuclei
resonated at 1.3 ppm, being similar region to that of previously
reported dimer (1), (2.6 ppm).* The 'H and *C NMR spectra
of 2 exhibited one set of signals of borabicyclo[3.3.1]nonyl
groups, being in agreement with the C,, symmetric structure of
2 in solution. On the other hand, chloroborane, BBN-CI, also
reacted with 1 to form crystals of 3. Although the 'H and “C
NMR spectra of 3 showed two magnetically equivalent BBN
groups, their chemical shifts changed depending on the con-
centration and temperature (Figure S14 and S15), suggesting
the association/dissociation equilibrium in solution.

The formation of BCBH/BCBCI four-membered rings in 2
and 3 was unambiguously confirmed by X-ray crystallography
(Figure 1). The hydrogen atom bridging two boron atoms in 2
was assigned from a peak in the differential Fourier map. In 3,
the two B—Cl distances were 2.081(2) and 2.120(2) A, being
similar to each other. These values are longer than the sum of
the covalent radii (1.75 A),’ but in a standard range of those in
the previously reported B—CI-B bridged compounds
[1.81(1)~2.555(2) A].” The C—C—N moieties of 2 and 3 would
have a keteneiminium-type structure, being similar to the pre-
viously reported dimer (1), In fact, the distances of C—C
bond which originates from acetylenic moiety [2: 1.2346(15)
A, 3: 1.258(3) A] are intermediate between typical carbon-
carbon double (1.33 A) and triple (1.20 A) bond lengths.® The
C—N bond lengths [2: 1.2939(14) A, 3: 1.280(3) A] are com-
parable to those of imines (1.279 A).} This structural features
of 2 and 3 are similar to those of (1), (C—C: 1.253(2) A; C—N:
1.300(2) A).* In addition, the amino group in 2 and 3 are or-
thogonal to the BCBH/BCBCI rings, being in agreement with
the keteneiminium type structure. On the other hand, struc-
tures of BCBH and BCBCI four-membered rings in 2 and 3
were different from each other. The diagonal B--B distance
and B—C—B angle in the BCBH ring of 2 [B1--B2: 1.9422(19)
A, B1I-C1-B2: 73.97(7)°] were shorter and smaller than those
in the BCBCI ring of 3 [B1-+B2: 2.525(3) A, B1-C1-B2:

101.75(15)°].
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Figure 1. Molecular Structures of (a) 2 and (b) 3 (thermal ellip-

soids set at 50% probability). Hydrogen atoms except for H1 of 2
were omitted for clarity.

The IR spectrum of 2 in solid state showed the absorption
band derived from C—C unsaturated moiety at 2031 cm ', be-
ing slightly larger than that of the BN-acetylene dimer (1),
(1980 cmfl).3C This value was identical even in CH,Cl, solu-
tion (2032 cm "), indicating that the BCBH cyclic structure of

2 retained in solution. A characteristic vibration at 1609 cm™'
is assignable to B—-H—B moiety in comparison with that of the
BBN-H dimer (1580 cm ).’ In the case of 3, the absorption of
C—C unsaturated moiety was observed at 1985 cm™" in solid
state, while two absorption bands appeared at 1978 cm ™' and
2100 cm™' in CH,Cl, solution. The former is comparable to
that observed in the solid state, the latter is identical to the
previously reported vibration (2099 ¢cm ') of monomeric 1.*
These results indicate the dissociation of 3 into the monomeric
BN-acetylene 1 and BBN-CI in solution, being similar to the
association/dissociation equilibrium between 1 and dimer
(1),

Next, we performed DFT calculations to gain insight into
the structures of BCBH/BCBCI rings. The structure of 2 was
optimized as a C, symmetric structure. The optimized struc-
ture of 3 was also planar ring structure with two identical B-Cl
bonds, while the X-ray crystallography showed slightly bent
BCBCI four-membered ring. This result suggests that the
slightly bent BCBCI ring observed by X-ray crystallographic
analysis would be attributed to the crystal packing force. The
calculated vibrational frequencies of C—C unsaturated moieties
scaled by a factor of 0.9636'° were 2014 cm ' for 2 and 1947
ecm ' for 3, being comparable to experimentally observed
wavelengths in solid state. To gain insight into the bonding
nature of 2 and 3, the bond orders were estimated on the basis
of Wiberg bond index (WBI) (Figure S22 and S23).'' The
WBI values of C—C bond (2.20 for 2 and 2.09 for 3) which
originates from acetylenic moiety were intermediate between
those of double (2.04) and triple (3.00) bonds.'”” The C-N
bonds also have unsaturated character (WBI values, 2: 1.37, 3:
1.44). These values would be attributed to the keteneiminium-
type structures of C—C—N moieties in 2 and 3, being similar to
(1), (C—C: 2.22, C-N: 1.34).° In 2, the WBI values around
B—H-B moiety in BCBH ring were 0.47 for B-H and 0.36 for
diagonal B--'B, being similar to those of B,H, four-membered
ring consisting of two sets of B—H-B three-center-two-
electron (3c-2e) bond in BBN-H dimer (B—H: 0.47, B-B:
0.63)." This result suggests that the bonding nature of B—-H-B
moiety in 2 can be considered as 3c-2e bond. In the case of 3,
the WBI value of B—Cl bond was 0.63, while the WBI value
of the diagonal B-‘B was negligible (B-'B: 0.05), suggesting
B-CI-B moiety should be considered as two sets of two-
center-two-electron (2c-2e) bond. Thus, the bonding nature of
BCBH and BCBCI four-membered ring would be described as
shown in Scheme 2. Because the B-H—B moiety in 2 forms a
3c-2e bond through a spherical Is orbital of hydrogen atom,
the four-membered ring does not have significant strain. On
the other hand, B—Cl-B moiety consists of one covalent B-C1
bond and one coordination bond from Cl to B, which was re-
ported to be labile," inducing dissociation of BCBCI ring.

Scheme 2. The resonance structures of 2 and 3.
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The BCBH four-membered ring structure of 2 was labile to
induce a migration of the bridging hydrogen atom (Scheme
3a). Heating complex 2 in benzene at 80 °C resulted in the
quantitative formation of 1,1-diboryl-2-aminoalkene 4, which
is the first example of amino-substituted alkene bearing two
boryl-groups. The molecular structure of 4 determined by X-
ray crystallography is shown in Scheme 3b. The C—C double
bond [1.3909(18) A] of 4 was elongated, while the C-N bond
(C1-N1: 1.3457(18) A) was shortened, in comparison with
those of typical bond lengths of enamines (C-C: 1.358 A, N-C:
1.392 A).” These structural features are similar to those of
enamine bearing two electron withdrawing ester groups,
(Me,N)HC=C(COOMe),, (5, C=C: 1.380(5) A, C—N: 1.337(4)
A)." Two C-B bond lengths of 4 were almost equal (C2—B1:
1.5456(19) A, C2-B2: 1.540(2) A), and in a range of C—B
bond lengths of previously reported 1,1-diborylalkenes bear-
ing alkyl-/aryl-substituted boryl groups (1.540(2)~1.572(2)
A)." The C=C double bond of 4 was slightly twisted [torsion
angle N1-C1-C2—Bl1: 25.6(2)°], probably due to the steric
repulsion between NEt, and BBN groups. These structural
features would be explained by a resonance hybrid being
composed of four resonance contributions 4A-4D (Scheme 3c),
which is also supported by spectroscopic analysis. The IR
spectrum of 4 showed an absorption assignable to alkene moi-
ety at 1533 cm ', being lower then the typical value of C=C
double bonds (1670 cm ). The NMR spectra of 4 showed
one-set of signals assignable to two 9-BBN groups, indicating
the facile rotation around C=C double bond, as was observed
for 5.'%'" The results of DFT calculations of 4 are in agree-
ment with experimental observations. The WBI bond orders of
C-N (1.25) and C=C (1.51) bonds suggest an unsaturated
character of the C-N bond and a decreased double bond char-
acter of the C=C bond. The calculated WBI values of two B-C
bonds (0.97/0.98) suggest the absence of strong interaction
between empty p-orbital of boron and C=C double bond. Thus,
the resonance contributions 4C and 4D might be negligible.

Scheme 3. (a) Formation of 4 via isomerization of 2. (b)
Molecular Structure of 4 (thermal ellipsoids set at 50%
probability). Hydrogen atoms except for H1 were omitted
for clarity. (c) Proposed resonance structures of 4.
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In summary, we found the formation of BCBH/BCBCI four-
membered ring by the complexation of BN-acetylene 1 with
hydro-/chloro-boranes. The B-H-B moiety of BCBH ring in 2
is composed of 3c-2e bond. The BCBCI ring in 3 is labile in
solution because of the weak coordination character of B-CI-B

moiety. Furthermore, heating of 2 induced the migration of the
bridging hydride to afford 1-amino-2,2-diborylalkene.
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