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ABSTRACT: 3,4-dihydro-2H-1,2,4,3-triazaborol-3-yl-lithium 3 was synthesized and fully charac- Bu
terized. The ''B NMR spectrum, X-ray diffraction analysis, and computational studies revealed the >:"{
ionic nature of the B—Li bond, and indeed 3 displays nucleophilic property which allowed Ar’N\B/N\Ph

preparation of a series of 1,2,4,3-triazaborol-3-yl-metal complexes (Al; S, Au; 6, Zn; 7, Mg; 8, Sb; 9, I
and Bi; 10). 3 reacted with CO (1 atm) and various isonitriles under ambient condition, and . M .
mechanistic study suggests that the reactions with CO and aryl isonitriles proceed via an insertion (M =Li, Al, Au. Zn, Mg, Sb, Bi)
of CO and isonitrile carbon into the B—Li bond followed by isomerization to yield transient

carbene species, one of which was confirmed by trapping with Sg. With PANC, compounds § and 7-(thf) underwent exchange of
THF molecule coordinating to the metal center with isonitrile, whereas insertion of isonitrile carbon occurred at the B—Bi bond
in 10 which afforded stable bismuth (boryl)iminomethane 20.

B INTRODUCTION /:\N
[\ ™\ NN~
Borylmetals are widely involved as key intermediates in the AN NoAr AN N=ar Ar B Ar
plethora of organometallic processes, ranging from classical Iy . Ar~ N N=ar Br,MQ(fhf)z
metal-catalyzed hydroboration and diboration to recent U
dehydogenative borylation." Accordingly, a deep comprehen- I [ i Y
sion of the intrinsic property of the B—M bond is essential to = Ph Ph
developing the realm. As such, considerable efforts have been — — Ar-Na N=ar /Z—X\

c B O
made for the isolation of borylmetals over the past decade. In Ar’N~B/N‘Ar A ~B/N\Ar CI Ph~ g~ ~Ph
2006, Nozaki and Yamashita et al. first reported a bottleable ﬁn(th f) iy (I:u T K*
boryllithium (DAB)BLi (DAB = {DippNCH},, Dipp = 2,6 Bf Br L i Mes—r~~x.Mes
diisopropylphenyl) 1 (Figure 1),” which opened up synthetic L (thf), \Lithfs i tnf)s N\_/N
routes to other borylmetals.” Indeed, the same group described v Vi Vil vill
the preparation and structural characterization of other
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co ¥

borylh_thlumga II and III" as well as borylmagnem.um IV,6 O\B’O g\ - %o oKt [K(ce)]
borylzinc V,** borylcopper compounds VI and VII (Figure 1) & Mn=B=Mr_ - _

and demonstrated the nucleophilic nature of these molecules. Tu O%C{ \& NC\-B-/CN NC N
Since this pivotal work, several groups have developed other Al AN AP ) | [ D‘\

. . e ~N” N~ [Li(dme)a]" CN CN ipp

systems involving nucleophilic boron center such as N- \—/

hetereocyclic carbene-stabilized 7-boryl anion VIII,” borylcop- IX X X Xl
per complex IX,® anionic dimetalloborylene X, tricyanoborate
dianion XI,' and cyclic (alkyl) (amino)carbene-supported
dicyanoborate monoanion XIL'" Isolation of I-XII has brought
significant advances in organoboron, organometallic, and

Figure 1. Structurally characterized borylmetals and related anionic
and/or nucleophilic boron-containing species I-XII.

synthetic chemistry.12 However’ most of the nucleophilic products.l3 Given the advantages of the five-membered ring
boryl metals utilized in those literatures are composed of the system, modulation of the five-membered ring skeleton will
BC,N, five-membered ring, particularly, L>'* This is mainly expand the diversity of borylmetal chemistry. Nevertheless, five-
because of: (i) the ease of synthetic access: two steps starting membered ring systems involving the B—M bond, other than
from commercially available BBr; and 1,2-bis(2,6- the BC,N, ring type such as I-VII and pinacol borane type IX,
diisopropylphenylimino)ethane,” (i) the robustness owing have never been described thus far, which prompted us to

extend the borylmetal family based on hitherto unknown five-

to the rigid ring system as well as effective interaction between
membered ring framework. Herein, we report isolation of

the unoccupied p-orbital of the B atom and the lone pair
electrons on the N atoms, and (iii) effective steric impact at the
B center by the Ar groups on the N atoms, allowing for a Received: April 4, 2016
kinetic stabilization of the resulting B—E bond in the Published: May 2, 2016
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1,2,4,3-triazaborol-3-yl-lithium and other borylmetals. We also
show systematic and comparative studies on the reactivity of
these borylmetals to carbon monoxide and isonitile derivatives.

B RESULTS AND DISCUSSION

Syntheses and Structures of 1,2,4,3-Triazaborol-3-yl-
lithium and Other Metal (Al, Au, Zn, Mg, Sb, and Bi)
Derivatives. In carbene chemistry, it has been demonstrated
that by replacing one of the skeletal carbon atoms of classical
N-heterocyclic carbenes with a nitrogen atom, the intrinsic
electronic feature of the carbene center can be modulated
(Figure 2, A and B).'* Due to the similar structural relationship

= =N =\ =N

_N_ N—VS _N_ _N— ™™ _N_ N—Vvs __N_ N—
< < 2o ne
A B Cc D

Figure 2. Structural relationship between N-heterocyclic carbenes A
and B and boryl anions C and D.

between carbenes A <> B and boryl anions C < D, we were
interested to investigate the chemical property of boryl anion
D. 1,24,3-Triazaborole derivative 2 was synthesized by the
reaction of amidrazone 1'° and BBr; in toluene under reflux
condition. Compound 2 was fully characterized by standard
spectroscopic methods and X-ray diffraction analysis. Treat-
ment of 2 with excess amounts of lithium in the presence of
naphthalene (11.5 mol %) in tetrahydrofuran (THF) at —78 °C
afforded a red solution. After workup, boryl lithium 3 was
isolated as a red solid in 27% vyield (Scheme 1). We also

Scheme 1. Synthesis of 2 and 3“

Bu Li(7eq)  'Bu
B q
u>:N BBry >:N\ Np (0.11 eq) >=N
) - Nepn “ oo A N~
Ar-NHHN=pp tol /A4 A N\,|3/ Ph  THE Ar N\I%, Ph +4
Br Li
1 281% 327% (53%)*
Bu
LiAIH, >:N
~N_ N~
THE Ar B Ph
H
4(77%)

“Ar = 2,6-diisopropyl- phenyl; Np = naphthalene. * indicates NMR
yield.

checked the NMR vyield (53%), using 1,3,5-trimethoxybenzene
as an internal standard. The moderate yield is due to the
formation of a byproduct, assigned to B-protonated species 4,
which was decisively confirmed by independent reaction
between 2 and LiAlH, (Scheme 1). Except for 4, we also
detected trace amounts of signals for unidentified byproducts.
In the ''B NMR spectrum of 3, a broad singlet appears at 47.9
ppm (v,,, = 811 Hz), which is slightly shifted downfield with
respect to that of I (45.4 ppm in THF-d;). Single crystals of 3
were obtained by recrystallization from pentane at —20 °C, and
X-ray diffraction study revealed that the boron atom directly
bonds to the lithium atom (Figure 3). The Li atom is
coordinated by three THF molecules, which is contrast to
Nozaki and Yamashita’s boryllithiums where lithium is
coordinated by only two THF molecules.”* All five atoms of
the BCNj ring are coplanar with the sum of internal pentagon
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Figure 3. Solid-state structure of 3-(thf); (all hydrogen atoms are
omitted for clarity). Thermal ellipsoids are set at the S0% probability
level.

angles of 540.00°. Phenyl ring at N1 and the BCNj five-
membered ring are slightly twisted by 14.6°, whereas the
2,6-Pr,C¢H;-group at N3 and the BCNj skeleton are nearly
perpendicular to each other with the twist angle of 87.9°. The
N1-B1—N3 bond angle is 96.8(2)° which is smaller than that
(105.4(3)°) of 2. The B1-Lil distance of 2.343(5) A is 11.0%
longer than the sum of the covalent radii (2.11 A)'® and
significantly longer than those (2.218(9)—2.291(6) A) of
boryllithiums I-IIL.>* The two B—N bond lengths (1.462(4) A
and 1.484(3) A) are similar to those (1.474(3) A and 1.480(4)
A) observed in I-(thf),. Note that 3 is the first isolable 1,2,4,3-
triazaborol-3-yl-lithium.

Having new boryllithium 3 in hand, next we examined the
preparation of several borylmetals. Boryllithium 3 was
generated in situ and subsequently treated with metal
precursors (Scheme 2). With excess AlMe; in THF, [B]-

Scheme 2. Synthesis of Borylmetal Derivatives 5—107

[BI-AlMe,(thf) [B]-AuPPh3 [[B]-ZnX(thf)],
5 18% (35%)* 6 38% 7+(thf) 33% (X = Br, Cl)
AlMes; PhsPAUCI ZnCl,
THF THF THF
Li/N
P 3= Bl
THF
MgBI’z'EtzO
THF
Ph,SbCl Ph,BiCl
[B]-SbPh, [B]-MgBr(thf), —= [B]-BiPh,
THF
9 52% 8 10% (53%)* 10 42%

“* jndicates NMR yield.

AlMe,(thf) § was obtained as a colorless solid in 18% isolated
yield, concomitant with the formation of LiAlMe, as a
byproduct. The "B{'H} NMR spectra of § shows a peak at
33.1 ppm, while the *’Al NMR chemical shift appears at 69.6
ppm; these are comparable to those (!'B: 31.9 ppm; *’Al: 68.7
ppm) of (DAB)B-AlMe,(thf) reported by Anwander and co-
workers.”

Treatment of 3 with a stoichiometric amount of (Ph;P)AuCl
afforded Ph;P-borylgold complex 6 in 38% yield. The ''B{'H}
NMR spectra of 6 display a singlet at 48.7 ppm, which is
slightly shifted downfield with respect to that (45.4 ppm) of
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(DAB)B-AuPPh, developed by Nozaki and Yamashita et al.™"
In the 3P NMR spectrum of 6, a phosphorus resonance was
observed at 57.0 ppm, identical to that (57.7 ppm) of (DAB)B-
AuPPh;. Transmetalation of 3 with 1 equiv of ZnCl, in THF
proceeded smoothly, and borylhalozinc species 7-(thf) was
isolated in 33% yield after workup. In the ''B NMR spectrum, a
broad peak appeared at 34.4 ppm, which is shifted upfield
compared with that (41 ppm) of lithium boryldibromozincate
(L)B-Zn(thf)Br,Li(thf), V (L = {DippNCH,}, and that (38
ppm) of [(DAB),Zn], and comparable to that (32 ppm) of
diborylzinc species [(L)B],Zn.° Similarly, transmetalation of 3
with MgBr,-Et,0 in THF afforded the corresponding
borylmagnesium 8 in 10% isolated yield. The "B NMR signal
appears as a broad singlet at 38.7 ppm, which is close to the
reported values (~37.6 ppm) for (DAB)B-MgBr(thf), IV,
(DAB)B-Mg(thf)Br,Li(thf),, and [(DAB)B],Mg(thf),.”> These
results demonstrate that compound 3 displays nucleophilic
nature toward metal-halides, which encouraged us to examine
the preparation of hitherto unexplored boryl-group 15 metal
compounds. Recently, Jones and co-workers reported that the
reaction of L'BiBr, (L' = ArNSiMe;) with 2 equiv of I gave
diboryldibismuthene (DAB)B-Bi = Bi-B(DAB), while the
reaction of BiBr; with I gave rise to bismuth metal deposition
concomitant with the formation of BrB(DAB)."” Similarly,
when we treated compound 3 with SbCl; or BiCl;, a black
precipitate appeared immediately, and only a complex mixture
involving 2 was observed in the NMR spectra. We reasoned
that employment of borylmagnesium 8, much weaker reducing
reagent than 3, may inhibit electron-transfer process, which will
allow nucleophilic substitution along with MgX,-salt elimi-
nation. To bear out the hypothesis, borylmagnesium 8 was
reacted with 1 equiv of Ph,SbCl or Ph,BiCl, which afforded
boryldiphenylstibane 9 and boryldiphenylbismuthane 10 in
52% and 42% yields, respectively. The ''B NMR spectra of 9
and 10 showed signal at 30.9 and 50.6 ppm, respectively.
The structures of borylmetals 5—10 were unambiguously
determined by X-ray crystallography (Figures 4—9). In the

Figure 4. Solid-state structure of § (all hydrogen atoms are omitted for
clarity). Thermal ellipsoids are set at the 50% probability level.

solid-state structure of S (Figure 4), the Al center is tetra-
coordinate with the boryl group, two methyl groups, and a
THF molecule. The distances of B1—All bond [2.155(2) A],
the Al1—C bonds [1.974(2) A and 1.985(2) A], and Al1-O1
bond [1.946(2) A] are comparable to those [B—AL: 2.150(2) A,
Al-C: 1.974(2) A, and 1.981(2) A, AlI-0: 1.940(2) A] of
(DAB)B-AlMe,(thf).”* The B1—-All—C bond angles
[117.71(9)° and 117.52(11)°] are nearly identical to those
[115.34(9)° and 117.87(9)°] in (DAB)B-AlMe,(thf), whereas
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the B1—Al1—O1 bond angles of 101.63(7)° are slightly smaller
than that [106.26(8)°] in (DAB)B-AlMe,(thf).

Compound 6 involves both boryl and Ph;P ligands
coordinating to the Au(I) center in linear fashion, and the
B1—Aul—P1 angle [172.21(9)°] deviates slightly from linearity
(Figure S). The B1—Aul distance of 2.069(3) A is close to that

Figure S. Solid-state structure of 6 (all hydrogen atoms are omitted for
clarity). Thermal ellipsoids are set at the 50% probability level.

[2.076(6) A] in (DAB)B-AuPPh33h and, thus, in agreement
with the formation of 2¢c-2e B—Au bond. The P1—Aul distance
of 2.341(1) A is longer than those [2.235(3) ~ 2.296(2) A] in
Ph;PAuX (X = Cl, Me, Ph) derivatives,"® supporting the strong
trans influence of the boryl ligand.

Colorless single crystals were grown from a saturated
acetonitrile solution at ambient temperature, and the solid-
state molecular structure of 7-(MeCN) revealed that 7-
(MeCN) co-crystallizes as a mixture of various amount of
borylchlorozinc 7-Cl and borylbromozinc 7-Br species. For the
structure shown in Figure 6, 67% of 7-Br is present. Both

Figure 6. Solid-state structure of 7-(MeCN) (all hydrogen atoms are
omitted for clarity). Thermal ellipsoids are set at the 50% probability
level.

compounds were refined with the ratio of occupancy 7-Cl/7-Br
equal to 33/67. 7-Br was presumably produced via halogen
exchange of 7-Cl by LiBr which was formed during the
generation of 3. Compound 7-(MeCN) presents the first
geometric example displaying dimeric form of [B]-ZnX-
(MeCN), which is in sharp contrast to the structure of lithium
boryldibromozincate (L)B-Zn(thf)Br,Li(thf), V.’ The [B]-
Zn(MeCN) moieties in the structure of 7-Cl and 7-Br are

DOI: 10.1021/jacs.6b03432
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absolutely identical. The zinc atom is tetra-coordinate with
boryl ligand, acetonitrile molecule, and two halogen atoms. The
B1-Zn1 bond length [2.066(3) A] is slightly shorter than that
[2.0755(5) A] of (L)B-Zn(thf)Br,Li(thf), and those [2.088(3)
A and 2.087(3) A] in (L)B—Zn—B(L), but longer than those
[2.052(3) A and 2.053(3) A] in (DAB)B—Zn—B(DAB).®

In the crystal structure of 8, the sp3 Mg center is coordinated
by the boryl group, a Br atom, and two THF molecules (Figure
7). The B1—Mgl distance [2.341(7) A] is longer than the sum

Figure 7. Solid-state structure of 8 (all hydrogen atoms are omitted for
clarity). Thermal ellipsoids are set at the 50% probability level.

(2.24 A) of covalent radii of B and Mg atoms and 0.06 A longer
than that [2.281(6) A] in (DAB)B-MgBr(thf), IV, supporting
an ionic nature of the B—Mg bond.

Figure 8 shows the molecular structure of 9 with a rare
example of structurally characterized B—Sb single bond."” The

Figure 8. Solid-state structure of 9 (all hydrogen atoms are omitted for
clarity). Thermal ellipsoids are set at the S0% probability level.

B—Sb distance of 2.257(5) A is nearly identical to the sum
(2.25 A) of covalent radii of B and Sb atoms and 0.06 A shorter
than that [2.318(2) A] in Scheer’s parent stibanylborane
H,SbBH,-(NHC™¢) featuring a 2-center-2-electron Sb—B o-
bond.”” The Sb—C distances [2.157(4) A and 2.173(4) A] are
comparable to that [2.155(9) A] in SbPh;.*" The B1-Sb1—-C
bond angles [98.49(17)° and 100.65(16)°] and the C24—Sb1—
C30 bond angle [100.25(16)°] are similar (sum of the bond
angles: 299.39°), and the magnitudes of these bond angles
indicate a high p-character of the bonds and, thus, a high s-

character to the Sb lone pair electrons. Similar geometric
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property was observed in the structure of 10 (Figure 9). The
B—Bi distance of 2.343(6) A is close to the sum (2.32 A) of

Figure 9. Solid-state structure of 10 (all hydrogen atoms are omitted
for clarity). Thermal ellipsoids are set at the S0% probability level.

covalent radii of B and Bi atoms as well as those [2.326(7) A
and 2.317(9) A] in (DAB)B-Bi = Bi-B(DAB).'” The B1—Bil—
C bond angles [96.65(19)° and 99.41(18)°] are similar to the
C24—Bi1—C30 bond angle [98.42(18)°] (sum of the bond
angles: 294.48°).

The selected metric parameters and the "'B NMR chemical
shifts of compounds 3—10 are summarized in Table 1, with
those of computationally optimized molecules: opt-3-(thf),,
opt-3-(thf),, opt-3, opt-3’. The B—N bond distances [1.462(4)
and 1.484(3) A in 3-(thf);; 1.434(2) and 1.460(2) A in 5;
1.431(4) and 1.453(4) A in 6; 1.435(4) and 1.454(4) A in 7-
(MeCN); 1.449(7) and 1.477(8) A in 8; 1.434(6) and 1.437(6)
A'in 9; 1.416(7) and 1.432(7) A in 10] are longer than those
[1.402(3) and 1.411(3) A] in hydroborane 4. In addition, the
N—B—N bond angles [96.8(2)° in 3-(thf);; 99.87(14)° in §;
101.3(3)° in 6; 100.8(2)° in 7-(MeCN); 98.7(5)° in 8;
103.0(4)° in 9; 103.8(2)° in 10] are smaller than that
[104.7(2) °] in 4. Similar geometric relationships were reported
between borylmetals (DAB)B-M and its hydroborane (DAB)B-
H>™" as well as N-heterocyclic carbenes and imidazolium
salts,”> which supports ionic character of the boron—metal
bonds in compounds 3—10. Structural parameters of calculated
compounds opt-3-(thf); and opt-3-(thf), well agreed with the
experimental results, and the metric parameters of opt-3 and
opt-3’ indicate that absence of THF molecules on the Li atom
increases covalent property of the B—Li bond along with
shortening of the B—Li bond and widening of the N—B—N
bond angle. The calculated ''B NMR chemical shift for opt-3-
(thf); (8g 46.5) rather than opt-3-(thf), (55 43.8) is close to
the experimentally observed value (55 47.9), and the chemical
shift for THF-free compound opt-3 (5 40.6) is far from the
experimental value. These data suggest that in a THF solution,
the Li atom in 3 is surrounded by several THF molecules, thus
3 may be present in 3-(thf), fashion rather than the THF-free
form.

Electronic Structure of Boryllithium 3. To elucidate the
electronic property of boryllithium 3, we carried out further
analysis of the electronic property using DFT calculations.
Figure 10 illustrates the HOMOs of opt-3-(thf); and opt-3'.
NPA charges of opt-3’ and the parent derivative of (DAB)BLi
opt-I' are given in Figure 11. The HOMOs of both of opt-3-
(thf); and opt-3’ are almost identical and display mainly the

DOI: 10.1021/jacs.6b03432
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Table 1. Selected Structural Parameters and "B NMR Chemical Shifts of 3—10 and Calculated Compounds

Bu Bu Bu Bu H By
=N =N =N =N =N =N
Ar/N\?’N\Ph Ar/N\?/N\Ph Ar/N\?/N\Ph Ar/N\?/N\Ph H’N\?’N\H Ar/N\?’N\Ph
Li(thf)s Li(thf)s Li(thf), Li Li H
(Ar = 2,6-Pr,CgH) 3(thf); opt-3¢(thf); opt-3¢(thf)? opt-3° opt-3'2 4
B-M (A) 2.343(5) 2.414(8) 2.310 2.204 2222 -
B-N (A) 1.462(4) 1.465(1) 1.451 1.437 1.430 1.402(3)
1.484(3) 1.490(1) 1.484 1.469 1.459 1.411(3)
N-B-N (%) 96.8(2) 97.3(9) 97.89 99.36 98.22 104.7(2)
5 (ppm) 47.9 46.5° 43.8° 40.6° - 23.9
By Bu Bu Bu Bu Bu
=N =N =N =N =N =N
Ar/N\EF'N\Ph Ar’N\?/N‘Ph Ar/N‘I?/N‘Ph Ar’N\?/N\Ph Ar’N\?/N\Ph Ar/N\?'N\Ph
AlMey(thf) AuPPh;  (MeCN)-Zn— MgBr(thf), SbPh, BiPh,
\ V2
5 6 7+(MeCN) 8 9 10
B-M (A) 2.155(2) 2.069(3) 2.066(3) 2.341(7) 2.257(5) 2.343(6)
B-N (A) 1.434(2) 1.431(4) 1.435(4) 1.449(7) 1.434(6) 1.416(7)
1.460(2) 1.453(4) 1.454(4) 1.477(8) 1.437(6) 1.432(7)
N-B-N (%) 99.87(14) 101.3(3) 100.8(2) 98.7(5) 103.0(4) 103.8(4)
5 (ppm) 33.1 48.7 34.4 38.7 30.9 50.6

“Calculated at HF/6-311+G(d, p) level of theory. Y“GIAO/!'B NMR were performed at B3LYP/6-311+G(d, p) level of theory.

&#

Figure 10. HOMOs of opt-3-(thf); (left) and opt-3’ (right).

@ +0.657

Figure 11. NPA charges of the BCNj five-membered ring in opt-3’
(left) and opt-I’ (right).

B—Li o-bonding orbitals, indicating that substitution at the
BCN; five-membered skeleton and coordination of THF
molecules to the Li atom do not affect the shape of the
HOMO. Meanwhile, NPA charges of opt-3’ and opt-I' suggest
that the presence of an additional N atom in the five-membered
ring essentially affect the property of the B—Li bonds. Thus, the
B atom (gg + 0.115) in opt-3’ is less positive than that (qz +
0.155) in opt-I', and consequently, the ionic nature of the B—Li
bond (Aqg_r; = 0.542) in opt-3’ is greater than that (Agg_; =
0.474) in opt-I'. Natural bond orbital (NBO) analysis gave
Wiberg bond index (WBI) values smaller than 1 for the B—Li
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bond (0.55 for opt-3’, 0.58 for opt-1'), which is in line with the
ionic property of the B—Li bond.

Electronic Structures of Compounds 9 and 10.
Compounds 9 and 10 represent very rare examples of
molecules bearing group 15 metal—boron bonds.'”"”*° To
gain deep insight into the electronic property of group 15
metal—boron bonds, we performed a molecular orbital (MO)
analysis and NBO analysis. The metal-boron bonding
interactions were found in the HOMO of 9 and the
HOMO-1 of 10, respectively (Figure 12). Both MOs

Figure 12. Plots of the HOMO (top left) and LUMO (top right) of 9
(top right), and the HOMO—1 (bottom left) and LUMO (bottom
right) of 10.

DOI: 10.1021/jacs.6b03432
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displaying similar shapes involve the lone pair orbital of the
metal with some contribution from z-orbitals of Ph-groups
substituted on the metal. Meanwhile, the LUMOSs of 9 and 10
are mainly z-type orbitals spreading over the B atom and the
metal (Sb, Bi). NBO analysis gave WBI values for the B1—Sb1
bond (0.95) in 9 and the B1—Bil (0.94) in 10 and revealed
that these bonds are formed from the high-p-character hybrid
orbital of the metal atom (Sb in 9: s = 15.67%, p = 84.33%, Bi
in 10: s = 11.21%, p = 88.70%) and the s-p mixed orbital of the
B atom (B in 9: s = 42.00%, p = 57.93%, B in 10: s = 43.92%, p
= 56.02%). We also estimated the bond dissociation energies
(BDEs) for hemolytic cleavage of the M—B bonds in 9 and 10.
The calculated BDEs for the Sb—B bond (121 kJ-mol™") in 9
and the Bi—B bond (91 kJ-mol™") in 10 are significantly smaller
than those (Sb—B 264 kJ-mol™’, Bi—B 234 kJ-mol ™) estimated
for H,M-BH,,”" which is presumably, in part, due to steric
repulsion between bulky boryl ligand and diphenyl-substituted
metals as well as a stabilization of metal radical species by two
phenyl groups.

Reactivity of 1,2,4,3-Triazaborol-3-yl-lithium 3 toward
Carbon Monoxide and Isonitriles. Insertion reaction of
carbon monoxide (CO), an industrial C; building block, into
the carbon—lithium bond in organolithium reagents is of
significant importance in organic synthesis due to the potential
applications of carbonyllithium species which could be the
initial intermediate of the reaction, for the various carbonylative
reactions.”> Meanwhile, the corresponding insertion of gaseous
CO into the boron—metal bond has been little studied.”*
Recently, Hou and co-workers reported the reaction of CO
with borylscandium complex in which insertion of CO to the
Sc—B bond afforded an isolable (boryl) (oxy)carbene scandium
complex (Scheme 3a).>® Analogous to CO, isonitriles are useful

Scheme 3. Reported Examples for Insertion of CO and
Isonitriles into the Boron—Metal Bonds
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synthetic building blocks in organic chemistry as they
extensively react with various substrates such as electrophiles,
nucleophiles, and radicals.”® Several groups reported that
isonitriles inserted into the bonds between boron and nonmetal
atoms (H, B, Si, and halogenes).”” It has also been
demonstrated that isonitriles reacted with borylene and
metalloborylene (Fe, Cr and Mn) complexes via insertion of
the isonitrile carbon into the B—M bond.”® In contrast, the
reaction of isonitriles with the B(sp?)—M ¢ bonds in
borylmetals remains poorly investigated. In copper-catalyzed

borylative cyclization of 2-alkenylphenyl isocyanides, Chatani et
al. proposed a mechanism involving isonitile insertion into the
pinB—Cu bond in transient borylcopper intermediate (Scheme
3b).”’ Braunschweig and co-workers showed that activation of
iron dichloroboryl complex by ‘BuNC resulted in the formation
of a BCN three-membered ring (Scheme 3c).*> While these
pioneering studies indicate the potential utility of the B—M
bonds insertion reaction because both the B—C(sp?) and M—
C(sp?) bonds in the product are in principle functionalizable, as
far as we are aware, the reactions of boryllithium with CO and
isonitriles have never been studied thus far, which motivated us
to investigate the reactions of 3 and other borylmetals with CO
and isonitriles.

First, we examined the reactivity of boryllithium 3 toward
carbon monoxide and various isonitriles (Scheme 4). Treat-
ment of a THF solution of boryllithium 3 freshly generated in
situ with CO (1 atm) led to a deep pink solution. The ''B

Scheme 4. Reactions of 3 with CO and Isonitriles
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NMR of the reaction mixture displayed a broad singlet at 30.1
ppm, which could correspond to 1,2-diboraalkene 11 (vide
infra). Reaction of 3 with "BuNC afforded "Bu-substituted
1,2,4,3-triazaborole derivative 12 in 16% isolated yield, whereas
from the reactions with excess DippNC, PhNC, and 2,6-
F,C,H;NC under the similar reaction conditions, 2-boranyl-
indole derivatives 13 (21%), 14 (15%), and 15 (20%) were
obtained respectively, after workup. The "B NMR chemical
shifts were observed at 30.0 ppm (12), 28.9 ppm (13), 25.6
ppm (14), and 24.9 ppm (15). Products 12—15 were fully
characterized by standard spectroscopic methods, including X-
ray diffraction analysis (Figures 13—16).

Figure 13. Molecular structure of 12 (all hydrogen atoms are omitted
for clarity). Thermal ellipsoids are set at the 50% probability level.

Figure 14. Molecular structure of 13 (all hydrogen atoms are omitted
for clarity). Thermal ellipsoids are set at the 50% probability level.

Figure 15. Molecular structure of 14 (all hydrogen atoms are omitted
for clarity). Thermal ellipsoids are set at the 50% probability level.

Although considerable air and moisture sensitivities of
compound 11 impeded the isolation, its chemical trapping
with Me;SiCl successfully afforded diboradisiloxyalkene 11’
(6%), supporting the generation of lithium (E)-1,2-diborany-
lethene-1,2-bis(olate) species 11 (Scheme S, Figure 17). In this
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Figure 16. Molecular structure of 15 (all hydrogen atoms are omitted
for clarity). Thermal ellipsoids are set at the 50% probability level.

Scheme S. Proposed Reaction Pathway for the Formation of
11 from 3 and CO and Its Trapping Reaction with Me;SiCl”
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Figure 17. Molecular structure of 11’ (all hydrogen atoms are omitted
for clarity). Thermal ellipsoids are set at the S0% probability level.

reaction, we could not observe any products from 11 via a
Bora—Brook rearrangement, reported by Nozaki and Yamashita
et al. very recently.”’ Putatively, compound 11 was formed via
subsequent CO insertion into the B—Li bond in 3 to generate
11a and isomerization to 11b followed by dimerization. Note
that analogous CO insertion into a C—Li bond and subsequent
isomerization to alkoxyl carbene and its dimerization for the
formation of dilithiumdiolate species were proposed by
Seyferth and Nudelman et al,,”” in which the dilithiumdiolate
intermediates were not spectroscopically detected, and its
chemical trapping products were characterized only by IR, UV,
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mass and 'H NMR spectra. To the best of our knowledge,
formation of 11’ represents the first example for the synthesis
of 1,2-diboranylethene from boryllithium 3.>> We have also
examined the reaction of CO with other borylmetals §, 6, 8, 9,
10, in all of which no reactions were observed, presumably due
to the lower ionic nature of the B—M bonds in these
borylmetals compared with the B—Li bond in 3.

Based on the result of the reaction between 3 and CO, it is
reasonable to envisage that the reactions of 3 with isonitriles
may start from the insertion of the isonitrile carbon into the B—
Li bond in 3. With "BuNC, spontaneous elimination of "BuLi
from the intermediate 12a would yield a CN-substituted borole
16 which would react further with "BulLi to afford 12 (Scheme
6). To confirm the proposed reaction mechanism, we

Scheme 6. Proposed Mechanism for the Formation of 12
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synthesized compound 16 by the reaction of 2 and AgCN
and examined the reaction of 16 and "BuLi, from which 12 was
obtained in 77% NMR yield. In the reaction of 3 with DippNC,
intermediate 13a would abstract an acidic H atom in one of the
Pr groups to generate benzyl lithium 13c (Scheme 7).

Scheme 7. Proposed Mechanism for the Formation of 13
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Subsequent intramolecular cyclization via nucleophilic attack
by benzyl lithium to the imine moiety would form 2-
boranylindoline derivative 13d. Alternatively, isomerization of
13a to carbene species 13b followed by C—H bond insertion at
the carbene center also could generate 13d,”7°*** which may
be protonated during workup to afford 13.
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Similar to the generation of 11b (Scheme $), reactions of 3
with PhNC and 2,6-F,C4H;NC would yield aminoborylcarbene
intermediates 14b/15b via 14a/1Sa, respectively (Scheme 8).

Scheme 8. Proposed Mechanism for the Formation of 14
and 15
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Carbene intermediates 14b/15b would then be trapped by
second isonitriles Ar'NC to render keteneimines 14c/ 15c,35
which is in contrast to the reaction with DippNC where
addition of a second isonitrile did not occur for 13b (Scheme
7), presumably due to the steric hindrance of the bulky Dipp
group. Intermediate 14¢/15c could be in equilibrium with 14d/
15d and 14e/15e. 14e would undergo cyclization via an
insertion of the carbene carbon to a C—H bond at the ortho-
position in the Ph-group to form 14f, from which subsequent
isomerization to 14g and protonation would give 14. By
contrast, intermediate 15e did not undergo similar cyclization,
probably due to the presence of the strong C—F bonds at the
ortho-position in the Ph-ring. Instead, from 15d, the intra-
molecular cyclization through SyAr reaction would proceed
along with the elimination of LiF to afford 15.

To gain deep insight into the reaction mechanism, we carried
out a further reaction employing Sg to trap the carbene
intermediate in the reaction of 3 and 2,6-F,C,H;NC. A mixture
of freshly generated 3 and 2 equiv of 2,6-F,C,H;NC in THF
was stirred at 0 °C for 30 min. Then, excess amounts of sulfur
(Sg) was added to the reaction mixture and stirred at room
temperature overnight. After workup, compound 17 was
obtained in low yield (7%), in addition to 15 (Scheme 9,
Figure 18). Formation of 17 suggests that carbene intermediate
15e would be involved in the reaction (Scheme 10). Oxidation
of the carbene carbon in 15e with sulfur to lead 17a followed
by a cyclization through SyAr reaction would afford 3-boranyl-
quinoxaline thione derivative 17.
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Scheme 9. Trapping Reaction with S; in the Reaction
between 3 and 2,6-F,C,H;NC

Figure 18. Molecular structure of 17 (all hydrogen atoms are omitted
for clarity). Thermal ellipsoids are set at the S0% probability level.

Scheme 10. Proposed Mechanism for the Formation of 17
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Reactions between 1,2,4,3-Triazaborol-3-yl-metals 5—
7 and lIsonitriles. We have also examined the reactions of
borylmetals 5 (Al), 6 (Au), 7 (Zn), with PANC. While 6 did
not react with PhNC, treatment of compound $ with PhNC
underwent clean substitution of THF molecules by PhANC at
the Al center to afford 18, as confirmed by 'H, 'B{'H}, *C,
and ?’Al NMR spectroscopy (Scheme 11a). Product 18 is
thermally stable at ambient temperature, but it decomposed
quickly at 50 °C. Reaction of borylhalozinc 7-(thf) with PhANC
afforded 19 (51%), which was unambiguously confirmed by X-
ray diffraction analysis (Scheme 11b, Figure 19). These results
suggest that the initial step of the reaction between borylmetals
and isonitriles may be coordination of the isonitrile carbon to
the metal center. Note that the reaction pathways proposed for

Scheme 11. Reactions of Borylmetals 5 and 7-(thf) with
PhNC”
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18 (96%)*
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19 51% (X = Br, Cl)

“* indicates NMR vyield.

Figure 19. Molecular structure of 19 (all hydrogen atoms are omitted
for clarity). Thermal ellipsoids are set at the S0% probability level.

the insertion reaction of isonitriles into boron—nonmetal bonds
involve initial coordination of isonitriles to the boron center,”’
which is in marked contrast to our mechanism. We attempted
heating 19 in a THF solution, which led to indiscernible
complex mixtures, and thus no product via an insertion of
PhNC to the B—Zn bond was obtained.

Interestingly, adding "BuNC to boryl-group 15 metals 9 and
10 led after workup to CN-substituted borole 16 (Scheme 12,
Figure 20). Based on the previous observation (Scheme 6),
compound 16 could be formed by subsequent insertion of the
isonitrile carbon into the B—M (M = Sb, Bi) bond yielding the
intermediates 16a and elimination of "BuMPh,. When we

Scheme 12. Reactions of Borylmetals 9 and 10 with "BuNC“
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Figure 20. Molecular structure of 16 (all hydrogen atoms are omitted
for clarity). Thermal ellipsoids are set at the 50% probability level.

employed PhNC, the reaction with 9 afforded a complex
mixture, whereas in the reaction with 10, a clean insertion of
PhNC to the B—Bi bond of 10 took place, and 20 was obtained
in 22% yield (Scheme 12, Figure 21). Note that these results

Figure 21. Molecular structure of 20 (all hydrogen atoms are omitted
for clarity). Thermal ellipsoids are set at the 50% probability level.

document the first example demonstrating the reactivity of
boron-group 15 metal bonds along with the bond activation.
We also tried the similar reactions between compounds 9 and
10 with DippNC, but no reactions were confirmed even under
heating condition, probably, the bulky Dipp-group encumbered
the interaction between them.

B CONCLUSION

Ten years after the first isolation of boryllithium I by Segawa,
Yamashita, and Nozaki group,” this report has demonstrated
that 1,2,4,3-triazaborol-3-yl-lithium 3 can also be synthesized as
isolable species. NMR spectroscopy, crystallographic analysis,
and computational studies confirmed the considerable ionic
nature of the B—Li bond in 3. DFT calculation revealed that the
B—Li bond in the parent 1,2,4,3-triazaborol-3-yl-lithium opt-3’
is more polarized than that of the parent 1,3,2-diazaborol-3-yl-
lithium opt-I'. Thus, it is indicated that the BCN; five-
membered ring framework of 1,2,4,3-triazaborol-3-yl-yllithium
essentially enhances the ionic nature of the B—Li bond with
respect to that with the BN,C, five-membered ring system. We
showed that 3 exhibits nucleophilic nature and undergoes salt
elimination reaction with various metal halides, which allowed
access to a series of borylmetals including extremely rare boryl-
group 15 metal compounds: [B]-AlMe,(thf) S, [B]-AuPPh; 6,
[[B]-ZnX(solv.)], 7, [B]-MgBr(thf), 8, [B]-MPh, (9 M = Sb,
10 M = Bi). The reaction of 3 with CO followed by trapping
with Me,SiCl confirmed the generation of lithium (E)-1,2-
diboranylethene-1,2-bis(olate) species 11, which is in line with
the works by Seyferth and Nudelman et al.** Investigation of
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reactions between borylmetals 3, 5—7, 9, 10 and various
isonitriles disclosed the activity of B—M bonds significantly
depends on the metals. Thus, it was found that the B—M bonds
(M = Al, Au, Zn) in 5—7 were reluctant to react with
isonitriles;** no reaction for 6 and replacement of THF
molecules by isonitriles on the metal center were observed for §
and 7-(thf). Meanwhile, the B—Li bond in 3 and the B—Sb and
B—Bi bonds in 9 and 10 were readily activated by the isonitrile
carbon center. The former afforded a variety of 2-borylindole
derivatives 13—15, whereas the latter presented the first
reaction involving the cleavage of the B—Sb and B—Bi single
bonds. Formation of compounds 11 and 13—15 suggests that
carbene intermediates are involved in those reactions. Indeed,
addition of Sg during the reaction of 3 with 2,6-F,C;H;NC
afforded 3-boranyl-quinoxaline thione derivative 17. We believe
that the results from these systematic and comparative studies
on 1,2,4,3-triazaborol-3-yl-metals will enhance the knowledge
of the nature of the boron—metal bonds and allow to design
novel isolable borylmetals, which are under active investigation
in our laboratory.
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