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Two-electron reduction of bis(carbene) boronium salts allows for
the preparation of unsymmetrically substituted nucleophilic boron
derivatives of type (L;)(L;)BH, which are characterized by X-ray
crystallography. A single electron reduction of the same starting
materials leads to the corresponding boron-centered radical
cations (Ly)(Lz)BH**, X~

Since the isolation of the heterocyclic boryl anion A by Yamashita,
Nozaki and co-workers' in 2006 (Chart 1), the number of boron
centered nucleophiles has grown gradually.>* However, up to now,
compound C is the only example of a stable neutral, nucleophilic,
tricoordinate boron derivative. This compound, which is
isoelectronic with amines and phosphines, was prepared by
reduction of the CAAC-BBr; adduct B [CAAC = cyclic (alkyl)(amino)-
carbene]™® with KCg. This synthetic route, which leads to C in only
33% yield, is far from being understood, and certainly does not
have a broad scope. For example, Robinson and co-workers have
reported that the reduction of the analogous (NHC)-BBr; adduct D
(NHC = N-heterocyclic carbene)” with KCg affords dimers of type E.
Moreover, the preparation of derivatives, featuring two different
carbene ligands, which would allow for a fine tuning of the
electronic properties of the boron center, could not be achieved.
Herein, we report a stepwise and more versatile synthesis that
allows for the isolation of different unsymmetrically substituted
derivatives of type (L,)(L,)BH, as well as for the EPR characteriza-
tion of one of the corresponding radical cations (L,)(L,)BH*", X .

We first envisaged a synthetic route, in which a second carbene
would be introduced by simple displacement of a triflate group from
the known (CAAC)BH(OTY),.* However, no reaction was observed
with the benzimidazolylidene L,” and cyclopropenylidene Ly,
probably due the excessive steric hindrance around boron.
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Therefore, we turned our attention to the less bulky but unknown
CAAC monotriflate borane 2. As already observed with NHC
adducts," we found that although (CAAC)BH(OTY), is readily avail-
able by treatment of (CAAC)BH; 1'* with excess trifluoromethane
sulfonic acid, the desired monotriflate derivative (CAAC)BH,(OTY)
could not be selectively prepared. In contrast, when the CAAC borane
complex 1 is instead reacted with methyl trifluoromethanesulfonate,
the desired CAAC monotriflate borane 2 is formed, and can be
isolated in 95% yield as a white powder (Scheme 1). The "'B NMR
spectrum displays a broad signal at —6.1 ppm, which is shifted
downfield from 1 (—28.5 ppm), and the "°F NMR spectrum shows a
singlet at —76.2 ppm, which is indicative of a triflate group covalently
bound to boron. The structure of 2 was ascertained by a single crystal
X-ray diffraction study (Fig. S31, ESIY).

We were pleased to observe that 2 readily reacts with carbenes
L, and L, affording the desired bis(carbene) boronium salts
3a,b, which were isolated as white solids in 95 and 80% yields,
respectively. The 'B NMR spectrum of these derivatives shows
an upfield well-defined triplet (3a = —28.6 ppm, Jpy = 82.9 Hz;
3b = —27.7 ppm, Jgy = 87.9 Hz), whereas the '°F NMR spectrum
indicates that the triflate group is no longer covalently bound
(3a = —78.0 ppm; 3b = —79.3 ppm). Interestingly, these species
are not sensitive to air and moisture, but all attempts to obtain
the desired neutral tricoordinate boron derivatives 5a,b by
deprotonation or reduction of 3a,b failed.
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In order to further increase the acidity of the proton bonded
to boron, we chose to replace one of the hydrogen atoms by a
triflate group. This is readily achieved by simple treatment of
3a,b with triflic acid. Compounds 4a,b were isolated as white
solids in 70 and 67% yield, respectively. The '°F NMR spectrum
displays two peaks indicative of both a bound and a free triflate
group (4a=—75.4, —78.1 ppm; 4b = —76.2, —78.0 ppm), and the
"B NMR signal shifts downfield compared to 3a,b and becomes
broad (4a = —7.5 ppm; 4b = —5.1 ppm). The "H NMR spectra are
quite convoluted, probably because of the steric hindrance,
which prevents rotation around the boron-carbon bonds. This
is confirmed by the solid-state structure of the corresponding
BPh, salts, obtained by anion exchange. These compounds are
extremely robust, as during work-up a water wash is performed.

Attempted deprotonation of 4a,b failed again. However,
mixing 4a and 4b with two equivalents of KCg in THF leads to
an immediate and intense blue and red colored solutions,
respectively. After workup, the reduced products 5a,b were
isolated in 87 and 82% yield, respectively. Although extremely
sensitive to air and moisture, derivatives 5a,b can be stored for
months, under an inert atmosphere, with no signs of decom-
position. The "H NMR spectra are simplified compared to those
of 4a,b as the boron center is no longer a chirality center. The
"B NMR spectrum appears as a doublet at —1.3 (Jpy = 82.4 Hz)
and 0.8 ppm (Jprr = 89.7 Hz) for 5a and 5b, respectively. It is
interesting to note that these signals are high-field shifted
compared to that observed for C (+12.5 ppm), a trend which
is in agreement with the inferior m-acceptor properties of
benzimidazolylidene L, and cyclopropenylidene L;, compared
to CAACs."

Single crystals of 5a and 5b, suitable for X-ray diffraction
studies, were obtained from a concentrated pentane solution
(Fig. 1). The B1-C2 bond lengths [5a: 1.572(2); 5b: 1.5521(17) A]
are typical for B-C single bonds. In contrast, for both com-
pounds, the B1-C1 bond [5a: 1.462(3); 5b: 1.4692(16) A] is short,
and falls into the range of known boron-carbon double bonds."*
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Fig. 1 Molecular structure of 5a (left) and 5b (right) in the solid state.
Hydrogen atoms, except the B—H, and solvent molecules are omitted
for clarity. Selected bond lengths [A] and angles [’]: 5a B1-C1 1.462(3),
B1-C2 1572(2), B1-H1 0.930, C1-N1 1.418(2), C2-N2 1.371(2),
C2-N3 1.366(2); C1-B1-C2 127.84(15), C1-B1-H1 116.07, C2-B1-H1
116.08. 5b B1-C1 14692(16), B1-C2 1.5521(17), Bi1-H1 1107, Cl-
N1 1.4262(15); C1-B1-C2 128.50(10), C1-B1-H1121.58, C2-B1-H1 111.86.

Concomitantly there is an elongation of the C1-N1 bond [5a:
1.418(2); 5b: 1.4262(15) A] compared to that of the salt precursors
[4a: 1.307(2); 4b: 1.297(5) A]. These geometric parameters clearly
indicate that the formal boron lone pair is mainly delocalized on
the CAAC ligand. This is confirmed by DFT calculations, as can
be seen from the HOMO diagrams (Fig. 2).

Despite the delocalization of the lone pair, the boron center
of 5a,b is electron rich. Indeed, both compounds react with
trifluoromethanesulfonic acid, leading to the conjugate acids
3a,b. Moreover, we found that the radical cation 6b is persistent
for several hours at room temperature. It can be prepared by
adding one equivalent of KCg to a DME solution of 4b. The
room temperature EPR spectrum of 6b displays couplings with
boron [a(*'B) = 4.994 G], hydrogen [a(*H) = 10.065 G], and only
one nitrogen nuclei [a(**N) = 6.627 G] (Fig. 3). This suggests
again that the unpaired electron is mainly delocalized over the
CAAC and BH fragments, with very little contribution by L.
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Fig. 2 HOMO diagrams for 5a (left) and 5b (right) [BVP86/6-311+g(2d,p)
level of theory].

5 G:uss \]

Fig. 3 Simulated (top) and experimental (bottom) EPR spectra, and spin
density representation (right) of 6b. [(U)BVP86/6-311+g(2d,p) level of theory].

DFT calculations confirm that the spin density distribution is
in line with this observation."®

The synthetic route described herein paves the way for the

preparation of a variety of bis(carbene)borylene adducts, which
are isoelectronic with amines and phosphines. Their reactivity
and ligand behavior for transition metal centers are under
active investigation.

This work was supported by the DOE (DE-FG02-13ER16370) and

the NSF (CHE-1316956). D. A. R. gratefully acknowledges the U.S.
Department of Education for a GAANN fellowship. Thanks are
given to L. Liu for his assistance with the computational studies.

Notes and references

1 (a) Y. Segawa, M. Yamashita and K. Nozaki, Science, 2006, 314, 113;
(b) Y. Segawa, M. Yamashita and K. Nozaki, Angew. Chem., Int. Ed., 2007,
129, 9570; (c) Y. Segawa, Y. Suzuki, M. Yamashita and K. Nozaki, J. Am.
Chem. Soc., 2008, 130, 16069; (d) T. Kajiwara, T. Terabayashi,
M. Yanashita and K. Nozaki, Angew. Chem., Int. Ed., 2008, 47, 6606;
(e) T. Terabayashi, T. Kajiwara, M. Yamashita and K. Nozaki, J. Am.
Chem. Soc., 2009, 131, 14162; (f) Y. Okuno, M. Yamashita and K. Nozaki,
Angew. Chem., Int. Ed., 2010, 50, 920; (g) K. Nozaki, Y. Aramaki,
M. Yamashita, S.-H. Ueng, M. Malacria, E. Lacote and D. P. Curran,
J. Am. Chem. Soc., 2010, 132, 11449; (k) Y. Hayashi, Y. Segawa,
M. Yamashita and K. Nozaki, Chem. Commun., 2011, 47, 5888.

2 For reviews, see: (@) M. Yamashita and K. Nozaki, J. Synth. Org.
Chem., Jpn., 2010, 68, 359; (b) M. Yamashita, Bull. Chem. Soc. Jpn.,
2011, 84, 983; (¢) J. Cid, H. Gulyas, J. J. Carbo and E. Fernandez,

This journal is © The Royal Society of Chemistry 2014

w

=~

[%2]

9

10

11

12

13

14

15

View Article Online

Communication

Chem. Soc. Rev., 2012, 41, 3558; (d) L. Weber, Eur. J. Inorg. Chem.,
2012, 5595; (e) H. Gulyas, A. Bonet, C. Pubill-Ulldemolins, C. Solé,
J. Cid and E. Fernandez, Pure Appl. Chem., 2012, 84, 2219.

(@) H. Braunschweig, M. Burzler, R. D. Dewhurst and K. Radacki,
Angew. Chem., Int. Ed., 2008, 47, 5650; (b) H. Braunschweig,
P. Brenner, R. D. Dewhurst, M. Kaupp, R. Miiler and
S. Ostreicher, Angew. Chem., Int. Ed., 2009, 48, 9735;
(¢) H. Braunschweig, C.-W. Chiu, K. Radacki and T. Kupfer, Angew.
Chem., Int. Ed., 2010, 49, 2041; (d) ]J. Monot, A. Solovyev, H. Bonin-
Dubarle, E. Derat, D. P. Curran, M. Robert, L. Fensterbank,
M. Malacria and E. Lacote, Angew. Chem., Int. Ed., 2010, 49, 9166;
(e) H. Braunschweig, C. W. Chiu, T. Kupfer and K. Radacki, Inorg.
Chem., 2011, 50, 4247; (f) E. Bernhardt, V. Bernhardt-Pitchougina,
H. Willner and N. Ignatiev, Angew. Chem., Int. Ed., 2011, 50, 12085;
(g) D. A. Ruiz, G. Ung, M. Melaimi and G. Bertrand, Angew. Chem.,
Int. Ed., 2013, 52, 7590; (h) H. Braunschweig, A. Damme,
R. D. Dewhurst, T. Kramer, S. Ostreicher, K. Radacki and
A. Vargas, J. Am. Chem. Soc., 2013, 135, 2313.

(@) R. Kinjo, B. Donnadieu, M. A. Celik, G. Frenking and G. Bertrand,
Science, 2011, 333, 610; (b) Y. Wang and G. H. Robinson, Science,
2011, 333, 530; (c) M. A. Celik, R. Sure, S. Klein, R. Kinjo, G. Bertrand
and G. Frenking, Chem. - Eur. J., 2012, 18, 5676.

For the synthesis of CAACs, see: (a) V. Lavallo, Y. Canac, C. Prasang,
B. Donnadieu and G. Bertrand, Angew. Chem., Int. Ed., 2005,
44, 5705; (b) R. Jazzar, R. D. Dewhurst, J.-B. Bourg, B. Donnadieu,
Y. Canac and G. Bertrand, Angew. Chem., Int. Ed., 2007, 46, 2899;
(¢) R. Jazzar, J. B. Bourg, R. D. Dewhurst, B. Donnadieu and
G. Bertrand, J. Org. Chem., 2007, 72, 3492.

For reviews on CAACs, see: (a) M. Melaimi, M. Soleilhavoup and
G. Bertrand, Angew. Chem., Int. Ed., 2010, 49, 8810; (b) D. Martin,
M. Melaimi, M. Soleilhavoup and G. Bertrand, Organometallics,
2011, 30, 5304.

For reviews on NHCs, see: (a) F. E. Hahn and M. C. Jahnke, Angew.
Chem., Int. Ed., 2008, 47, 3122; (b) A. J. Arduengo and G. Bertrand,
Chem. Rev., 2009, 109, 3209; (c) T. Droge and F. Glorius, Angew.
Chem., Int. Ed., 2010, 49, 6940; (d) D. J. Nelson and S. P. Nolan,
Chem. Soc. Rev., 2013, 42, 6723.

(@) Y. Wang, B. Quillian, P. Wei, C. S. Wannere, Y. Xie, R. B. King,
H. F. Schaefer III, P. v. R. Schleyer and G. H. Robinson, J. Am. Chem.
Soc., 2007, 129, 12412; (b) Y. Wang, B. Quillian, P. Wei, Y. Xie,
C. S. Wannere, R. B. King, H. F. Schaefer III, P. v. R. Schleyer and
G. H. Robinson, J. Am. Chem. Soc., 2008, 130, 3298.

(@) F. E. Hahn, L. Wittenbecher, R. Boese and D. Blédser, Chem. — Eur.
J., 1999, 5, 1931; (b) O. V. Starikova, G. V. Dolgushin, L. I. Larina,
T. N. Komarova and V. A. Lopyrev, ARKIVOC, 2003, 13, 119.

V. Lavallo, Y. Canac, B. Donnadieu, W. W. Schoeller and
G. Bertrand, Science, 2006, 312, 722.

(@) D. P. Curran, A. Solovyev, M. M. Brahmi, L. Fensterbank,
M. Malacria and E. LacOte, Angew. Chem., Int. Ed., 2011, 50, 10294;
(b) A. Solovyev, Q. Chu, S. J. Geib, L. Fensterbank, M. Malacria,
E. Lacote and D. P. Curran, J. Am. Chem. Soc., 2010, 132, 15072;
(¢) A. Solovyev, S. J. Geib, E. Lacote and D. P. Curran, Organome-
tallics, 2012, 31, 54.

G. D. Frey, J. D. Masuda, B. Donnadieu and G. Bertrand, Angew.
Chem., Int. Ed., 2010, 49, 9444.

(@) O. Back, M. Henry-Ellinger, C. D. Martin, D. Martin and
G. Bertrand, Angew. Chem., Int. Ed., 2013, 52, 2939; (b) A. Liske,
K. Verlinden, H. Buhl, K. Schaper and C. Ganter, Organometallics,
2013, 32, 5269; (¢) R. R. Rodrigues, C. L. Dorsey, C. A. Arceneaux and
T. W. Hudnall, Chem. Commun., 2014, 50, 162.

(@) M. M. Olmstead, P. P. Power and K. J. Weese, J. Am. Chem. Soc.,
1987, 109, 254; (b) C.-W. Chiu and F. P. Gabbai, Angew. Chem., Int.
Ed., 2007, 46, 1723; (¢) C.-W. Chiu and F. P. Gabbai, Angew. Chem.,
Int. Ed., 2007, 46, 6878; (d) P.-Y. Feng, Y.-H. Liu, T.-S. Lin, S.-M. Peng
and C.-W. Chiu, Angew. Chem., Int. Ed., 2014, DOI: 10.1002/
anie.201403247.

For Mulliken atomic spin densities of 6b, see ESIt for details.

Chem. Commun., 2014, 50, 7837-7839 | 7839


http://dx.doi.org/10.1039/c4cc03497j

