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Abstract: Utilizing a cyclic (alkyl) (amino)carbene (CAAC) as
a ligand, neutral CAAC-stabilized radicals containing a boryl
functionality could be prepared by reduction of the corre-
sponding haloborane adducts. The radical species with a duryl
substituent was fully characterized by single-crystal X-ray
structural analysis, EPR spectroscopy, and DFT calculations.
Compared to known neutral boryl radicals, the isolated radical
species showed larger spin density on the boron atom.
Furthermore, the compound that was isolated is extraordinar-
ily stable to high temperatures under inert conditions, both in
solution and in the solid state. Electrochemical investigations
of the radical suggest the possibility to generate a stable formal
boryl anion species.

Boryl radicals have been paid much attention as new
promising candidates for radical initiators and related appli-
cations.!!! For example, Lacéte, Curran et al. recently applied
their boryl radicals (described below) to various organic
radical reactions, such as radical deoxygenation of xanthates,
radical reductions of alkyl halides, and radical chain homo-
lytic substitution reactions.”! Anionic boryl radicals with
seven valence electrons have been investigated for decades,
including related research on one-electron-reduced diborane
compounds.®’! However, isoelectronic neutral boryl radicals
have emerged in recent years, and some of the Lewis base-
stabilized neutral boryl radicals could be isolated and
characterized (Figure 1). N-heterocyclic carbenes (NHC)
have been employed as effective bases to stabilize neutral
boryl radicals. Indeed, Lacote, Curran et al. have extensively
studied NHC-stabilized boryl radicals (A); however, these
radicals have only been observed by spectroscopic methods
owing to their transient nature.¥ Similarly, Lalevée et al. have
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Figure 1. Examples of neutral boryl radicals.

developed a series of boryl radicals stabilized by pyridine
derivatives (B), which were theoretically predicted by the
Zipse group.”! Although these two types of boryl radicals
have not been structurally elucidated, spin densities at boron
were calculated to be 0.3-0.5 depending on the ligands. As
yet, only two examples of base-stabilized neutral boryl
radicals could be characterized by X-ray structural analysis,
as reported by Gabbai et al. (C) and Nozaki and Yamashita
et al. (D). However, these two species showed minimal spin
densities at boron in the ground state, as the unpaired
electrons were well delocalized throughout the acridine or (3-
diiminate moieties. Thus, a detailed study of a stable neutral
boryl radical with large spin density on the boron atom has
still not been presented.

To investigate a base-stabilized formal boryl radical with
larger spin density on the boron atom, we envisioned that
cyclic (alkyl)(amino)carbenes (CAACs)®! could be used to
isolate the desired radical, as CAACs have been widely
utilized as ligands for stabilizing unusual reactive molecules,
such as phosphorus radicals, a parent borylene, and a boryl
anion.'"™" It is characteristic for CAACs to exert stronger o-
donating and m-accepting properties than NHCs, and more-
over, the steric demand of CAAGC: is different from that of
NHCs owing to the presence of a quaternary carbon atom
next to the carbene center. Based on our recent experience in
the reduction chemistry of various NHC-stabilized halobor-
anes,"” we proposed that the reduction of CAAC-stabilized
haloboranes would be suitable to accomplish the aforemen-
tioned goal. Herein, we report the synthesis and structure of
a neutral CAAC-stabilized boron-containing radical as well as
its most pertinent electronic properties.

To avoid possible intramolecular C—H activation chemis-
try, we chose a CAAC with two methyl groups on the
quaternary carbon atom as a suitable ligand, as it is less bulky
than the corresponding cyclohexyl-substituted CAAC. The
ligand was prepared according to a previously described
method with a slight modification (see the Supporting
Information).®™ The aforementioned NHC-stabilized boryl
radicals that were derived from hydroboranes could be
spectroscopically observed but not isolated, presumably due
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to their lack of steric protection.”! Thus, arylhaloboranes were
considered to be promising candidates for stabilizing a boryl
radical and preventing its dimerization by radical homocou-
pling. The CAAC-stabilized thiophene (1) and duryl (2,
duryl =2,3,5,6-tetramethylphenyl) substituted boranes were
isolated in 77% and 66 % yield, respectively, as colorless
solids by reaction of CAAC with the respective borane in
hexane or pentane (Scheme 1). "B NMR spectroscopy of 1 (6
—0.3) and 2 (6 3.1) in C¢Dg corresponded well to that of

S
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Scheme 1. Synthesis of 1 and 2. Dipp =2,6-diisopropylphenyl.

pentane, RT CI"‘)B\R
Cl

typical four-coordinate boranes, and X-ray diffraction anal-
ysis also confirmed adduct formation (Figure 2).!"! Structural
parameters of both adducts comply with those of correspond-
ing NHC borane adducts.

Figure 2. Molecular structures of 1 and 2 in the solid state. Ellipsoids
are set at 50 % probability; hydrogen atoms, solvent molecules, and
disordered atoms for Tph groups in 1 are omitted for clarity. Selected
bond lengths [A] and angles [°]: 1: B1-C1 1.652(2), B1-CI1 1.907(2),
B1-CI2 1.867(2), C1-N1 1.302(2); CI1-B1-Cl2 107.18(9). 2: B1-C]
1.658(2), B1-C2 1.624(2), B1-CI1 1.914(2), B1-Cl2 1.879(2), C1-N1
1.315(2); CI1-B1-CI2 108.34(3).

With these adducts in hand, we first performed reduction
of 1 with an excess of KCg in benzene at ambient temperature,
producing an NMR-silent red crystalline solid 3 after
recrystallization from hexanes at —30°C (Scheme 2).
Although attempts to determine the constitution of 3 by X-
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Scheme 2. Synthesis of radicals 3 and 4.

ray crystallographic analysis consistently failed owing to the
instability of the crystals at room temperature, the EPR
spectrum of 3 clearly confirms the presence of a radical
species (see the Supporting Information). In contrast, a steri-
cally more protected radical 4 could be isolated as an orange
colored solid by applying the same method to the duryl-
substituted adduct 2. However, using KCg as a reductant
turned out to be irreproducible. Therefore we applied
decamethylchromocene as the reducing agent and developed
a reliable synthetic route that allows the isolation of 4 in 69 %
yield.

In contrast to 3, the radical 4 is very stable under an inert
atmosphere. Compound 4 has a melting point at 206°C
determined by differential scanning calorimetry, followed by
decomposition at even higher temperatures (ca. 245°C).['
Moreover, NMR spectroscopy indicated the absence of
unwanted dimerization processes by homocoupling of the
radical. The X-ray analysis of 4 constitutes the first structural
characterization of a carbene-stabilized boryl radical
(Figure 3). Most notably, the BI-C1 bond (1.508(3) A) of 4

Figure 3. Molecular structure of 4 in the solid state. Ellipsoids are set
at 50% probability; hydrogen atoms are omitted for clarity. Selected
bond lengths [A] and angles [°]: B1-C1 1.508(3), B1-CI1 1.817(2), B1—-
€2 1.581(3), C1-N1 1.369(2); C1-B1-Cl1 122.0(1), CI1-B1-C2 110.1(1),
C1-B1-C2 127.9(2).

in the crystal is significantly shortened by about 15 pm with
respect to that of the precursor 2 (B1—C1: 1.658(2) A), and
ranges between typical values known for boron—carbon single
and double bonds (1.59 and 1.48 A, respectively),"™ whereas
the C1-N1 bond (1.369(2) A) is moderately lengthened in
comparison with the corresponding bond of 2 (C1-NI1:
1.3148(19) A). In contrast, the B1—C2 bond to the duryl
group (1.581(3) A) is much less affected and contracts by only
about 4 pm in comparison to that of the precursor (2:
1.624(2) A). These findings indicate a significant delocaliza-
tion of the unpaired electron to the CAAC ligand, reflecting
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its enhanced m-acceptor properties. Furthermore, the boron
atom has a trigonal planar geometry with a sum of the three
angles around the boron atom of 360°, also suggesting that the
unpaired electron is delocalized over a p orbital, thus
rendering 4 a m-type radical.')

To investigate the electronic properties, the radical 4 was
analyzed by EPR spectroscopy in hexane solution at room
temperature (Figure 4). The EPR signal of 4 was detected as

dy"ldB

332 333 334 335
Magnetic Field (mT)

Figure 4. Experimental X-band (9.38 GHz) EPR spectrum of 4 in
hexane solution at 295 K. In the simulation (-----), only the nitrogen
hyperfine interaction is considered.

a 1:1:1 triplet (centered at g,,=2.004) that is due to the
hyperfine interaction with the “N nucleus (ay=19 MHz).
Weaker hyperfine couplings, including the coupling to boron,
are not resolved. An approximation of the boron hyperfine
interaction from the line width reveals a value of about
2.7MHz, which is in good agreement with the value
computed by DFT (a(''B) =1.50 MHz, see the Supporting
Information for details). The observed nitrogen hyperfine
coupling constant suggests spin delocalization onto the
CAAC unit, which is slightly more pronounced when
compared to the CAAC-supported (amino)(carboxy) radical
reported by Bertrand (ay = 15.4 MHz).["’]

The spin-density distribution of 4 was further analyzed by
DFT calculations (UB3LYP/6-311+ G(d)). These results
indicate that the unpaired spin density is mainly localized
on C1 (0.496), followed by B1 (0.277) and N1 (0.241).
Compared to the low spin density on the boron atom in the
first isolated neutral B-heterocyclic radical (B: —0.008) it is
clear that 4 shows a distinct boryl radical character (Fig-
ure 5a).

The anticipated m-bond character of the B1—C1 bond is
further supported by the singly occupied molecular orbital
(SOMO:; Figure 5b) in the calculated structure of 4, showing
large MO coefficients for these atoms. The UV/Vis absorp-
tion spectrum of 4 (Et,0) was also measured, which shows
broad absorptions at 285 and 297 nm, in accordance with the
expected peaks predicted by TD-DFT calculation (see the
Supporting Information). The calculation indicates a largest
absorption at 296 nm with an oscillator strength of 0.0217,
which could be mainly assigned to an excitation from the
SOMO to the LUMO +4, and from the HOMO—4 to the
SOMO.

To gain insight into the redox properties of 4, cyclic
voltammograms (CV) were measured in THF (Figure 6). The

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

first reduction wave is found at E,,=-2.03 V (referenced
against the ferrocene/ferrocenium (Fc/Fc*) couple) and is
a chemically reversible process. This result suggests a possible
one-electron reduction with concomitant formation of an
anionic species, that is, a formal boryl anion, examples of
which are synthetically highly useful but still very rare.’>* In
contrast, an irreversible oxidation wave is found at E,,=

Figure 5. Plot of the a) spin density and b) SOMO of 4.

. ,
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Figure 6. Cyclic voltammogram of 4 in THF/0.1 M [nBu,N][PF¢] at

room temperature. Scan rate: 250 mVs™'.
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—0.53 V, suggesting that a resulting cationic species would be
unstable.

In conclusion, we have succeeded in the preparation and
characterization of neutral CAAC-stabilized radicals con-
taining a boryl moiety by reduction of CA AC-borane adducts
with thiophene or duryl B-substituents. The identity of the
duryl-substituted radical was confirmed both in solution and
in the solid state. EPR data and DFT calculations indicate
that the spin density is delocalized over the CAAC ligand,
which is most likely a result of its strong m-accepting ability.
Nevertheless, significant spin density resides on the boron
atom, suggesting potential boron-centered reactivity. Further-
more, cyclic voltammetry experiments suggest that a one-
electron reduction of 4 could yield a stable formal boryl anion
species. Efforts to generate such an unusual boryl anion
species are underway in our laboratory.
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