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ABSTRACT: Although boron-containing radicals are prom-
ising materials for molecular electronic devices, the electronic
effect of the o-donating yet 7-accepting boron center on the
stability of open-shell species has been less discussed. In this
work, the role of a tricoordinate boron center in 7-conjugated
radicals was explored through electron paramagnetic reso-
nance measurement of several boron-linked bisphenol radicals
and diradicals. Replacing the bridging methine fragment of a
neutral Galvinoxyl radical with an arylboryl group led to the
corresponding boron-linked radical anion that requires
excessive steric protection at the boron center to be persistent
in solution. Experimental and theoretical investigations
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revealed that the introduction of boron would diminish the quinoidal character of the phenoxyl radical and increase both
the electrophilicity and nucleophilicity of the open-shell species. Therefore, it is important to consider the steric protection of
the boron center in boron-containing 7z-conjugated organic radicals.

B INTRODUCTION

Stable organic free radicals are fascinating because of their own
unique electronic and magnetic properties and have emerged
as promising materials for spintronic devices,' field-effect
transistors,” organic light-emitting diodes,® and radical
batteries.* While most of the electronic applications of organic
radicals have focused on chlorinated trityl radicals, nitroxide
radicals, and phenoxyl radicals, boron-centered radicals have
also received considerable attention.” In addition to the well-
documented boron radical anions, neutral® and cationic boron
radicals have been realized and structurally characterized in the
past few years.” Diradicals and diradicaloids featuring two
boron radical centers have also been reported.® However, the
incorporation of a boron atom onto 7z-conjugated organic
radicals is less explored.” Taking into account the o-donating
and z-withdrawing character of the boron atom, the electronic
effect of the boryl functional group on the stability of organic
free radicals remains obscure. To investigate the role of the
boron atom in 7-conjugated radicals, we decided to replace the
central sp® carbon of the Galvinoxyl radical and Yang’s
biradical with an arylboryl group. The Galvinoxyl radical,’’ a
commercially available radical scavenger having an unpaired
electron fully delocalized over the two phenol rings, is one of
the most stable noncoordinated phenoxyl radicals. On the
other hand, the C;-symmetric Yang’s biradical is a classical
non-Kekulé system featuring a triplet ground state with a
singlet—triplet energy gap of 5.86 kJ/mol."" To our surprise,
the incorporation of a boron atom in the bisphenol radical and
diradical significantly destabilizes the open-shell molecule,
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leading to fast decomposition of the radical species. The
generation and decomposition of the boryl-functionalized
bisphenol radical and diradical are summarized herein.

B RESULTS AND DISCUSSION

The preparation of boron-linked bisphenol derivatives is
straightforward and is summarized in Scheme SI1. The
Grignard reagent prepared from silyl-protected 4-bromo-2,6-
di--tert-butylphenol was allowed to react with Me;SnCl to yield
the corresponding stannane. Subsequent exchange with 0.5
equiv of BCly in dichloromethane (DCM) resulted in a
bisphenol—chloroborane, which was subjected to nucleophilic
substitution with the appropriate aryllithium in toluene.
Subsequent desilylation with tetra-n-butylammonium fluoride
afforded the anticipated bisphenol derivatives 1 [R = Me (1a),
‘Bu (1b)]. For both compounds, symmetrical 'H NMR spectra
were observed, indicating that all B—C bonds can freely rotate
in solution. The ''B resonances recorded as broad signals at
69.8 ppm for la and 67.6 ppm for 1b are slightly upfield-
shifted compared to that of Mes;B because of the presence of
two z-donating p-hydroxyl groups. Structural characterizations
of 1la and 1b were also realized with single-crystal X-ray
diffraction analysis (Figures S1 and S2). la crystallizes in the
C2/c space group from the slow evaporation of a DCM/
ethanol solution of 1a under ambient conditions. The trigonal-
planar geometry at boron is confirmed with the sum of the C—
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B—C angles of 359.9°. All B—C bond distances fall within the
typical range of B—C single bonds (1.56—1.62 A). Compound
1b adopts the P2,/c unit cell with two independent molecules
in an asymmetric unit. The bond distances of 1b resemble that
observed for 1a, except the slightly elongated C,,;—B bonds
[1.574(4) A in 1a and 1.602(3) A in 1b]. A noticeable
reduction in the dihedral angle between the two phenol rings
from 55.5° in 1a to 39.7° and 38.7° in 1b can be attributed to
the increased steric congestion at the boron center upon the
replacement of mesityl with a supermesityl group.
Compound 1 can be deprotonated with 2 equiv of sodium
bis(trimethylsilyl)amide in tetrahydrofuran (THF) to yield the
corresponding bisphenoxides (Na,[2]; Scheme 1). Upon

Scheme 1. Synthesis and Decomposition of the Boryl-
Functionalized Radical and Diradical
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conjugated open-shell species. Initial attempts in generating
the boron-linked diradical from the oxidation of 1 with PbO,
were not successful. The reaction between la and PbO, in
DCM led to the decomposition of la to 2,2',6,6'-tetra-tert-
butyl-4,4'-biphenylquinone (3). On the other hand, the
oxidation of 1b with PbO, led to the formation of a neutral
phenolphenoxyl radical 4b* (Figure 1). The electron para-

g =2.0054
two a('H) = 1.81 G
one a(""B/"°B) = 3.64/1.22 G
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G
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Figure 1. Top: Experimental and simulated EPR spectrum of 4b® in
hexane. Bottom: Molecular structure of 4b°® with thermal ellipsoids set
at 50% probability and tert-butyl groups displayed in a wireframe style
for clarity.

deprotonation, the aromatic proton of phenol became
upfield-shifted compared to that of 1, which is consistent
with the formation of phenoxide. However, no obvious shift in
the B resonance was detected, suggesting the low
contribution of the quinoidal canonical structure in the
solution. Molecular structures of [2a,2b]*>~ were further
corroborated with X-ray diffraction analysis (Figures S3 and
S4). While Na,[2a] crystallizes with six coordinating THF
molecules in the C2/c space group, [2b]*>” forms a one-
dimensional coordination polymer in the solid state through
[Na,0,] linkages (Figure SS). Nevertheless, the two bi-
sphenoxide salts share similar structural parameters around the
boron atom, including the C,,—B bond distances [1.550(3)
A in [2a]* and 1.545(4) and 1.561(4) A in [2b]*7] and the
dihedral angle between two phenol rings (40.9° in [2a]*” and
43.7° in [2b]*).

With neutral bisphenols (1a and 1b) and dianionic
bisphenoxides (Na,[2a,2b]) in hand, we then carried out the
generation of the corresponding mono- and diradical
derivatives and investigated the role of boron in the z-

magnetic resonance (EPR) signal of 4b® centered at g, =
2.0054 features a nine-line pattern. Using the EasySpin
package,'” the signal could be satisfactorily simulated with
hyperfine coupling constants of 1.81 and 3.64/1.22 G to 'H
and ''B/'°B nuclei, respectively. The coupling of the unpaired
electron with two hydrogen atoms suggests localization of the
spin density in one of the phenol rings with substantial
population at the boron center. The identity of 4b® was further
verified with an independent generation of the radical from the
reaction of 1b and 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH), which serves as a hydrogen-atom abstractor.
Structural determination on dark-purple crystals obtained
from a concentrated pentane solution of 4b°® supports the
assignment of the structure (Figure 1). 4b° crystallizes as a
pentane solvate in a triclinic P1 space group with the observed
Cyhenoi—B distance [1.566(4) and 1.578(4) A] comparable to
that of 1b.

To achieve the boryl-substituted analogue of the Galvinoxyl
radical, we then focused on the controlled chemical oxidation
of the bisphenoxides (Na,[2a,2b]). [Sb]*~ can be generated
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from one-electron oxidation of Na,[2b] with silver trifluor-
omethanesulfonate (AgOTf) in acetonitrile (CH;CN) or THF
(Scheme 1). In CH,;CN, the detection of a well-resolved
quintet-of-quartet signal centered at g, = 2.0051 is consistent
with the formation of phenoxide—phenoxyl radical anion
[Sb]*~ (Figure 2a). Simulation of the EPR spectrum suggests

(a) [5b]*~ in CH,CN g =2.0051
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Figure 2. EPR spectra of [5b]*” in CH;CN (a) and DCM (b).

that the unpaired electron is coupled to one ''B/'°B (4.77/
1.59 G) and four 'H nuclei (0.78 G), confirming delocalization
of the z-radical through the empty 2p orbital at boron. The
observed a(''B) of 4.77 G is considerably smaller than that of
[BMes;]*~ [a("B) = 10.32 G]."> Besides, the hyperfine
coupling constant of m-CH is also markedly smaller than that
of the Galvinoxyl radical (1.4 G)."® Both values suggest that
the majority of the spin density resides on the oxygen atoms.
Interestingly, by replacement of the coordinating CH,CN with
less coordinating THF (Figure S14) and DCM, a distinct
change in the EPR pattern was observed (Figure 2b). The EPR
signal of [Sb]*” in THF and DCM can be satisfactorily
simulated with hyperfine coupling to one boron atom [THEF,
a(*B)/a(**B) = 4.48/1.43 G; DCM, a(*'B)/a(**B) = 4.10/
1.19 G] and two hydrogen atoms [THF, a('H) = 1.50 G;
DCM, a('H) = 1.75 GJ, implying that the unpaired electron is
now localized on one of the phenol moieties because of
coordination of the sodium cation at the phenoxide fragment.

On the other hand, chemical oxidation of [2a]*~ can only be
carried out in cold CH;CN because of the poor solubility of
Na,[2a] in THF and the instability of the resulting radical
anion at ambient temperature. The observed EPR signal of
[5a]*” in CH4CN is reminiscent of that of [Sb] °*~ with
a(''B)/a(*°B) of 4.93/1.62 G and a('H) of 0.82 G (Figure
S9). However, while [5b]*™ is persistent in solution, the EPR
signal of [Sa]®” decreased dramatically at room temperature
and reached an EPR-silent state within a few minutes (Figure
3). Furthermore, continuous monitoring of the spectrum
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Figure 3. Time-delay EPR spectrum of [5a]®” in CH,CN at (a) 1,
(b) 500, (c) 1035, (d) 1570, and (e) 2107 s.

revealed the formation of a new radical species in the solution.
The new resonance signal centered at g, = 2.0043 features a
quintet line structure in relative intensities of 1:4:6:4:1 with a
coupling constant of 0.46 G. The observed EPR signal suggests
the formation of the 2,2',6,6'-tetra-tert-butyl-4,4'-biphenylse-
miquinone radical anion ([3]*7), which was later confirmed by
the independent generation of [3]°” from the one-electron
reduction of 3 (Figure S11).

Although the observation of an EPR-silent period (Figure
3c) during the transformation may suggest the formation of a
diamagnetic dimer of [5a]*~ ([(5a),]*”), monitoring of the
evolution of the EPR signal during the process revealed that
the disappearance of [5a]®” follows first-order kinetics with
respect to [5a]®” (Figure S13). Unfortunately, all attempts at
the isolation and characterization of the short-lived diamag-
netic intermediate were unsuccessful. Therefore, the exact
decomposition pathway of [Sa]*” to [3]*” remains unresolved
at the moment. Nevertheless, the observed rapid decom-
position of the mesityl-subsituted boryl-linked phenoxide—
phenoxyl radical anion in stark contrast to the supermesityl
derivative implies that the nucleophilic attack at boron
potentially initiates the decomposition of [Sa]®™.

The presence of a bulky supermesityl group at boron turned
out to be essential in realizing the boron-linked diradical
(6b°*). The neutral diradical species could be generated by
adding 2 equiv of AgOTf to the THF/hexane (1:3) solution of
[2b]*” at 195 K. After stirring for 30 min, the solvents were
removed under vacuum at a temperature below 240 K. The
resulting dark-blue solid mixture was then redissolved in
hexane for EPR measurement. At room temperature, the EPR
spectrum of the blue residue is essentially identical with that of
4b°. However, upon cooling of the sample to 77 K, a weak but
noticeable signal centered at 1694 G (Am, = 2 transition) was
observed, indicating the presence of a triplet diradical in the
mixture. The half-field signal becomes much more intense at
temperatures below 77 K (Figure 4). The temperature
dependence of the doubly integrated Am, = 2 signal (Igpg)
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Figure 4. EPR signal of 6b°* at the half-field region (Am, = 2

transition). The inset is the temperature-dependent EPR intensity.

The dotted line was generated by setting C = 1.9 X 107 and ] = 38
-1

cm” .

can be fitted according to the Bleaney and Bowers equation,
where C is a constant and ] is the exchange integral."* The
fitting result gives a positive ] value of 38 + S cm™', confirming
the ferromagnetically coupled ground triplet state with a AEgy
value of 0.91 kJ/mol (2]). In comparison, a weak
antiferromagnetic coupling was observed in a boron-linked
trisnitroxide triradical, which features an energy gap of 0.082
kJ/mol.”™ Unfortunately, the zero-field splitting D and E
parameters of 6b®® derivable from the Am, = 1 transition or
susceptibility measurement could not be evaluated because of
the presence of 4b°® in large quantity, which obscured the
triplet signal. However, the appearance of an almost Gaussian
line shape of the half-field transition would render a very small
E value, which is similar to that observed in Yang’s biradical."®

Radical 6b°** was found to be reactive toward THE,
tetrahydropyran, and CH;CN. 6b*® obtains a hydrogen atom
from solvent molecules to form the phenolphenoxyl radical
4b®, which then further decomposes to 1b (Scheme 1).
Unfortunately, such an undesired decomposition pathway
could not be avoided because of the poor solubility of Na,[2b]
and Na[5b] in solvents other than THF and CH;CN.

The instability of [Sa]®” is rather peculiar given the fact that
the Galvinoxyl radical features merely a methine group
between the two phenol rings. Apparently, the electronic
property of the bridging fragment plays a determinant role in
the stability of the radical. We postulate that the instability of
the radical might have resulted from the lack of quinoidal
contribution in [$a]®”, leading to an electron-deficient neutral
boron atom and a nucleophilic phenoxide anion. To have a
better understanding of the effect of sp* boron on z-conjugated
organic radicals, theoretical computations on a simplified
Galvinoxyl radical (7°) and its isoelectronic boron-linked
radical anion ([8]°7) were performed with the density
functional theory method at the uB3LYP/6-311+G** level
of theory using the Gaussian 09 program.'® Geometry
optimization suggests the presence of a partial 7 bond between
the central atom and phenol rings (Figure S). However, the
B—C z-bonding extent in [8]°~ is obviously lower than that of
the C—C bond in 7°. While the calculated B—C bond distance
of 1.533 A is 2.8% shorter than that of Ph;B (1.577 A), the
Coridge—Cphenol bond (1.408 A) has shrunk about 8.6% in 7°
compared to the typical C—C single bond (1.54 A). In
accordance, the calculated spin distribution is more polarized

Figure S. Optimized geometry of 7° and [8]°~ with the spin-density
distribution (isovalue = 0.003). The percentage of spin-density
distribution is presented using the square of the Mulliken spin density.

in [8]°" with significant unpaired electron densities accumu-
lated at the oxygen atoms (avg. 7.85% in 7°; 11.04% in [8]°7)
and the ipso-carbon atoms (avg. 17.15% in 7% 21.38% in
[8]°7). Overall, substitution of the p-quinone methide
fragment with p-quinone borataalkene not only introduces an
electrophilic site to the molecule but also enhances the
nucleophilicity of the oxygen atoms. Therefore, [$]°7 is
considerably more reactive than the carbon analogue of the
Galvinoxyl radical.

B CONCLUSION

In summary, radicals having two phenol groups connected by a
trivalent boron center were prepared and investigated with
EPR spectroscopy. The extent of delocalization of an unpaired
electron in monoradicals was found to be associated with the
availability of phenoxide lone pairs. A localized spin
distribution was observed when the phenoxide moiety is
protonated (4b*) or coordinated by a sodium cation ([Sb]*~
in DCM and THF). In addition, the ferromagnetic coupling of
the two phenoxyl radicals in 6b*® results in a triplet ground
state of the diradical with a AEg value of 0.91 kJ/mol, which is
consistent with the small gap between the two highest singly
occupied orbitals (—6.02 and —6.36 eV; Figure S21). Unlike
the stable Yang’s biradical, 6b°*® decomposes rapidly via
stepwise hydrogen-atom abstraction to yield 4b® and the
corresponding bisphenol (1b).

In general, the introduction of the tricoordinate boron atom
increases the reactivity of the phenoxyl radical as a result of the
reduced contribution of the quinoidal structure and more
polarized spin distribution in the phenoxyl radical. Thus,
kinetic protection of the electron-deficient boron center and
the electron-rich oxyl radical plays a determinant role in the
stability of these boron-linked 7-conjugated radicals. However,
the enhanced reactivity of radical species should be viewed as
an opportunity to discover unusual reaction pathways of
radicals. As shown in this work, the unexpected C—C coupling
of phenol groups observed during the decomposition of [Sa]®~
is an intriguing finding. Elucidating the reaction mechanism
would potentially result in a new approach to the boron-
mediated C—C coupling reaction.'” A more detailed
exploration of the decomposition of [Sa]®” to [3]°” with
theoretical calculation and a spin-trapping experiment is
currently under investigation.
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