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Abstract: Stepwise reduction of 9,10-bis(dimesitylboryl)an-
thracene afforded an radical anion and a dianion, accompa-
nied by stepwise changes of the aromaticity of the anthracene
moiety. The radical has a planar semiquinoidal structure, while
the dianion has a puckered quinoidal structure. The alteration
of the geometries of the 9,10-bis(dimesitylboryl)anthracene
upon reduction is rationalized by the nature of the bonding.
These results have been confirmed by cyclic voltammetry, X-
ray crystallography, NMR, EPR, and UV-vis-NIR spectrosco-
py, as well as DFT calculations.

Because of the inherent electron deficiency, boron-based
compounds can easily accept electrons to form reduced
derivatives which possess unique chemical properties. They
not only are important for understanding chemical bonding
but also play essential roles in organic synthesis and func-
tional materials."! Consequently, stabilization and isolation of
their reduced species has become one of the most active
research fields!" in boron-based chemistry. Continuous efforts
have led to the emergence of a number of stable boric radical
anions®? and anions,” which have been isolated and structur-
ally characterized. However, as an important part of boron
reduction chemistry, investigations for the reduction behav-
iors of diboryl-substituted compounds have just begun,** and
so far only little (Scheme 1) is known about their structures
and properties.F!

Boron-containing m-conjugated systems have emerged as
exciting subjects in contemporary organic materials chemis-
try,[(’] such as, chemosensors for the detection of fluoride ions,
nonlinear optical, charge-transport materials, as well as
emitters in organic light-emitting devices. Although the
structures of hundreds of neutral species are known, the
corresponding reduced radical and dianion species together
with X-ray structural data® % are rarely reported. Recently,
Marder and co-workers reported a centrosymmetric semi-
quinoidal radical anion (A; Scheme 1) and a quinoidal
dianion (B), which were obtained from a one- and two-
electron reduction of 2,7-bis(BMes,)pyrenel™, respectively.
Braunschweig and co-workers reported a crystalline dia-
nion®¥ (D) which exhibits a quinoidal structure featuring two
B=C bonds, and is available by two-electron reduction of 2,5-
bis(borolyl)thiophene. These interesting results display direct
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Scheme 1. Structurally characterized diboryl-substituted radical anions
and dianions.

evidence for the formation of radical anions and dianions, and
enhance the understanding of reduction chemistry of diboryl-
substituted compounds. Moreover, the investigation of their
carbon'! and nitrogen!® analogues demonstrated that the
linker units of m-conjugated moieties significantly influence
their electronic and crystal structures. Herein we chose the
anthracene moiety as a bridging group, which is favorable for
forming a good conjugated system with high delocalization,
and present the stepwise reduction behavior of its diboryl-
substituted derivative 1 (Scheme 2). We also describe the
electronic and structural characteristics of the radical anion
1" and dianion 1>". The experimental results show that the
former displays a semiquinoidal structure with perfectly
planar geometry and two boron atoms participate in the
aromatic system, while the latter possesses a puckered and
distorted quinoidal structure accompanied by a loss of
aromaticity in the central ring of the anthracene moiety.

1.2 equivK, excess K

18-crown-6, THF 1

or equimolar 12 18-crown-6, THF

1.0 equivK

18-crown-6,

/ \
Mes Mes

Scheme 2. Stepwise reduction of 1.
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Figure 1. Cyclic voltammogram of 1 (1x107°m) in THF containing
0.1 M nBu,NPF and measured at 100 mVs™' at room temperature.

9,10-Bis(dimesitylboryl)anthracene (1) was prepared
according to literature methods.”! The cyclic voltammetry of
1 in THF, with nBu,NPF; as a supporting electrolyte, shows
two quasi-reversible reduction waves at E;,=-—1.62 and
—1.82 V vs. Fc/Fc* (Figure 1; see Figure S1 in the Supporting
Information), and is comparable to that of 9,10-bis(di-9-
anthrylboryl)anthracene (E,,=—1.61 and —1.76 V vs. Fc/
Fc*),” thus indicating that the radical anion 1~ and dianion
17~ may be stable under these experimental conditions. The
separation of the first and second reduction waves (AE=
0.20 V) is smaller than that of 4,4'-bis(BMes,)-1,1’-biphenyl“"!
(AE=025V) and 2,7-bis(BMes,)pyrenel®® (AE=0.28V),
thus suggesting some degree of charge delocalization between
two borolyl fragments across the anthracene bridge. Addition
of excess potassium metal to a yellow THF solution of 1 and
18-crown-6 (18-C-6) leads to a red compound [K(18-C-
6)] [K(THF),(18-C-6)]"™1*~ (Scheme 2) in a moderate yield
within one day. The compound 1°~ is EPR silent in THF
solution and gives perfectly well-resolved NMR spectra with
chemical-shift values in typical ranges of diamagnetic species
([D4]THF). The "B NMR resonance (see Figure S2) of 1>
appears at 0 = 37.4 ppm, which is close to those in compounds
B.,”® D, and some previously reported borataalkenes!'” (see
Table S2). In the 'H and *C NMR spectra (see Figures S3 and
S4), all '"H and CNMR chemical shifts for 1>~ were
completely assigned. The 'H NMR resonances of the anthra-
cene group of 1>~ at d = 6.68 and 5.70 ppm are shifted upfield
by 0 =1.82 and 1.05 ppm, respectively, when compared to that
of 1. This shift is consistent with the loss of aromaticity of the
central ring in the anthracene moiety. A comproportionation
reaction between equimolar amounts of [K(18-C-6)]*[K-
(THF),(18-C-6)]"*1*" and 1 (Scheme 2) in THF at room
temperature provides dark green solution of 1'". The EPR
spectrum (see Figure S5) of 1 in THF confirmed the
existence of the radical anion 1. The absence of resolved
hyperfine coupling is likely due to the many different
couplings arising from a highly delocalized structure/>>>!1l
in which the spin density of the unpaired electron is
distributed over the anthracene moiety and BMes, units.

Crystals suitable for X-ray crystallographic studies were
obtained by cooling solutions of 1 and 1> in THF.
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Figure 2. a) 1 and b) 1>~ [top views (upper) and side views (lower)].
Thermal ellipsoids shown at 50% probability. All H atoms have been
omitted for clarity. Selected bond lengths [A] and angles [°]: in 17, B1—
C11.533(8), B1-C5 1.610(5), C1-C2 1.448(4), C2-C2a 1.426(6), C2-C3
1.418(4), C3-C4 1.360(5), C4-C4a 1.384(7), C1-B1-C5 122.3(2); C1-B1-
C5a 122.3(2), C5-B1-C5a 115.4(5), C2-C1-C2a 115.8(4), C2-C1-B1 122.1-
(2), C2-C1-B1 122.1(2); in 1: B1-C1 1.486(7), B1-C15 1.624(7), B1-
€24 1.639(7), B2-C8 1.483(6), B2-C33 1.639(6), B2-C42 1.626(6), C1—
C2 1.476(6), C1-C14 1.491(6), C2—-C3 1.402(6), C2—-C7 1.440(6), C3-C4
1.402(7), C4-C5 1.391(6), C5-C6 1.396(6), C6-C7 1.399(6), C7-C8
1.475(6), C8-C9 1.478(6), C9~C10 1.415(6), C9-C14 1.424(6), C10-C11
1.395(7), C11-C12 1.372(7), C12-C13 1.385(6), C13-C14 1.393(6); C1-
B1-C15 122.4(4), C1-B1-C24 125.6(4), C15-B1-C24 111.7(4), C8-B2-C42
123.1(4), C8-B2-C33 127.0(4), C42-B2-C33 109.7(3), B1-C1-C14 121.2-
(4), C2-C1-B1 127.1(4), C2-C1-C14 111.6(4), C7-C8-C9 112.1(4), C7-C8-
B2 120.8(4), C9-C8-B2 126.8(4).

Figures2a and b display the solid-state structures of
[K(THF),(18-C-6)]"1~ and [K(18-C-6)]'[K(THF),(18-C-
6)]"-1>", respectively. A list of their important structure
parameters, as well as those of 1, is given in Table S3.
[K(THF),(18-C-6)]"[1""] consists of a discrete cation
[K(THF),(18-C-6)]" and radical anion 1°. Whereas for
[K(18-C-6)]"[K(THF),(18-C-6)]*1>~, except for the fully
separated cation [K(THF),(18-C-6)]", the other [K(18-C-
6)]" interacts with aromatic ring through a cation— inter-
action (see Figure S6). In all the structures, B1 (or B2) and C1
(or C8) adopt a trigonal-planar geometry. The B1-C1 (or
B2-C8) bond (see Table S3) undergoes an obvious shortening
on going from 1 to 1~ to 1*~, while B1(or B2)-C(Mes) and
Cl(or C8)-C(Ar) (see Table S3) significantly lengthen. Sim-
ilar trends have been found in the reducing processes of the
acridinium borane cation,?*! 2,7-bis(BMes,)pyrene,*® and
2,5-bis(borolyl)thiophene.*!

For 1, the B1-C1 bond length [1.533(8) A] is between
a B—C (~1.59 A) bond measured in bulky triarylboranes and
a B=C bond observed in borataalkenes.">*'”) The dihedral
angle formed by the B—C3 trigonal plane [B1 (or B2) with the
adjacent carbon atoms] and the anthracene moiety decrease
on going from 1 to 1'~ (53.0° in 1, 41.9° in 1'"; see Figure S7).
The observed bond length alternation (BLA)P™®! of the
anthracene moiety (0.030 A) testifies to a semiquinoidal
structure, thus indicating strong conjugation between the
boron centers and the anthracene bridge, and decreased
aromaticity of the anthrance moiety upon injection of one
electron into the parent 1. For 177, the structure clearly shows
two B=C bonds [B1-C1 1.486(7) A, B2-C8 1.483(6) A] which
are slightly shorter than the B=C bond in B [1.510(3) A]
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and DP9 [1.523(4) and 1.509(4) A], but in the range of known
B=C(aryl) double bonds (see Table S4).!'"! The formation of
these B=C bonds causes the significant lengthening of C1(or
C8)-C (Ar) (see Table S3) bonds, which do not possess the
double-bond character of aromatic ring. Thus the aromaticity
is completely lost in the central ring of the anthracene moiety.
In another word, the injection of two electrons into the parent
1 leads to the formation of the puckered geometry and the
distorted quinoidal structure of 1°~ (Figure 2b; see Fig-
ure S8), simultaneously giving rise to the change of aroma-
ticity. Moreover, the BLA of the anthracene unit (0.022 A) is
significantly decreased compared with that of 1" and the
recently reported B (0.058 A), thus indicating a decreased
quinoidal structure. This result is also different from its
isoelectronic nitrogen analogue reported by Wang and co-
workers,® wherein the analogue has a planar geometry and
possess a characteristic resonance structure which is between
that of an open-shell diradical and a closed-shell quinonoid
form.

To further understand the experimental results, we carried
out DFT calculations! for the model 1,
(Mes,BC,HsBMes,) and its reduced species 1", and lz’opt.
The geometry optimizations were performed at the
(U)B3LYP/6-31G(d) level of theory. The calculated structural
parameters of 1,, and its reduced species are in good
agreement with those of X-ray experimental data (see
Table S3). Consistent with the experimental data, the
B1—C1 (or B2—C8) bond becomes shorter, whereas the Bl
(or B2)-C(Mes) and Cl(or C8)—C(Ar) bond distances
become longer when going from 1, to 17, to 12’01,1. The
alteration of the B—C and C—C bond lengths can be explained
by the nature of B—C and C—C bonding. As shown in Figure 3,
the LUMO of 1, is mainly & (B1=Cl and B2=CS8), an in-
phase combination of p orbitals of boron and carbon atoms.
The 7 (B1=C1 and B2=CS8) orbital (LUMO; Figure 3a) in 1,
is empty, but it is singly occupied in 1", (SOMO; Figure 3b)
and doubly occupied in 1*°,, (HOMO; Figure 3c). The
increase in the occupation of the m (B1=Cl and B2=CS8)
orbital leads to a shortening of the B1—C1 (or B2—C8) bond,
and finally causes puckering of the anthracene moiety
accompanied by the changed aromaticity of the anthracene
moiety. The calculated bond order!” (Mayer 0.90, Wiberg

SOMO (1",

HOMO (1%,,)
Figure 3. a) LUMO of 1,,,. b) SOMO of 1°,,. ¢) HOMO of 1°,,.
d) Spin density map of 1.

Spin density map (1",,)
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0.98 for 1,,; Mayer 1.12, Wiberg 1.17 for 1",,;; Mayer 1.44,
Wiberg 1.48 for 1°~ ;) of B—C further supports the sequential
changes of experimental B—C bond and the formation of B=C
bond. These bond orders are smaller than the corresponding
theoretical values, possibly because of the polarization of the
B—C bond.® In addition, the calculated spin density (Figure
3d) of 1", is mainly localized on boron atoms (0.266¢ x 2)
and the adjacent carbon atoms (0.142 e x 2) of the anthracene
moiety. Together with the experimental data, these calculated
results suggest that the reduction of 1 leads to the formation
of the planar semiquinoidal structure 1~ and puckered
quinoidal structure 1%~

The UV-vis-NIR absorption spectra of 1>~ and 1"~ in THF
show a maximum absorption peak at A=776 and 952 nm,
respectively (see Figure S9). Judging from the time-depen-
dent DFT (TD-DFT) calculation,™ the maximum absorption
of 1°,, [PBEPBE/6-311G(d,p) level] is assigned to
HOMO —LUMO (49 %), HOMO —LUMO +2 (25%), and
HOMO—LUMO +4 (25%) electronic transitions (see Fig-
ure S10), while the maximum absorption of 1", (UCAM-
B3LYP/6-311G(d,p)) is assigned to HOMO(a)—=LUMO(a)
electron transitions (see Figure S11).

In conclusion, we have described the stabilization and
characterization of the radical anion 1~ and dianion salt 1*".
The former shows a planar semiquinoidal structure while the
latter has a puckered and distorted quinoidal structure.
According to the experimental and computational results,
a clear shortening of boron—carbon &t bond, as well as changes
of aromaticity of the anthracene moiety were verified upon
one- and two-electron reduction. Further studies on the
chemical reactivities of these reduced species are under way.
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