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ABSTRACT: Novel boron-fused double [5]helicenes
were synthesized from hexabromobenzene in two steps
via Hart reaction and demethylative cyclization. The
parent helicene shows excellent ambipolar conductivity,
which can be explained by unique 3D π-stacking with a
brickwork arrangement. Moreover, the introduction of
four tert-butyl groups suppresses racemization, enabling
optical resolution. The enantiomerically pure helicene
shows deep blue fluorescence with Commission Inter-
nationale de l′Eclairage coordinates of (0.15, 0.08) and
circularly polarized luminescence activity.

Helicenes have attracted considerable attention because of
their inherent chirality, which results in unique

chiroptical properties and dynamic behavior involving self-
assembly.1 Incorporation of heteroatoms into the helicene
skeleton is a promising way of changing the electronic structure
and modulating physical properties.2 Another approach is to
introduce multihelicity, which can provide multidimensional
intermolecular interactions in the solid state, desirable features
for application in crystal engineering, and facilitate supra-
molecular assembly.3 Therefore, over the past decade intensive
effort has been devoted to the synthesis of heterohelicenes with
multihelicity.4 However, to the best of our knowledge, the
incorporation of boron atoms into multihelical π-conjugated
systems has not been established so far due to the lack of a
suitable methodology and requirement of a multistep synthesis.
Herein, we report a facile and scalable synthesis of double
[5]helicenes possessing two boronate substructures at the ring
junction (Scheme 1). The key to success is the combined use of
Hart reaction5 and boron-assisted demethylative cyclization,
which enable us to construct the helicene skeleton in two steps
from commercially available compounds. Parent helicene 1a
shows excellent ambipolar conductivity, and derivative 1b
containing four tert-butyl groups exhibits efficient circularly
polarized luminescence, suggesting potential applications in
materials science.
The synthesis of 1a and 1b is summarized in Scheme 1. The

Hart reaction between hexabromobenzene and o-anysylmagne-
sium bromide proceeded smoothly at 50 °C to afford 2,3,5,6-
tetra(o-anysyl)-1,4-diiodobenzene 2a in 21% yield upon

iodination quenching. Lithium-halogen exchange in 2a and
subsequent trapping of the resulting aryllithium with boron
tribromide gave the diborylated intermediate 3a, which readily
underwent boron-assisted demethylative cyclization at 40 °C to
afford 1a in 55% yield. The introduction of bulky tert-butyl
groups did not interfere with these reactions: 1b was prepared
from hexabromobenzene in two steps, demonstrating the
versatility of the strategy. Notably, 1a and 1b show substantial
chemical and thermal stability: decomposition was not
observed during silica gel column chromatography or heating
at 200 °C in air.
The helical structure of 1a was determined by X-ray

crystallography (Figure 1a). The B−C and B−O bond lengths
are 1.518−1.522 and 1.369−1.371 Å, respectively, indicating
their single bond character. Furthermore, the C1−C2 and C4−
C6 bond lengths (1.411(2) and 1.409(2) Å, respectively) are
much shorter than that of the C2−C4 bond (1.477(2) Å). The
strong bond alternation of the BOC4 rings may account for the
small nucleus-independent chemical shift (NICS(0)) value6 of
1.3 (Figure 1c). In contrast, the surrounding C6 rings, including
the distorted central benzene ring, show large negative
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Scheme 1. Synthesis of Boron-Fused Double [5]Helicenes
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NICS(0) values. Notably, molecular orbital calculations
indicate that the HOMO and LUMO are spread over the C6
rings rather than the boron and oxygen atoms, accounting for
the substantial stability of 1a (Figure 1d). The NICS(0) values
and HOMO and LUMO of carbon analogue 4, tetrabenzo-
[a,f,j,o]perylene,7 are shown in Figures 1e,f. In stark contrast,

the central C6 ring shows a positive NICS(0) value, indicating
substantial antiaromatic character. The dihedral angles between
the planes of the terminal rings (A−A′ and B−B′) are
comparable (48°) to that of the optimized structure of 4 (49°)
from density functional theory (DFT) calculations.6 The
unique 3D packing structure of the heterochiral crystal is
shown in Figure 1g,h. The (P,P)- and (M,M)-isomers are
arranged in an offset face-to-face stacking array along the a-axis
with a π−π distance of 3.2−3.4 Å. In the heterochiral array,
unilateral tetracenes do not contribute significantly to the π-
stacking along the a-axis and thus interact with the adjacent
heterochiral array along the b-axis to build the brickwork
arrangement (Figure 1g).8 Moreover, both the tetracenes
interact with the adjacent array along the c-axis to build the
herringbone arrangement (Figure 1h). Such 3D π-stacking is
ideal for application as a semiconducting material. The
structure of derivative 1b was also determined by X-ray
crystallography.9 Due to the bulkiness of the tert-butyl groups
and incorporation of the solvent used for recrystallization,
efficient π-stacking was not observed. Notably, the introduction
of tert-butyl groups does not substantially change the helical
structure, but does interfere with the π-stacking.
Encouraged by the unique brickwork arrangement, we

investigated the carrier-transport properties of 1a by time of
flight (TOF) measurements.9 Vacuum-deposition was con-
ducted at 5.0 × 10−3 Pa to give a stable amorphous film
(thickness: 3.6 μm) and then the transient photocurrent was
measured under electric fields of 2.0−3.5 × 105 V cm−1 (Figure
2). Helicene 1a showed balanced ambipolar conductivity (μh =

5.7 × 10−3 cm2 V−1 s−1, μe = 7.9 × 10−3 cm2 V−1 s−1), superior
to those of representative amorphous ambipolar materials, CBP
(μh = 2 × 10−3 cm2 V−1 s−1, μe = 3 × 10−4 cm2 V−1 s−1)10 and
mCP (μh = 3.2 × 10−4 cm2 V−1 s−1, μe = 2.0 × 10−4 cm2 V−1

s−1),11 indicating its high potential for materials science
applications.
To obtain deeper insight into the dynamic behavior of 1a

and 1b, DFT calculations were conducted for the isomerization
process (Figure 3).6 The isomerization barrier (ΔG‡) from
chiral isomers ((P,P)- or (M,M)-1a)) to the meso isomer
((P,M)-1a) was 23.0 kcal mol−1 (at 298.15 K), which is
comparable to that of [5]helicene.12 Notably, the meso isomer
was less stable than the chiral isomers by 5.0 kcal mol−1, which
accounts for its nondetection during the preparation of 1a. The
isomerization barrier was substantially increased (31.8 kcal
mol−1) by introducing tert-butyl groups, which allowed us to
separate (P,P)- and (M,M)-1b by chiral HPLC on a DAICEL

Figure 1. (a,b) ORTEP drawing and (g,h) packing structure of 1a
obtained by X-ray crystal analysis. Thermal ellipsoids are shown at
50% probability. (P,P)-isomer, blue; (M,M)-isomer, pink. NICS(0)
values and the Kohn−Sham highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular (LUMO) of 1a (c,d)
and tetrabenzo[a,f,j,o]perylene (e,f) are also shown.

Figure 2. (a) Logarithmic mobilities of 1a versus the square root of
the electric field and (b) photocurrent profiles under an electric field of
3.5 × 105 V cm−1 for holes (red) and electrons (blue).
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CHIRALPAK IE-3 column (eluent: toluene). By using one of
the chiral isomers, the isomerization barrier was determined as
29.0 kcal mol−1,9 which agrees fairly well with that estimated by
DFT calculation.
The photophysical properties of 1a and 1b in CH2Cl2 are

summarized in Figure 4. As shown in Figure 4a,b, the UV−
visible absorption and fluorescence spectra of 1b are slightly
red-shifted (λab, λem = 411, 436 nm) from those of 1a (λab, λem
= 405, 430 nm) due to hyperconjugation between the tert-butyl

groups and the π-system. These absorption and emission bands
were assigned by time-dependent DFT (TD-DFT) calculations
to HOMO−LUMO transitions.6 Commission Internationale de
l′Eclairage coordinates of 1a and 1b are (0.15, 0.05) and (0.15,
0.08), which are very close to the color coordinates for pure
blue, (0.15, 0.06), defined by Adobe RGB and suitable for
organic light-emitting diodes. Notably, the absolute fluores-
cence quantum yields of 1a and 1b are 68% and 65%,
respectively, which are record-setting values for double
helicenes.3 The fluorescence lifetimes and radiative and
nonradiative decay rate constants of 1a and 1b are almost
identical, suggesting that the introduction of tert-butyl groups
can suppress isomerization with negligible effects on the
photophysical properties. Figure 5 shows the circular dichroism

(CD) spectra of 1b in CH2Cl2. The spectra of the two
enantiomers appear as mirror images, and the absolute
configuration of each enantiomer was determined by
comparison with the CD spectra obtained by TD-DFT
calculations. Notably, 1b exhibits circularly polarized lumines-
cence (CPL) activity. The CPL anisotropy factor (glum) was
measured as 1.7 × 10−3 for both enantiomers, which is
comparable to the values observed for other helicenes.2−4

In summary, we developed a two-step protocol for the
synthesis of boron-fused double [5]helicenes. The novel double
helicenes show excellent ambipolar conductivity, deep blue
fluorescence, and CPL activity, suggesting their potential as
(opto)electronic materials. The simple and scalable protocol is
promising for further extension of the π-system and
introduction of various heteroatoms, which will provide
functional materials with multihelicity.
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Figure 3. Isomerization process for (a) 1a and (b) 1b calculated at the
B3LYP/6-31G(d) level. Relative Gibbs free energy (kcal mol−1) is
shown in parentheses.

Figure 4. Normalized absorption (red) and fluorescence (blue)
spectra of (a) 1a and (b) 1b (0.02 mM in CH2Cl2) with photophysical
data. Abbreviations: ε, absorption coefficient at an absorption
maximum; ΦF, absolute PL quantum yield; τF, fluorescence lifetime
measured at an emission maximum; kr, radiative rate constant; knr,
nonradiative rate constant.

Figure 5. CD (solid line) and CPL (dotted line) spectra of (P,P)-1b
(red) and (M,M)-1b (blue) (0.01 mM in CH2Cl2). The black lines
show the CD spectrum for (M,M)-1b calculated by TD-DFT at the
B3LYP/6-311+G(d,p) level.
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