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ABSTRACT: Tandem intramolecular electrophilic arene
borylation was developed to facilitate access to B-doped
polycyclic aromatic hydrocarbons (PAHs). DFT calculations
revealed that electrophilic arene borylation occurred via a four-
membered ring transition state, in which C−B and H−Br
bonds formed in a concerted manner. An organic light-
emitting diode employing the B-doped PAH as an emitter and
a B-doped PAH-based field-effect transistor were successfully
fabricated, demonstrating the potential of B-doped PAHs in
materials science.

Heteroatom-doped graphene is one of the most attractive
materials for a field-effect transistor (FET), an anode in

Li-ion batteries, and a cathode catalyst in fuel cells.1,2 A
promising method for producing it is by chemical doping of
heteroatoms into graphene.1 Another promising method is
chemical vapor deposition, which has been applied for the
synthesis of nitrogen-doped graphene.2 However, typically,
complex mixtures have been obtained by these approaches, and
the effect of doping on physical properties has not been
elucidated in detail. For these reasons, it is desirable to develop
a bottom-up synthesis based on the surface-assisted coupling3

or amplification sheet growth4 of heteroatom-doped polycyclic
aromatic hydrocarbons (PAHs),5 which is potentially advanta-
geous for the production of well-defined heteroatom-doped
graphene.
Recently, B-doped PAHs have attracted significant attention

not only as a starting unit for bottom-up synthesis but also as a
well-defined substructure for B-doped graphene. Yamaguchi
and co-workers have synthesized B-doped PAHs by dehydro-
genative aromatic C−C coupling and have reported their
remarkable chemical and thermal stabilities.5d,e However, from
the materials science viewpoint, it is desirable to establish a
robust, scalable reaction for constructing B-doped PAH
frameworks. Herein, a novel, facile approach based on tandem
intramolecular electrophilic arene borylation is reported6

(Scheme 1). The reaction developed herein is simple and
affords products in high yield, thereby facilitating gram-scale
synthesis of B-doped PAHs. The mechanistic details are
elucidated by density functional theory (DFT) calculations.
Moreover, an organic light-emitting diode (OLED)7 employing
the B-doped PAH as an emitter and a B-doped PAH-based

FET8 are fabricated to demonstrate its promising potential in
materials science.
Scheme 2 shows the synthetic route: The 2 position of 1,3-

dichlorobenzene underwent selective lithiation, followed by
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Scheme 1. Tandem Intramolecular Electrophilic Arene
Borylation toward B-Doped Polycyclic Aromatic
Hydrocarbons (PAHs)

Scheme 2. Synthesis of B-Doped PAH 3
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treatment with 2 equiv of 1-naphthylmagnesium bromide, to
afford m-teraryl iodide 2 in 79% yield by quenching with
iodine.9 Next, 2 was subjected to lithium−halogen exchange,
followed by the trapping of the resulting aryllithium with boron
tribromide, to afford m-terarylboron dibromide 2a. Next, the
additives and reaction conditions were carefully screened; the
tandem intramolecular electrophilic arene borylation of 2 was
achieved at 100 °C in the presence of 2 equiv of EtNiPr2 to
afford B-doped PAH 3 in 55% yield. In the absence of EtNiPr2,
the product was obtained in 2% yield, indicating the
reversibility of the current reaction. Notably, synthesis of 3
by nickel(0)-mediated Yamamoto C−C coupling was reported
by Wagner et al. very recently.10 Compound 3 was prepared in
three steps from (2,6-dibromophenyl)dimethylboronate using
1-bromo-8-iodonaphthalene as a coupling partner. Although
the overall yield of the present two-step protocol (43% yield) is
comparable to that of the three-step protocol reported by
Wagner et al. (42% yield), the commercial availability of 1,3-
dichlorobenzene and 1-naphthylmagnesium bromide is a
marked advantage for large-scale production.
As shown in Scheme 3, the versatility of the current reaction

was demonstrated by the synthesis of B-doped PAH derivatives

4. In the presence of 2 equiv of EtNiPr2, the tandem
intramolecular electrophilic arene borylation of m-terarylboron
dibromide 5a, prepared from 5, occurred at 50 °C to afford B-
doped PAH 4 in 65% yield. As 4 was practically insoluble in
toluene, it was observed as an orange precipitate in the reaction
vessel. Interestingly, the reaction smoothly occurred in the
absence of EtNiPr2 to afford 4 in 82% yield. It is hypothesized
that the formation of the precipitate changed the equilibrium of
borylation.
To obtain detailed insight into the reaction mechanism, DFT

calculations, by the use of the B3LYP-D hybrid functional with
the 6-311+G(d,p) basis set, were performed to locate
energetically reasonable reaction coordinates starting from 2a
(Figure 1). The first cyclization occurred via TS1 with an
activation energy of 29.8 kcal/mol (ΔG). Interestingly, TS1
contained a σ-bond metathesis-like four-membered structure, in
which C−B bond formation and C−H bond cleavage occurred
in a concerted manner. The resulting INT1 containing HBr was
1.1 kcal/mol less stable than the starting precursor 2a. Then,
HBr was successfully trapped with EtNiPr2 in a highly
exothermic process, to afford INT2. The second cyclization
from INT2 to target compound 3 was very similar to the first
cyclization. The activation energy was slightly higher (30.6
kcal/mol), probably because of the less electrophilic nature of
the boron center embedded in the π-conjugated framework.
The second cyclization was also reversible but was completed
with the exothermic trapping of HBr with EtNiPr2, which is in
good agreement with the experimental results.
Figure 2 shows the X-ray crystallographic structures of 3. The

results were almost identical to those observed in the previous

study.10 The boron center adopted trigonal planar geometry
with three C−B−C bond angles of 116.7(1)°, 116.7(1)°, and
126.6(1)°, respectively (total: 360.0°). Because of the steric
repulsion between the hydrogen atoms at the β-position of the
boron atom, 3 adopted a helical structure. Although 3 exhibited
a nonplanar structure, it was stable toward oxygen, 1 N HCl,
and 1 N NaOH. Moreover, decomposition was not observed
even at the melting point (174 °C). The three C−B bond
lengths were 1.542(2), 1.558(2), and 1.558(2) Å, respectively,
indicating single-bond character;11 this result is in good
agreement with the nonaromatic character of the BC5 rings
suggested by NICS calculation (NICS(0) = 5.9), performed at
the B3LYP/6-311+G(d,p) level based on the optimized
structures at the B3LYP/6-31G(d) level.
Table 1 summarizes the photophysical properties of B-doped

PAH 3 and 4. In toluene, 3 and 4 exhibited strong absorption
bands (ε = 23 100 and 19 850) with maximum (λabs) values at
466 and 495 nm, respectively, attributed to the HOMO−
LUMO transition by TD-DFT calculation, performed at the
B3LYP/6-311+G(d,p) level based on the optimized structures
at the B3LYP/6-31G(d) level. Interestingly, 3 and 4 exhibited
strong green fluorescence at 491 and 516 nm with PL quantum
yields of 90% and 79%, respectively.12 The significant red shift
in 4 is attributed to the efficient hyperconjugation between the
aromatic π orbitals and the aliphatic σ orbitals. The radiative
rate constant of 4 was comparable to that of 3 (kr = 1.43 × 108

vs 1.49 × 108 s−1, respectively); however, the nonradiative rate
constant of 4 was less than that of 3 (knr = 1.6 × 109 vs 4.0 ×
109 s−1, respectively), indicating that the structural flexibility of
the substituents accelerates nonradiative decay.

Scheme 3. Synthesis of B-Doped PAH 4

Figure 1. Reaction pathway for electrophilic arene borylation
calculated at the B3LYP-D/6-311+G(d,p) level in the presence of
toluene by placing the solute in a cavity within the solvent reaction
field. Gibbs free energies (kcal/mol) relative to 2a (above) or INT2
(below) are shown in parentheses.

Figure 2. ORTEP drawings of 3. Thermal ellipsoids are shown at 50%
probability; hydrogen atoms are omitted for clarity. NICS(0) values
are shown in parentheses.
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The redox potential of 3 was measured in CH3CN by CV: a
reversible reduction wave with a peak potential at −1.76 V (vs
ferrocene/ferrocenium) was observed. On the other hand, an
irreversible oxidation wave was observed; thus, its potential as
determined by differential pulse voltammetry (DPV) is 0.92
V.13 To obtain further information, we prepared a film of 3 by
vacuum deposition under a pressure of 5.0 × 10−3 Pa. The
ionization potential (Ip) of the film was determined by
photoelectron spectroscopy in air to be 5.36 eV, comparable
to that estimated from its oxidation potential determined by
DPV (5.72 V). Similarly, the electron affinity (Ea = 2.97 V),
estimated from Ip and the optical band gap (Eg = 2.39 V), was
comparable to that estimated from its oxidation potential
determined by CV (3.04 V). Notably, 4 exhibited an Ip (5.20
eV) slightly smaller than that of 3 because of the electron-
donating property of the substituents.
For the optimum use of the fluorescent B-doped PAHs, an

OLED employing 3 as an emitter was fabricated with the
following structure: indium tin oxide (ITO, 150 nm);
dipyrazino[2,3-f:2′,3′-h]quinoxaline-2,3,6,7,10,11-hexacarbo-
nitrile (HAT-CN, 10 nm); N,N′-di-(1-naphthyl)-N,N′-diphen-
yl-(1,1′-biphenyl)-4,4′-diamine (NPD, 60 nm); 5 wt % of 3 and
95 wt % of 9,10-di(2-naphthyl)anthracene (ADN, 20 nm);
1,3,5-tris(1-phenyl-1H-benzo[d]imidazol-2-yl)benzene (TPBi,
30 nm); LiF (1 nm); Al (100 nm). As shown in Table 2, the

device exhibited a green electroluminescence with the
Commission Internationale d’Eclairage coordinates of (0.25,
0.60), as well as a promising performance with respect to the
driving voltage and luminous efficiencies.14

To demonstrate the potential of B-doped PAHs as a
semiconducting material, an FET with bottom-gate top-contact
configuration was fabricated. The semiconductor film was
prepared by spin-coating a chloroform solution of 3. Figure 3
shows the transfer and output curves, indicating p-type
modulation. The hole mobility, threshold voltage, and on−off
ratio estimated from the saturation regime were 2.0 × 10−4 cm2

V−1 s−1, − 29.1 V, and 2 × 103, respectively.

In summary, tandem intramolecular electrophilic arene
borylation was developed for providing facile access to B-
doped PAHs. This simple, practical strategy was advantageous
for the further extension of π-conjugated frameworks and the
introduction of multiple boron atoms, which may spur a
bottom-up approach to boron-doped nanocarbons. DFT
calculations revealed that electrophilic arene borylation
occurred via a four-membered ring transition state, in which
C−B and H−Br bonds formed in a concerted manner.
Moreover, an organic light-emitting diode and a field-effect
transistor were fabricated to demonstrate the promising
applications as emitting and semiconducting materials.
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Table 1. Photophysical Data for 3 and 4a

λab
b

(nm) ε (M−1 cm−1)
λem

c

(nm) ΦF
d

τF
e

(ns)
kr/knr

f

(108 s−1)

3 466 23 100 491 0.90 6.31 1.43/0.16
4 495 19 850 516 0.79 5.28 1.49/0.40

aUV−vis absorption and fluorescence spectra were measured in
toluene (2.0 × 10−2 mM). bOnly the longest absorption maximum was
indicated for each compound. cEmission maxima upon excitation at
340 nm. dAbsolute fluorescence quantum yields determined by a
calibrated integrating sphere system with ≤3% error. eFluorescence
lifetime measured at an emission maxima on excitation at 340 nm.
fThe radiative and nonradiative rate constant (kr and knr) were
calculated from ΦF and τF using the formula kr = ΦF/τF and knr = (1 −
ΦF)/τF, respectively.

Table 2. Properties of OLED Employing 3 as an Emittera

Von (V) λmax (nm) ηc (cd A−1) ηp (lm W1−) ηext (%) Lmax (cd m−2)

3.5 506 8.7 7.2 2.7 13420
aAbbreviations: Von, voltage required for 1 cd m−2; λmax, emission
maxima; ηc, maximum current efficiency; ηp, maximum power
efficiency; ηext, maximum external quantum efficiency; Lmax, maximum
luminance.

Figure 3. (a) Output and (b) transfer characteristics of an FET device
using a spin-coated film of 3 on a Si/SiO2 substrate.
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ACS Nano 2014, 8, 3337. (e) Zhang, J.; Li, J.; Wang, Z.; Wang, X.;
Feng, W.; Zheng, W.; Cao, W.; Hu, P. Chem. Mater. 2014, 26, 2460.
(3) (a) Otero, G.; Biddau, G.; Sańchez-Sańchez, C.; Caillard, R.;
Loṕez, M. F.; Rogero, C.; Palomares, F. J.; Cabello, N.; Basanta, M. A.;
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