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Abstract: A novel synthetic strategy was developed for the
construction of difficult-to-access structurally constrained
boron-doped polycyclic aromatic hydrocarbons (sc-B-PAHs)
via a cascade reaction from the readily available ortho-aryl-
substituted diarylalkynes. This domino process involves bor-
ylative cyclization, 1,4-boron migration and successive two-
fold electrophilic borylation. Two types of sc-B-PAHs bearing
B-doped [4]helicene (1a-1i) or BN-doped [4]helicene (1n-1t)
and double [4]helicene (1u-1v) are constructed by this cascade
reaction. Remarkably, this synthetic strategy is characterized
by modest yields (20–50%) and broad substrate scope (18
examples) with versatile functional group tolerance. The
resultant sc-B-PAHs show good stability under ambient
conditions and are thoroughly investigated by X-ray crystal-
lography, UV/Vis absorption and fluorescence spectroscopy,
and cyclic voltammetry. Interestingly enough, BN-doped
[4]helicene 1o forms a unique alternating p-stacked dimer of
enantiomers within a helical columnar superstructure, while
BN-doped double [4]helicene 1u establishes an unprecedented
p-stacked trimeric sandwich structure with a rare 2D lamellar
p-stacking. The synthetic approach reported herein represents
a powerful tool for the rapid generation of novel sc-B-PAHs,
which are highly attractive for the elucidation of the structure-
property relationship and for potential optoelectronic applica-
tions.

The incorporation of main group elements such as B, N, or S
into polycyclic aromatic hydrocarbons (PAHs) has proven to
be a powerful strategy to modulate the physicochemical
properties of the parent p-conjugated systems, such as
chemical reactivity, electronic energy gap, redox behavior
and supramolecular organization in the solid state.[1] In
particular, boron incorporation has attracted great interest
in the last decade due to its excellent ability to modify the
optoelectronic properties of PAHs, e.g., to provide the

resulting systems with intense luminescence, high electron
deficiency, strong Lewis acidity, and bestowing the resultant
compounds with unique supramolecular behavior.[2] In the
design of boron-doped PAHs (B-PAHs), three strategies have
been explored so far to address their stability problems,
including electronic effect,[3] steric effect,[4] and chelating
effect[5] (Figure 1a). However, the benchtop-stable B-PAHs
obtained by applying electronic/kinetic stabilization approach
generally sacrificed the Lewis acid character of the boron
center and diminished its intermolecular interaction in the
solid state. In contrast, structurally constrained B-PAHs (sc-
B-PAHs) stabilized by the chelating effect are expected to
enable tight intermolecular packing and enhance the inter-
molecular interaction in the solid state, therefore improving
the charge carrier transport properties.[2b, d] Moreover, sc-B-
PAHs are capable of forming Lewis acid-base complexes
which can undergo photodissociation in the excited state,
giving a dual fluorescence emission.[5b,g] Nevertheless, the
related studies on sc-B-PAHs are relatively rare due to the
limited synthetic approaches.

The pioneering work toward sc-B-PAHs was disclosed by
Yamaguchi�s group in 2012; they synthesized the p-extended
planarized triarylborane compound I (Figure 1 b) by combin-
ing a radical initiated dehalogenative cyclization with an
intramolecular oxidative cyclization.[5a] Later on, Wagner
et al. demonstrated that the Yamamoto coupling reaction
serves as a feasible strategy for the preparation of sc-B-PAHs,
e.g., in the synthesis of B-doped [4]helicene molecule II.[5d]

Shortly thereafter, Hatakeyama et al. obtained the same
compound via a one-pot synthetic method involving lithium/
boron exchange and intramolecular electrophilic boryla-
tion.[5e] In 2016, Ingleson and co-workers disclosed a one-
pot inter/intramolecular C�H borylation towards sc-B-PAHs
III from the electron-rich indole structure.[6] Besides of solely
boron containing PAHs, these synthetic strategies, including
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the lithium/boron exchange method and direct borylative
reaction, were also utilized for synthesizing N-bridged B-
doped triangulene IV by Hatakeyama�s group.[7] Despite
considerable progress, the aforementioned cases face draw-
backs like low functional group tolerance and limited applic-
ability. To date, there is still a lack of facile and broadly
applicable synthetic route towards the sc-B-PAHs.

Herein, we demonstrate a modular and straightforward
synthetic route via a one-step cascade reaction from the easily
accessed alkyne precursors to construct a series of novel
mono/dual sc-B-PAHs (1a-1v) bearing B-doped [4]helicene
subunits or BN-doped [4]helicene motifs.[8] (Figure 1 c). Our
synthetic strategy involves the sequential 6-endo-dig cycliza-
tion,[9] 1,4-boron migration[4f] and successive two-fold electro-
philic borylation, leading to the formation of four bonds (one
C�C, three C�B bonds) and three six-membered rings in one
step. Importantly, this approach also features a broad scope of
substrates (18 examples) since the three different aryl parts of
substrate (Ar1, Ar2 and Ar3) could be replaced by various
motifs and substituents. Single-crystal analysis of 1e, 1o and
1u unveils the twisted scaffold with a dihedral angle from
19.958 (1o) to 23.498 (1e) in the cove region of [4]helicene.
Notably, in the solid-stack packing pattern, 1o forms a unique
alternating p-stacked dimer of enantiomers (M and P) which
self-organizes into a p-stacking helical columnar superstruc-
ture, while 1 u establishes an unprecedented p-stacked

trimeric structure and adopts a unique 2D lamellar p-
stacking. Moreover, the optical energy gaps of sc-B-PAHs
1a-1v range from 2.36 eV (1 u) to 2.73 eV (1n) and most of
the obtained sc-B-PAHs display strong fluorescence with the
photoluminescence (PL) quantum yields (FPL) ranging from
24% to 85% in dichloromethane solution.

To achieve the synthesis of sc-B-PAHs via the domino
process in this work, multiple feasible borylation sites need to
be introduced into the precursor (Figure 1c). In consideration
of this, 1-(2’-(phenylethynyl)-[1,1’-biphenyl]-4-yl)naphtha-
lene (2 a) was chosen as a model substrate at the outset, we
assumed that compound 2 a would undergo a sequential 6-
endo-dig cyclization and 1,4-boron migration process to
furnish the crucial intermediate i ; then i will undergo the
first-time electrophilic borylation to afford the six-membered
boracycle ii ; finally the naphthalene ring could provide
another reaction site for the second electrophilic borylation
to achieve the targeted sc-B-PAHs (Figure 1c). To prove this
hypothesis, boron tribromide (BBr3) was added into the 1,2,4-
trichlorobenzene (TCB) solution of 2a and 2,4,6-tri-tert-
butylpyridine (TBP), then the mixture was heated at 200 8C
for 12 hours. Remarkably, the desired sc-B-PAH 1a was
obtained in 28 % yield. Inspired by this preliminary result,
a variety of analogues (2b–2m) of 2a were performed under
standard conditions to investigate the substrate scope
(Table 1). Most of the substrates were efficiently incorporated
into this cascade reaction pathway to yield the corresponding
sc-B-PAHs 1b–1 i in a moderate yield from 18% (1b) to 40%
(1g). It is noteworthy that halogen (Br or Cl) and cyano (CN)
groups can be tolerated under the current conditions (1e, 1 f,
and 1 i), offering the possibility for the post-functionalization
of this class of compounds. Unfortunately, no desired com-
pound was detected for 2j, 2 k, 2 l and 2m bearing the
dimethylamine (in Ar1), pyridine (Ar1 and Ar2) or trifluor-
omethyl substituent (Ar2), possibly because they can interact
with BBr3 or activated arylborane intermediates and there-
fore quench the reaction.

Instead of the naphthalene ring in the Ar3 part which can
provide second borylation sites in the domino reaction, we
hypothesized that the N,N-diphenyl group in Ar3 could not
only play the same role, but also increase the electron density
of the borylation sites and reduce the steric hindrance during
the reaction, which in principle could facilitate the reaction.[7d]

Therefore, we further explored the applicability of this
strategy by replacing the naphthalene ring in Ar3 with N,N-
diphenyl group for the synthesis of B/N co-doped PAHs
(Table 2). Remarkably, when N,N-diphenyl-2’-(phenyle-
thynyl)-[1,1’-biphenyl]-4-amine (2n) was treated under the
standard conditions, sc-B-PAH bearing BN-doped [4]helicene
(1n) was obtained in a decent yield (58%). By replacing the
benzene ring in Ar1 part with more electron-rich naphthalene
motif (2o) or carbazole substituted phenyl ring (2p), the yield
of desired compounds could be further improved (1o : 73 %;
1p : 76%). Satisfactorily, this synthetic strategy could be
scaled up to a gram scale (1o, 1.5 g). Nevertheless, the
reaction was dramatically inhibited when the carbazole group
was installed in 2r instead of N,N-diphenyl group, furnishing
1r in 8% yield. The low yield of 1r could be ascribed to the
planar and rigid structure of the carbazole moiety in 2r, which

Figure 1. a) Three strategies for making bench-stable B-PAHs; b) Rep-
resentative examples regarding sc-B-PAHs; c) One-step cascade syn-
thesis of sc-B-PAHs in this work.
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would result in the borylation reaction sites being further
away from the six-membered boracycle intermediate ii.
Therefore, the second time electrophilic borylation becomes
more difficult than the flexible N,N-diphenyl subunit in 2n.[10]

We further investigated the selectivity of the second boryla-
tion reaction using N,N-dinaphthalene substituted precursor
2t. It was shown that the second time electrophilic borylation
occurred at the less active “b-position” on the naphthalene
ring, giving 1t in 10% yield, without the detection of “a-
position” borylated product. This result should be ascribed to
the less steric crowding of “b-position” compared with “a-
position”. In order to further demonstrate the utility of this
strategy, we proceeded to target the extended sc-B-PAHs
containing two boron centers. To our delight, BN-doped
double [4]helicene 1u and 1v were successfully achieved from
2u and 2v with a yield of 60 % and 55 %, respectively.
Therefore, our results clearly demonstrate the vast potential
of this synthetic strategy toward the expanded and helical
PAHs containing with multiple B/N atoms.

The chemical structures of the representative heteroheli-
cenes 1e, 1o and 1u were unequivocally revealed by the X-
ray crystallographic analysis. It also enables the investigation
of the impact of B/N doping on their solid-state packing
behavior (Figure 2). All of these three compounds display
a nonplanar geometry due to the existence of [4]helicene
substructure, with a torsional angle of 23.498 (1e), 19.958 (1o)
and 22.798 (1 u), respectively. In addition, all of them show
a twist conformation at the bay region and the dihedral angle
are 26.758 (1e), 7.228 (1o) and 16.878 (1u), respectively. The
three C�B bond lengths are in the range of 1.513–1.515 �
(Table S2), indicating single C�B bond character. Notably,
the three C�B bonds length in 1 e, 1 o and 1u all show the
following trend: C2-B1 > C1-B1 > C3-B1, which could result
from a successive increase in the degree of p-conjugation
between boron center and adjacent arene units (C2 unit< C1

unit<C3 unit).[11] In the solid state, the unit cell of 1e contains
two enantiomers (M and P) and they are further packed into

Table 1: Scope of one-step cascade synthesis of [4]helicene-containing
sc-B-PAHs 1a-1 i.[a]

Table 2: Scope of one-step cascade synthesis of BN-doped [4]helicene
containing sc-B-PAHs 1n-1v.[a]
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an ordered columnar arrangement with a p-stacking distance
of 3.55 �, respectively (Figure 2d). In contrast to 1 e, two
enantiomers (M and P) of 1o form the p-stacked dimer which
are arranged in a unique alternating helical columnar super-
structure, in which the neighboring hetero-enantiomers adopt
an antiparallel stacking and the homo-enantiomers are
rotated by 1208 against each other to avoid steric hindrance.
This unique solid-state packing has been rarely observed.[12]

The enantiomers form strong p···p interactions along the b-
axis with distances of 3.32–3.56 � (Figure 2e). Most interest-
ingly, for double [4]helicene 1u, three conformers (M/M, M/P
and P/P) are found in a unit cell, thus forming an unprece-
dented trimeric superstructure in which the conformer (M/P)
is sandwiched and helically arranged between the enantio-
mers (M/M and P/P) with a distance of 3.54 �. The unit cell of
1u clearly reveals a 2D “bricklayer” arrangement, in which
the distance of two trimeric packs is 4.56 � (Figure 2 f). This
unprecedented stacking pattern of 1 u suggests the unique
role of B/N doping on modulating the supramolecular
behavior.

The UV/Vis absorption and fluorescence spectra of 1a-1v
were recorded in anhydrous dichloromethane (CH2Cl2)
solution. For B-doped [4]helicene 1a-1 i, the longest-wave-
length absorption peaks range from 453 (1 c) to 490 nm (1b)
(Figure 3a). The maximum absorption peaks are located in
the visible region from 440 (1n) to 510 nm (1u) for BN-doped
[4]helicenes 1n-1v (Figure 3b). Therefore, the measured
optical energy gaps for 1a-1v range from 2.36 eV (1u) to
2.73 eV (1n). Interestingly, N-bridged compounds 1n and 1o
exhibit a blue-shift of 15 nm compared to its similar backbone
analogues 1a and 1b, possibly because of the lower p-
conjugation of N,N-diphenyl moiety compared with naphtha-
lene ring. Fluorescence spectroscopy reveals that the emission
band maxima for 1a-1v falls in the range between 449 (1 i) and
545 nm (1b) (Figure 3c, d). Upon excitation, 1a-1v exhibit
strong fluorescence with photoluminescence (PL) quantum
yields (FPL) up to 85% (1 i) (Table S1).

To gain insight into the electronic structure of this series of
sc-B-PAHs, DFT calculation was performed at the B3LYP/6-
31G(d) level (Figures S72-S89). The calculated results for the
representative compounds 1a, 1n, 1p and 1u are summarized
in Figure 4a. The BN-doped [4]helicene 1n displays 0.25 eV
higher energy level of HOMO than that of B-doped
[4]helicene 1a, which can be attributed to the larger
contributions of nitrogen to its HOMO. Besides, the LUMO
energy of 1a is found to be around 0.6 eV lower than that of
1n, which is attributed to the larger contribution to the
LUMO from the naphthalene ring. Notably, the carbazole
unit in 1p enables to establish a donor-acceptor structure with
the embedded boron center, resulting in the orbital separa-
tion. In addition, the anisotropy of the induced current
density (ACID) and nucleus independent chemical shifts
(NICS) calculations indicate that the benzene rings and the
BNC4 ring display an aromatic feature while the boron-
embedded six-membered rings exhibit non-aromatic charac-
ter (Figure 4b).

Figure 2. X-ray crystallographic molecular structures of 1e (a), 1o (b), 1u (c), (C: green/orange, B: red, Cl: purple, N: blue. H atoms are omitted
for clarity) and packing arrangements of 1e (d), 1o (e), 1u (f).[13]

Figure 3. UV/Vis absorption (a, b) and fluorescence (c, d) spectra of
1a-1v (10�6 M in CH2Cl2).
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In conclusion, we herein reported an efficient synthetic
strategy to obtain a new family of sc-B-PAHs via a one-step
cascade reaction, involving 6-endo-dig cyclization, 1,4-boron
migration and successive two-fold electrophilic borylation.
This domino process features simplicity and a broad substrate
scope. Not only sc-B-PAHs with B-doped [4]helicene struc-
ture but also specific BN-doped [4]helicene/double-[4]heli-
cene can be constructed by this approach. Noteworthily, the
resultant BN-doped [4]helicene demonstrate distinct supra-
molecular behavior in the solid state, for example, mono
[4]helicene 1o forms a unique p-stacked dimer and adopts
helical columnar stacking, while double [4]helicene 1u
establishes an unprecedented p-stacked trimeric structure
with a 2D lamellar p-stacking. The presented strategy thus
provides a new pathway for the development of novel sc-B-
PAHs and expanded B-doped graphene nanostructures.
Further studies on the application of this boron-embedded
p-system are currently ongoing in our laboratory.
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