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The boron-doped polycyclic aromatic hydrocarbons (PAHs) have attracted ongoing attention in the field of
investigate the effect of
tetracoordinate boron in PAHs bearing N-heterocycles (indole and carbazole), a facile approach to four-

optoelectronic materials due to their unique optical and redox properties. To

coordinate boron-doped PAHs was developed, which does not require elevated temperature and pre-
synthesized functionalized boron reactants. Five tetracoordinate boron-doped PAHs (NBNN-1 — NBNN-5) were
synthesized with different functional groups. Two of them (NBNN-1 and NBNN-2) could further undergo
oxidative coupling reactions to form fused off-plane tetracoordinate boron-doped PAHs NBNN-1f and NBNN-
2f. Compared to the three-coordinate boron-doped counterparts, the UV/Vis absorption and fluorescent
emission are significantly red-shift. Unlike the distinct impact of coordination number of boron on
optoelectronic properties, the difference of functional groups on the boron atom has negligible impact on their
optical and electrochemical properties. The compounds NBNN-1f and NBNN-2f show aggregation-induced

emission.

Introduction

Chemically doping heteroatoms into aromatic compounds has
proven to be one of the most effective methods to tune their
optoelectronic properties and intermolecular interactions.?
Due to the isoelectronic relationship between boron and carbon
cation as well as between boron-nitrogen (BN) unit and two
carbon atoms (CC) motif, boron becomes an important element
that can induce novel and complementary properties.? BN-
doped aromatic compounds have a long history of evolution
since the first example of BN-arene was reported by Alfred
Stock in 1926.> Much the same to many other topics of
chemistry, not much attention was paid until the new
millennium. Nowadays, the synthesis of BN-doped arenes has
become one of the most popular topics in organic chemistry and
material chemistry, and numerous new BN-doped aromatic
compounds have been synthesized and demonstrated to have
very distinct properties in optoelectronic materials.?
Representative applications of B-doped polycyclic aromatic
hydrocarbons (PAHs) have been demonstrated in organic field-
effect transistor (OFETs)® and organic light emitting diodes
(OLEDs).® Particularly, since PAHs decorated by para-positioned
boron and nitrogen atoms has been reported to show thermally
activated delayed fluorescence (TADF) with narrow full-width at
half-maximum (FWHM) of emission based on efficient HOMO-
LUMO separation by the multiple resonance effect in 2016,%
BN-doped PAHs have been extensively studied for next-
generation OLEDs.

With the further development of BN-PAHs chemistry by
advances in synthetic methodology and by the application
potential of BN-doped m-conjugated systems, attention to the
structure-property relationship has arisen. The location of BN
unit was found to be important to the optoelectronic properties

because its location can change whether BN unit could fully
conjugate with PAHs.” Although both the number of BN unit®
and different orientations of BN units® are believed to exhibit
non-negligible impact on the optoelectronic properties and
intermolecular interactions, only a few of examples have been
documented due to the limited synthetic methodology.

In addition, the majority of previous attention has been paid
to the tricoordinate boron units in PAHs,'° tetracoordinate
boron has been viewed more as a functional group instead of a
dopant.’! In fact, the coordination number of boron atom
shows noteworthy impact on the photophysical properties.
Until recently, effort to replace the three-coordinate boron of
BN unit with four-coordinate boron has been made (Scheme 1a).
The formation/dissociation of four-coordinate boron unit
through a dynamic B-N coordination bond in B-PAHs (A)*? has
been exploited for the solution-processed fabrication of
semiconducting films of poorly soluble B-PAHs. Hatakeyama et
al reported that tetracoordinate boron-fused helicenes (B)*3 as
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Scheme 1 Representative examples of tetracoordinate B-doped PAHs (a), our
previous work (b) and chemical structures of this work (c).
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recently, Hatakeyama et al replaced the tricoordinate boron by
tetracoordinate boron to form compound D. *°

With respect to the synthetic methodology of introducing
boron atoms, electrophilic borylation as the symbolic reaction
to synthesize borylated compounds has shown advantages in
efficiency, scalability and avoidance of previous reagents.
However, this type of electrophilic borylation requires high
temperature with high boiling point solvents, which needs long
reaction time and makes subsequent purification difficult.®

We have longstanding interest both in developing synthetic
methodology and applications of BN-doped PAHs.” We have
developed photo-driven elimination reactions to generate BN-
PAHs!® and further expand this elimination using heat.!® We
also proposed a new strategy named exciton-driven elimination
(EDE) to enable the in situ solid-state conversion of non-
emissive tetracoordinate boron-substituted heterocycles to
highly emissive BN-PAHs in OLEDs.?° In addition, we recently
demonstrated combination of electrophilic borylation and
oxidative coupling to be a facile and viable approach to new
NBN-doped molecular systems with tri-coordinate boron atoms
(Scheme 1b).%* In this work, we further disclose the strategy of
combining electrophilic borylation and oxidative coupling for
producing tetra-coordinate boron-doped PAHs. Unlike the
typical electrophilic borylation driven by high temperature, our
system can quickly undergo borylation at room temperature
followed by addition of different nucleophilic reagents to build
tetra-coordinate BN-PAHs bearing different functional groups
on boron atoms (Scheme 1c).

Results and discussion

For the synthesis of tetracoordinate boron-doped PAHs NBNN-
1 — NBNN-5, we started from the commercially available 2,6-
dibromopyridine, which could undergo Suzuki coupling reaction
with readily available 1-Bpin-carbazole and 7-Bpin-indole to
produce the precursor compounds 1a and 1b in 90% and 46%
yields, respectively. (Scheme 2).

Our first attempt to introduce boron atom using BBr3 as
boron source with Pr,NEt in o-dichlorobenzene (0-DCB) at 180
°C was successful to produce phenyl group functionalized BN-
PAHs NBNN-1 when phenylmagnesium bromide was used as
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Scheme 2 Synthetic routes for NBNN-1 to NBNN-5

Fig. 1 Left: the crystal structure of NBNN-1. Important bond lengths (A;: C1-C2
3.209(5), B1-N1 1.653#4), B1-N2 1.508(5), B1-N3 1.541(5), B1-C3 1.614(5). Right:
the crystal structure of NBNN-3. Important bond lengths (A): C1-C2 3.356(5), B1-
N1 1.653(5), B1-N2 1.559(5), B1-N3 1.519(5), B1-C3 1.634(6). Thermal ellipsoids
are set at 50% probability. Hydrogen atoms omitted for clarity.

the nucleophilic reagent. The existence of 0-DCB makes the
purification difficult. We tried to use several other solvents with
lower boiling points at lower reaction temperatures, all of which
generated the target compound NBNN-1 with similar yields
around 70%. Usually, the presence of the additive 'Pr,NEt was
proven to be essential to the electrophilic borylation, but
absence of 'Pr,NEt did not show any influence on the borylation
yield. To be our delight, the reaction temperature was finally
lowered down to room temperature without Pr,NEt in 78%
yield (Scheme 2). In addition, the kind of nucleophiles was also
probed, lithium reagent like phenyl lithium could produce
compound NBNN-1 in slightly lower yield. While we are
preparing the manuscript, the synthesis of NBNN-1 was
reported under high temperature.?? With the optimal
conditions in hands, ethynylmagnesium bromide and
mesitylmagnesium bromide were used as nucleophiles to
generate compounds NBNN-2 and NBNN-3 in 58% and 69%
yields, respectively. Compound NBNN-4 was obtained when the
reaction was quenched by water without adding any
nucleophiles in one digit yield, however, the yield of NBNN-4
was significantly improved to 46% when Pr,NEt was used to
quench the reaction. We also tried other hydroxy group
containing reagent like phenol, which did not give the
corresponding product at all. Compound NBNN-5 was also
synthesized under the optimal conditions. Other nucleophiles
like isopropylmagenisium bromide, vinylmagenisium bromide,
methyl lithium could also vyield the corresponding
tetracoordinate  boron-doped PAHs, however, those
compounds were slowly decomposing on silica gel or alumina.
Bulky nucleophile like tbutylmagenisium bromide did not react
probably due to the steric hindrance. Compounds NBNN-1 to
NBNN-5 were fully characterized by NMR and HRMS
spectroscopies. The molecular structures of NBNN-1 and
NBNN-3 were further determined by single-crystal X-ray
diffraction analysis and shown in Figure 1.
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Scheme 3 Formation of fused tetracoordinate boron-doped PAHs via the oxidative
coupling
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Fig. 2 Left: the crystal structure of NBN-1f (50% thel;mal ellipsoids). Hydrogen
atoms omitted for clarity. Important bond lengths (A): B1-B2: 4.911(4), B1-C1
1. 613!4; B1-N1 1.640(4), B1-N2 1.523(4), B1-N3 1. 502(3) N2-C2 1.397(4), C2-C3
1.404(4), C3-C4 1.510(4), C4-C5 1.409(5), C5-N3 1.402(3).

Similar to our previous work of synthesized tricoordinate boron-
doped PAHSs,?! the proximity and the steric repulsion between
the hydrogen atoms of flanking units in NBNN-1 to NBNN-4
render them undergo oxidative coupling reaction to form the
fused forms. The combination of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) as the oxidant and TfOH as the acid, the
fully fused compounds NBNN-1f, NBNN-2f and NBNN-4f were
successfully observed. Compound NBNN-1f and NBNN-2f were
obtained in isolate yields of 78% and 58%, respectively (Scheme
3). Silica gel or alumina column chromatography was not
compatible to NBNN-4f, which decomposed on silica gel or
alumina and was confirmed by HRMS. NBNN-3 did not undergo
oxidative coupling reaction probably due to the longer distance
(3.356 A, Figure 1) between two carbon atoms. Unlike the
tricoordinate boron-doped PAH analogue (E in Scheme 1),% the
crystal structure of NBNN-1f shows that the four coordinated
boron atom adopts a tetrahedral geometry, which makes the
molecular structure off-plane (Figure 2). The B1-N1, B1-N2, and
B1-N3 bond lengths are 1.640 A, 1.523 A, and 1.502 A,
respectively. Similar to tricoordinate boron-doped PAH E, the -
stacking interactions of NBNN-1f are limited to two
neighbouring molecules with longer separation distance than E.
The absorption, emission and electrochemical data of these
seven tetracoordinate boron-doped PAHs are shown in Figure 3
and Table 1. The maximums of absorption of NBNN-1 to NBNN-
5 are around 460 nm with the exceptions of NBNN-3 and NBNN-
5, in which the absorption peaks are red-shit to 481 nm and
blue-shift to 446 nm, respectively. The absorption peaks are in
agreement with the colors of their THF solutions (Figure 3c).
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fe(/r/ocene was added to the solution as the internal reference, scan rate = 100
mV/s.
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of NBNN-1 to NBNN-5, NBNN-1f and NBNN-2f. (d) Cyclic

According to the time-dependent density functional theory
(TD-DFT) calculations (Figure 4, and see Supporting Information
(SI) for details), this group of absorption peaks are ascribable to
the So—S; with transition configuration of HOMO — LUMO,
while smaller HOMO-LUMO gap results in red-shifted
absorption peaks of NBNN-3 and larger HOMO-LUMO gap
brings about the blue-shifted absorption peaks of NBNN-5. The
strong absorption peaks at 310 nm of NBNN-1 — NBNN-4 are
likely attributed to the larger conjugation of carbazole unit than
indole unit in NBNN-5.

Not surprisingly, except NBNN-5, molecules NBNN-1 —
NBNN-4 show near-identical fluorescence spectra with emissive
peaks between 551 nm and 564 nm, which suggests that the
substituents on the boron atom of tetracoordinate boron-
doped PAHs have negligible contribution on photophysical
properties. The fluorescent peaks in solid of NBNN-1 to NBNN-
4 are very similar to those in THF solution, while the A of
NBNN-5 in solid was red-shit to 540 nm from bright green color
to greenish yellow color as shown in Figure 3c. The quantum
yields both in solution and in poly(methyl methacrylate) (PMMA)
film of the open form of compounds bearing carbazole units are
25%, except NBNN-1 which have much lower quantum yields.

Table 1 Photophysical and electrochemical data of NBNN-1 to NBNN-5, NBNN-1f and NBNN-2f

UV/vis® Fluorescence in THF solution® Fluorescence in PMMA film?® Electrochemical data®
Agps (nm) £(10*M*cm™) Aem (nm) @ (%) Aem (nm) @ (%) Erea (V) Eox (V)
NBNN-1 469 1.00 557 8.8 556 15.7 -2.02 0.30
NBNN-1f 531 0.27 660 0.8 621 4.0 -1.93 0.13
NBNN-2 465 1.36 558 23.4 562 22.6 -2.16 0.26
NBNN-2f 528 0.37 659 0.8 624, 659 4.0 -1.96 0.19
NBNN-3 481 0.91 564 24.5 561 26.6 -2.09 0.27
NBNN-4 461 1.41 551 34.8 556 25.3 -2.06 0.28
NBNN-5 446 1.06 523 8.3 540 9.5 - -€

9105 M in THF at 298K. 2 PMMA film (10 wt%). € vs. Fc/Fc* (ferrocene/ferrocenium) glassy carbon as working electrode, Pt wire as reference and counter electrodes,
ferrocene (Fc/Fc* = ferrocene/ferrocenium) was added to the solution as the internal reference, scan rate = 100 mV/s. ¢ Quantum yields were determined using a
calibrated integrating sphere. ¢ Cyclic voltammogram of NBNN-5 did not show resolved redox peaks (see Sl for details)
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Fifg. 4 Top: electrostatic potentials of tetracoordinate boron-doped PAHs NBNN-1 — NBNN-5, NBNN-1f, and NBNN-2f. Bottom: DFT calculated energies and diagrams
of HOMO and LUMO for NBNN-1 — NBNN-5, NBNN-1f, and NBNN-2f at the B3LYP/6-31g(d) level.

The compound NBNN-5 bearing indole units only has less than
10% quantum yield both in solution and in solid. Compared to
NBNN-1 and NBNN-2, the emission peaks of the fused
molecules NBNN-1f and NBNN-2f show remarkable red-shift up
to 100 nm and appear indistinguishable fluorescent spectra (Aem
= 660 nm, ® < 1%), while their absorption spectra are also
similar with different absorption extinction coefficients. The
fluorescence peak of NBNN-1f in PMMA film was blue-shifted
up to 39 nm compared to that in solution (see Sl for details),
while NBNN-2f in PMMA film exhibits two emission peaks at
624 nm and 659 nm. Both NBNN-1f and NBNN-2f show
significant increase on quantum yields in solid up to 4%. The low
quantum yields of NBNN-1f and NBNN-2f are likely due to the
internal conversion between small So-S; gaps. The fluorescence
peaks in solution and solid are consistent with the emission
colors of their THF solutions and PMMA films (Figure 3c).
Molecules NBNN-1 to NBNN-5 display pseudo-reversible
reduction peaks at ~-2.0 V (vs.Fc/Fct ) and multiple reversible
oxidation peaks with the first oxidation peaks at ~0.3 V
(vs.Fc/Fc* ) (Table 1 and SI). The fused forms of boron-doped
PAHs NBNN-1f and NBNN-2f show almost identical cyclic
voltammograms as shown in Figure 3d. The first oxidation peaks
of NBNN-1f and NBNN-2f are lower than those of NBNN-1 and
NBNN-2, which can be attributed to the high-lying HOMO level
(Figure 4 bottom). The experimental data are in good
agreement with calculated HOMO and LUMO. The fact that the
substituents on the boron atom does not affect their
electrochemical properties indicates the four-coordinate boron
atom is responsible to redox properties. Our previous study on
tricoordinate  boron-PAHs did not show such rich
properties.?! Therefore, imbedding
tetracoordinate boron atom into PAHs is regarded as an
effective approach to enrich the redox properties of PAHs.
Unlike the tricoordinate boron-doped PAHs analogues in
which the boron atom has a significant contribution to LUMO
and the HOMO/LUMO spread over the entire molecules,?! the

electrochemical

four-coordinate boron atom in NBNN-1 to NBNN-5, NBNN-1f
and NBNN-2f has no contribution to LUMO (Figure 4), and their
LUMOs mainly locate on the pyridine and phenyl rings of
carbazole and indole connected to pyridine. Once again, the
calculated HOMO and LUMO prove the substituents on four-
coordinate boron atom have trivial adjustment on the frontier
molecular orbitals. Compared to NBNN-1 and NBNN-2, NBNN-
1f and NBNN-2f has smaller HOMO-LUMO gaps due to the
notably elevated HOMO and slightly lowered LUMO, which
could indicate the reason why the fused product NBNN-4f of
NBNN-4 was less stable and slowing decomposed on silica gel
or alumina (Scheme 3). We note that the electrostatic potential
maps of NBNN-1 — NBNN-5, NBNN-1f and NBNN-2f display the
development of negative characters on the tetracoordinate
boron area and positive characters on the pyridine unit (Figure
4 top).

To illustrate the aromaticity of these tetracoordinate
boron-doped PAHs, the nucleus-independent chemical shift
(NICS(1))?® of two C3NBN rings and 7-memebered C4NBN ring
(if exists) around boron atoms were calculated (Figure 5a and
Sl). The two C3NBN rings in NBNN-1 — NBNN-5 has positive
NICS(1) values (see Sl), supporting their antiaromaticity. The
two C3NBN rings in NBNN-1f and NBNN-2f has much more
positive NICS(1) values than those of NBNN-1 — NBNN-5,
indicating they are more antiaromatic. Similar to the
tricoordinate boron-doped PAH,?! the 7-membered C4NBN has
alarger NICS(1) value of 13.8 ppm (Figure 5a). The anisotropy of
the induced current density (ACID) calculations? that are based
on the optimized structures further support the antiaromaticity
of two C3NBN rings and C4NBN ring, showing an anti-clockwise
diatropic ring current circuit. In addition, the 13-membered ring
with a boron center of NBNN-1f is antiaromatic with an anti-
clockwise diatropic ring current circuit, as shown in Figure 5a.

The fused molecules NBNN-1f and NBNN-2f exhibit
aggregation-induced (AIE)
compounds NBNN-1 — NBNN-5 only have normal

emission behavior,”> while
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properties. AIE behavior of NBNN-1f and NBNN-2f is probably
due to their structure constraint. We used NBNN-1f as an
example to investigate the AIE phenomenon in detail (Figure 5b-
5d). The red emission became stronger after the water content
in volume reached 50% in THF, the emission intensity grew
faster when water was further added, as shown in Figure 5b and
5c. The THF solution with 90% water displayed bright red
emission. The quantum yields gradually increased when water
fraction increased. In addition, we found that the AIE behavior
of NBNN-1f was accompanied by the blue-shift of emission
(Figure 2b). AIE behavior of NBNN-1f was further demonstrated
through change of emission intensity after adding one drop of
NBNN-1f THF solution on a thin-layer chromatography plate
(Figure 5d). We observed a notable increase of the red emission
under 365 nm UV lamp irradiation.

Conclusions

We developed an efficient strategy to construct a series of
tetracoordinate boron-doped PAHs with various substituents
on boron atoms at room temperature. Some of them were
successfully converted to a fully fused four-coordinate boron-
doped NBN-PAHs via oxidative coupling. The substituents on
impact on
photophysical and electrochemical properties. All the rings with

boron atoms were found to have negligible

tetracoordinate boron atoms are antiaromatic. The fused NBN-
PAHs display blue-shifted AIE behavior.
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