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For organnoboron compounds, the substituents on boron atoms are very important because they not only
impact on themolecular stability but also significantlymodulate the electronic structures and properties.
In this manuscript, we synthesized two new B N-containing azaacenes with propynyl groups on boron
atoms through one-step Grignard reaction. Replacing fluorine atoms by propynyl groups greatly impacts
on the electronic energy levels, especially enhancing the HOMO levels, thus leading to the narrowed
HOMO-LUMO bandgaps. These B N-containing azaacenes exhibit the NIR light-absorption
(labs = 706 nm for 2a and 762 nm for 2b) and fluorescence properties (lem = 740 nm for 2a and
802 nm for 2b), as well as multiple reversible redox behaviors, which are significantly different from the
analogs with fluorine atoms. This study thus provides a functional substituent of boron atom, whichmay
lead to new organoboron materials with fascinating properties.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Boron-containing p-electron systems, which integrate
sp2-hybridized carbon skeleton and boron atoms, have drawn
much attention in both synthetic chemistry and material science
[1–6]. Till now, many B-containing p-systems have been devel-
oped for various optical and electronic applications, such as
emissive materials in organic light-emitting devices (OLEDs),
electron acceptors in organic solar cells (OSCs), semiconductors in
organic field-effect transistors (OFETs), and electrode materials in
lithium batteries, etc. [7–15]. In design of B-containing p-systems,
the substituents on boron atoms are very important because they
not only impact on the stability of the compounds but also
significantly modulate the electronic structures and properties
[16–24]. For example, the bulky aryl groups are usually incorpo-
rated into tricoordinate B-containing compounds to sterically
protect the boron atom due to its intrinsic instability towards
oxygen and moisture. The substituents of tetracoordinate B-
containing compounds can tune their light-absorption and
fluorescence properties as well as electrochemical properties.
Therefore, the development of new substituents on boron atom
and investigation of their effects on p-systems remain crucial for
organoboron chemistry and materials.

p-Systems containing boron-nitrogen coordination bond
(B N) as a typical kind of tetracoordinate organoboranes have
uandong.dou@ciac.ac.cn
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received particular attention, because they have shown many
intriguing properties, such as photo/thermo-chromism, thermally
activated delayed fluorescence (TADF), and electron-transporting
behavior [25–29]. Notably, B N unit has been used to design n-
type organic and polymer semiconductors for organic electronic
applications [30–33]. For instance, two B N-containing azaacenes
with the fluorine atoms on boron atoms (1a and 1b in Scheme 1)
have been developed, which exhibited low-lying LUMO/HOMO
energy levels (ELUMO/EHOMO) and excellent electron-transporting
performance in OFETs [34].

In this communication, we report that nucleophilic substitution
reaction could proceed on 1a and 1b, producing two new B N-
containing azaacenes (2a and 2b) with the propynyl groups on
boron atoms. They are good candidates to investigate the effects of
the propynyl groups on p-systems. The theoretical and experi-
mental results demonstrate that replacing fluorine atoms by
propynyl groups significantly enhances the electronic energy
levels, especially HOMO levels, and leads to some attractive
optoelectronic properties, such as the near-infrared (NIR) light-
absorption and fluorescence properties, as well as multiple
reversible redox behaviors. The details are presented herein.

Scheme 1 shows the synthesis of 2a and 2b, through one-step
Grignard reaction with 1-propynylmagnesium bromide. The
nucleophilic substitution reactions proceeded completely on 1a
and 1b, producing 2a and 2b in the yields of over [13_TD$DIFF]70% after
purification by silica gel column chromatography [35]. The
chemical structures of 2a and 2b are unambiguously characterized
by 1H and 13C NMR spectra and elemental analysis. 2a and 2b are
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Synthesis of 2a and 2b.
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Fig. 1. (a) UV–vis absorption spectra and (b) fluorescence spectra of 2a and 2b in
toluene. Insets are the photographs of the two solutions.
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easily soluble in common organic solvents (> 20mg/mL), such as
chloroform, tetrahydrofuran and toluene, suggesting that the
propynyl substituents can enhance the solubility of organoboron
compounds. Thermogravimetric analysis (TGA) was used to
characterize the thermal stability of 2a and 2b under nitrogen
atmosphere. Upon increasing the temperature, an obvious weight
loss of [14_TD$DIFF]8% at 273 �C was observed for 2a (Fig. S1 in Supporting
information). Similarly, 2b exhibits aweight loss of [15_TD$DIFF]5% at 240 �C. As
calculated, the weight losses of 2a and 2b are ascribed to the
release of two propynyl groups (theoretical values: [16_TD$DIFF]8.7% for 2a and
5.4% for 2b).

B N-containing azaacenes with the propynyl groups display
the interesting photophysical properties. The detailed data of 2a
and 2b as well as 1a and 1b are summarized in Table 1. The
solutions of 2a and 2b in toluene are deep blue and purple,
respectively. As shown in Fig. 1a, the characteristic absorption
bands in 300–800 nm are observed in their UV–vis spectra. While
2a shows the maximum absorption peaks (labs) at 706/647 nm, 2b
exhibits thelabs at 762/692 nm. Themolar absorption coefficient is
8.40�104 L mol–1 cm–1 for 2a and 1.17�105 L mol–1 cm–1 for 2b,
respectively. The redshifted absorption by ca. 50 nm from 2a to 2b
and the higher light-absorption ability of 2b are attributed to the
extendedp-conjugation of 2b. These NIR absorption properties are
rarely observed in organoboron compounds, which are mostly
based on 4,40-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)
[36,37]. Moreover, in comparison to 1a and 1b, 2a and 2b show the
red-shifted absorption spectra by as large as ca. 70 nm, respec-
tively, indicating that replacing fluorine atoms by propynyl groups
on boron atoms greatly impacts on the absorption properties of
B-containing conjugated molecules.

The fluorescence spectra of 2a and 2b exhibit themain emission
bands in the NIR regionwith the peak maxima (lem) at 740 nm for
2a and 802 nm for 2b (Fig. 1b), respectively, although their
fluorescence quantum yields (K) are moderate. The fluorescence
peaks of 2a and 2b are significantly red-shifted by ca. 90 nm
Table 1
The photophysical and electrochemical properties of 2a and 2b as well as 1a and 1b.

Compd. labs

(nm) a
emax

(L mol–1 cm–1)a
lem

(nm) a
Ka

2a 706/647 8.40�104 740 0.06
2b 762/692 1.17�105 802 0.02
1a 635/587 9.48� 104 654 0.05
1b 686/628 1.13�105 705 0.02

a Measured in toluene solution.
b Reduction/oxidation potentials versus Fc/Fc+.
c Anodic peak potential.
d Calculated using the equation of EHOMO/ELUMO = �(4.80 + Eox1/Ered1) eV.
comparing with that of 1a and 1b. In addition, negligible solvent
effects are shown in thefluorescence spectra of 2a and 2b aswell as
their absorption spectra (Figs. S3, S5 and S6 in Supporting
information).

To illustrate the electronic effects of the propynyl groups, we
performed density functional theory (DFT) calculations at the
B3LYP/6-31 G(d,p) level of theory. The model compounds 2a-Me
and 2b-Me with methyl groups were adopted for simplified
calculations. The optimized structures of 2a-Me and 2b-Me both
display the fully planar frameworks with four pendant propynyl
groups (Fig. S7 in Supporting information).While the LUMOs of 2a-
Me and 2b-Me are localized on the azaacene skeletons, the HOMOs
are mainly distributed on the electron-rich alkylamine-linked
phenyl rings and the peripheral rings of azaacene skeletons (Fig. 2).
These LUMOs and HOMOs are quite similar to that of 1a-Me and
1b-Me, respectively, which have been reported in the previous
work. It indicates that replacing fluorine atoms by propynyl groups
has few effects on the molecular orbital distributions. Notably, in
comparison to 1a-Me and 1b-Me, 2a-Me and 2b-Me exhibit the
enhanced LUMO and HOMO energy levels, respectively, especially
HOMO levels, thus leading to the narrow HOMO-LUMO bandgaps.
This is ascribed to the weak electron-accepting character of the
propynyl group, which significantly impacts on the HOMO levels of
organoboron compounds.

Time-dependent DFT calculations were conducted to illustrate
the absorption properties of 2a and 2b. As shown in Fig. 2, the
absorption bands at 706 and 647 nm of 2a are both assignable to
the HOMO→LUMO and HOMO�1→LUMO+1 transitions. For 2b,
the absorption bands at 762 nm and 692 nm are assigned to the
Ered (V) b Eox

(V) b
ELUMO

(eV) d
EHOMO

(eV) d

�1.24/�1.72/�2.18 +0.58/+1.09 �3.56 �5.38
�1.08/�1.53/�1.99 +0.63 �3.72 �5.43
�1.10/�1.70 +1.07c �3.70 �5.87
�0.93/�1.48 +1.07c �3.87 �5.87
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Fig. 2. Selected Kohn-Sham molecular orbitals and energy diagrams, as well as
excitation energies and oscillator strengths of 2a and 2b calculated by DFT and TD-
DFT at the B3LYP/6-31 G(d,p) level, respectively.
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HOMO→LUMO and HOMO�1→LUMO+1 transitions and the
HOMO→LUMO, HOMO�1→LUMO+1 and HOMO�3→LUMO tran-
sitions (Figs. S8 and S9 in Supporting information). The absorption
spectra of 2a and 2b are well reproduced by the TD-DFT
calculations, which all involve the HOMO→LUMO transitions.
Namely, the NIR absorption properties of B N-containing
azaacenes with the propynyl groups are closely related to the
narrowed HOMO-LUMO bandgaps. These calculations demon-
strate that the electronic energy levels and absorptionproperties of
organoboron compounds can be tuned through the incorporation
of the propynyl groups on boron atoms.

To experimentally gain insight into the electronic properties,
we measured the cyclic voltammetry of B N-containing azaa-
cenes 2a and 2b in CH2Cl2. Both of them show three reversible
reduction processes, accompanying with two reversible oxidation
processes for 2a and one reversible oxidation process for 2b. In
contrast, 1a and 1b with fluorine atoms display the reversible
reduction processes and the irreversible oxidation processes. It is
suggested that the propynyl groups in 2a and 2b can stabilize not
only the generated radical anion intermediates but also the
resulted radical cation intermediates. The first half-wave reduction
and oxidation potentials (Ered1/Eox1 vs. Fc/Fc+) are�1.24/+0.58 V for
2a and �1.08/+0.63 V for 2b. According to the equation of ELUMO/
EHOMO = �(4.80 + Ered1/Eox1), the experimental ELUMO and EHOMO of
2a and 2b are calculated to be�3.56/�5.38 eV and�3.72/�5.43 eV,
respectively. The ELUMO and EHOMO of 2a are higher than that of 1a
by 0.14 and 0.49 eV, respectively. Similarly, The ELUMO and EHOMO of
2b are enhanced by 0.15 eV and 0.44 eV from that of 1b. These
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Fig. 3. Cyclic voltammograms of 2a and 2b in CH2Cl2 (0.4mmol/L). Fc = ferrocene.
changes are fully consistent with the theoretical calculation
results. Thus, replacing fluorine atoms by propynyl groups plays
an important role in tuning the electronic energy levels, especially
enhancing the HOMO levels (Fig. 3).

In summary, we synthesized two new B N-containing
azaacenes with the propynyl groups on boron atoms through
one-step Grignard reaction. The replacement of fluorine atoms by
propynyl groups greatly impacts on the electronic energy levels,
especially enhancing the HOMO levels, thus leading to the
narrowed HOMO-LUMO bandgaps. These B N-containing azaa-
cenes with the propynyl groups exhibit the NIR light-absorption
and fluorescence properties, as well as multiple reversible redox
behaviors, which are significantly different from the analogs with
fluorine atoms. This study thus provides a functional substituent of
boron atom, which may lead to new organoboron materials with
fascinating properties.
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