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Nanographenes (NGs) incorporating N-doped heptagonal units demonstrate intriguing physicochemical
properties, attributed to their negatively curved structure induced by the angular strain of the hep-
tagons and the electronic effects of nitrogen atoms, while their precise synthesis remains a challeng-
ing task. Herein, we developed an efficient approach for the construction of azepine-embedded NGs
via two-fold SyAr/gold(I)-catalyzed 7-endo-dig annulation from commercially available 4,7-dibromo-5,6-
difluorobenzo[2,1,3]thiadiazole. The fusion of two heptagonal rings dramatically increases the intramolec-
ular strain and forces the central skeleton to twist, giving rise to a unique packing mode in the crystal.
The incorporation of thiadiazole leads to a pronounced bathochromic shift in the fluorescence emission,
which causes the typical product to display NIR-emission. Furthermore, it is found that the backbone core
of these NGs with thiadiazole exhibits excellent single-molecule conductivity as well.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Non-planar nanographenes (NGs) have received widespread at-
tention owing to their unique structures and intriguing proper-
ties [1-3], which could be formed by introducing non-planar el-
ements such as helix [4-6], positive curvature [7], or negative cur-
vatures [8-13] to their w-conjugated skeletons. Among them, the
negatively curved NGs containing seven- or eight-membered rings
display intriguing physicochemical properties including increasing
solubility [14], unique antiaromaticity feature [14], additional chi-
rality [15,16], as well as open-shell character [17,18]. Recently, in-
troducing hetero-atoms into the backbone of NGs revealed to be
efficiency in increasing the versatility of the structures and prop-
erties of NGs [19-22], especially, incorporating nitrogen atoms into
the negative curvatures could not only change the electronic struc-
tures of NGs but also simplify the synthetic procedures (Scheme
1a) [23-29]. For example, in 2021, a N-doped bowl-shaped NG
bearing joined pentagons and heptagons that was synthesized via
multiple arylation steps reported by Gryko et al. was recognized
as a promising candidate for host-guest supramolecular research
[24]. In 2022, Lindner et al. synthesized a series of dibenzazepine-
embedded NGs via direct arylation, exhibiting thermally activated
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delayed fluorescence properties [25]. Recently, Qiu, Shen et al. also
reported a series of N-doped heptagon-embedded diaza[7]helicene
derivatives, revealing unique supramolecular stacking features [29)].
For constructing N-doped heptagon (or azepine), Scholl reaction,
intramolecular Friedel-Crafts reaction, or Pd-catalyzed direct ary-
lation were involved generally (Scheme 1b) [26-29]. Meanwhile,
among these limited methods, the reaction substrates were lim-
ited owing to the harsh reaction conditions (e.g., high temperature
reaction and high toxicity of Pd catalyst) or uncontrollable reaction
results (e.g., multiple side reactions and poor regional selectivity)
[30]. Therefore, developing more effective methods in a mild con-
ditions and enlarged reaction scope is highly desired.

Currently, homogeneous gold-catalyzed annulation of acetylene
derivatives had been represented as a powerful tool for construct-
ing extended m-conjugated systems [31]. We had reported a va-
riety of gold(I)-catalyzed cycloaddition of strained substrates via
cationic gold interact with m-bonds for preparing heterocycles
[32,33]. Herein, a facile approach for the construction of azepine-
embedded NGs with saddle-shaped negative curvature via gold(I)-
catalyzed intramolecular two-fold 7-endo-dig-selective annulation
was proposed (Scheme 1c).

As shown in Scheme 2a, the Sonogashira coupling of 4,7-
dibromo-5,6-difluorobenzo|[2,1,3]thiadiazole was firstly taken to af-
ford arylethynyl-benzo[2,1,3]thiadiazole (arylethynyl-BTD) 2. Then
the SyAr reaction of 2 with bisindole 3 gave arylethynyl-
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Scheme 1. (a) Representative examples of negatively curved NGs bearing N-heptagonal rings. (b) Various routes for the synthesis of azepine-embedded NGs from carbazole

precursors. (c) This work.

thiadiazoloquinoxaline (arylethynyl-TQ) 4. Finally, the gold(I)-
catalyzed 7-endo-dig annulation of 4 successfully furnished the tar-
geted NGs 1. However, the dehydrogenative C-C coupling failed
to produce 4,7-dibromo-substituted TQ-framework (Br-TQ) when
indole was employed instead of bisindole 3 (path A, Scheme S1
in Supporting information). In addition, only the dehalogenative
byproduct was obtained instead of the targeted arylethynyl-TQ 4
when we switched the order of SyAr reaction and Sonogashira
coupling (path B, Scheme S1 in Supporting information).

The reaction conditions of the two-fold SyAr reaction and
gold(I)-catalyzed 7-endo-dig cyclization processes were optimized,
respectively. After checking the solvent, temperature and base ef-
fects (Table S1 in Supporting information), the conditions of the
SNAr reaction were established as employing phenylethynyl-BTD
2a and bisindole 3a in the presence of 3.0 equiv. K;CO3 in DMF
at 80 °C for 12 h, producing phenylethynyl TQ 4a in 74 % isolated
yield. Next, the conditions of gold(I)-catalyzed 7-endo-dig cycliza-
tion were evaluated in terms of counterion and ligand effects of
gold catalysts (Table S2 in Supporting information), and the suit-
able conditions were determined as using 4a catalyzed by 20 mol%
of AuCl[P(CgH,F3)3] and AgTFA in DCE at 80 °C for 12 h, afford-
ing the corresponding azepine-embedded NG 1a in 82 % isolated
yield.

With optimized conditions in hand, we applied this concept
to prepare azepine-embedded NGs with a variety of substitutions
(Scheme 2b). Peripheral decorations using different arylacetylenes
afforded NGs 1a-1e in high yields in both SyAr and annulation
steps. Bisindole bearing chloro-functionality could be utilized to
construct NG 1f, however, a modest yield (50 %) was obtained
in annulation. In addition, the substrates with differential aro-
maticity were subsequently checked. For example, when the fused-
thiadiazole was removed from the substrates, the reaction of both
SNAr and annulation also proceeded smoothly to give donor-NGs
1g and 1h, although lower efficiency was observed in SyAr trans-

formation. It should be noted that the iodocyclization was suc-
cessfully applied as an alternative to gold(I)-catalyzed 7-endo-dig
annulation to furnish azepine-embedded NG 1i in 40 % yield
(see Supporting information for details). Finally, the transforma-
tion of NGs 1 was carried out to showcase the practicality of our
method (Scheme 2c). For example, the thiadiazole-functionalized
1b could be converted to diamino-tethered NG 1j in 60 % yield,
and the pyridyl-group could be introduced based on bromo-
containing substrate 1d via Suzuki coupling to afford 1k in 72 %
yield.

Notably, single-crystal X-ray crystallography reveals a saddle-
shaped negatively curved structure for 1b, which exhibits a signif-
icantly twisted geometry with C, symmetry (Fig. 1a). This intrigu-
ing twisted structure leads to a unique packing mode in the crys-
tal. The molecules assemble into dimeric units composed of two
enantiomers, displaying anti-parallel, face-to-face stacking with a
close intermolecular separation of 3.55 A. Within this dimer, the
distance between the sulfur atom of the thiadiazole ring and the
carbon atom bearing a methyl group at the base of the molecu-
lar framework is 3.57 A (Fig. 1b). The close inter-dimer distances
suggest the presence of robust w - stacking interactions. To gain
a deeper understanding of the interactions within the dimer, we
performed electrostatic potential (ESP) analysis [34] and the inde-
pendent gradient model based on Hirshfeld partition (IGMH) [35]
using Gaussian 09 [36] and Multiwfn 3.8-dev program [37,38]. The
ESP analysis reveals a pronounced electronegative region near the
nitrogen atom of the thiadiazole ring and an electropositive re-
gion adjacent to the methyl group (Fig. 1c), which rationalizes the
observed face-to-face packing mode. Furthermore, the IGMH maps
for both the entire molecular framework and the interactions be-
tween the thiadiazole and methyl groups further corroborate this
conclusion (Fig. 1d).

The benzo[2,1,3]thiadiazole (BTD) unit had a large influence on
the electronic structures of the nanographenes. The s-electrons
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Scheme 2. (a) Selected routes for entering azepine-embedded NGs 1. (b) Yields of azepine-embedded NGs 1. A: Yield of the two-fold SyAr reaction, B: Yield of the two-fold
gold(I)-catalyzed 7-endo-dig cyclization. ¢ Replace AuCl[P(CgH,F3)3] with AuCl[P(CsFs)3]. DCE: 1,2-dichloroethane. (c) Transformations of azepine-embedded NGs 1.
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Fig. 1. (a) X-ray crystal structure of 1b. (b) Packing mode of 1b. (c) Electrostatic potential (ESP) colored molecular van der Waals surface map of 1b. (d) Independent gradient
model based on Hirshfeld partition (IGMH) map for the dimer (isovalue: 0.0008).
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Fig. 2. (a) UV-vis-absorption spectra of 1b, 1g and 1j. (b) Emission spectra of 1b, 1g and 1j. (c) Hole-electron analysis for So — S; transition of 1b (isovalue: 0.002). (d)

Hole-electron analysis for Sp — S; transition of 1g (isovalue: 0.002).

largely changed on the adjacent benzene rings when the BTD unit
was added (Figs. S17 and S18 in Supporting information). As a re-
sult, the emission of 1b bearing BTD moiety showed a dramatic
bathochromic shift (753 nm, 967 nm) compared to 1g (573 nm)
and 1j (597 nm) for the lower-energy band in DCM (10~> mol/L)
(Fig. 2a), and the solid-state fluorescence emission of 1b (787 nm,
962 nm) and 1g (615 nm) also proves a dramatic bathochromic
shift (Fig. S4 in Supporting information). The frontier molecular or-
bitals and energy levels of 1b based on optimized structures elu-
cidated their electronic characteristics (Fig. S10 in Supporting in-
formation). The results reveal that the highest occupied molecular
orbital (HOMO) of 1b is delocalized throughout the main part of
the molecular framework, whereas the lowest unoccupied molec-
ular orbital (LUMO) is predominantly localized on the BTD ring,
the adjacent benzene ring, as well as the two seven-membered
rings. The transition analysis showed that the Sy — S; transition
is primarily driven by the HOMO and LUMO, contributing 98.4 %
to the excitation, and the calculated excitation energy revealed to
be 1.77 eV. The hole-electron analysis also showed a similar con-
clusion that the excitation nature of Sy — S; could be interpreted
as a partial charge transfer process (Fig. 2¢) [39]. On the contrary,
1g with the absence of the BTD rings displayed a considerable
blue shift in their absorption spectra compared with 1b. For 1g,
the So — S; transition is identified as the local excitation with the
electronic delocalization majorly on the main part of the molecu-
lar framework for both HOMO and LUMO (Fig. 2d). The excitation
energy for Sqg— S; revealed to be 2.47 eV, which is much larger
compared to 1b. In the case of 1j, the lower-energy band could be
contributed to two degenerated excitations of HOMO — LUMO and
HOMO-1 — LUMO, and the excitation energies were even larger
than 1b, which were calculated as 2.50 and 2.57 eV, respectively
(Fig. S14 in Supporting information). For the emission spectra of
1b, 1g and 1j, similarly, 1b showed much more red-shifted for the
emission maximum compared to 1g and 1j (967 nm vs. 573 and
597 nm), where the emission of 1b was majorly at near infra-
red region while for 1g and 1j the emission showed an orange
color. This significant difference in emission spectra might also be
attributed to the electronic structures of the molecular 7-system
that were strongly influenced by the BTD unit. Compared to nor-
mal azepine-embedded NGs without thiadiazole ring [23-29], 1b
has a larger emission wavelength and showed NIR emission. In
addition, the fluorescence emission of 1b is close to that of re-
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Fig. 3. (a) Schematic diagram of conductivity experiment principle for 1k. (b) The
1D conductance histograms for 1k. (c) The 2D conductance histogram for 1k. d) The
plateau length statistics for 1k.

ported nanoparticles (NPs) bearing thiadiazoloquinoxaline centers
to a certain extent [40-43], thus, it holds promise in the field of
biomedical imaging.

A pivotal challenge in semiconductor molecular engineering lies
in precisely tailoring the intramolecular charge transport prop-
erties of m-conjugated frameworks, which serve as fundamental
building blocks for semiconductor materials. While single-molecule
electronics provide critical techniques for precise characterization
of charge transport in tailored systems. Due to the narrow en-
ergy gap of molecule 1b, which enhances its potential as a novel
building block of semiconducting materials, we further functional-
ized it with two pyridine terminating groups, forming a molecular
wire 1k featuring a m-delocalized backbone. We then investigated
its single-molecule conductivity using the scanning tunneling mi-
croscopy break-junction (STM-BJ) [44-46] technique (Fig. 3a). First,
we conducted control experiments in pure 1,2,4-trichlorobenzene
(TCB) solvent confirmed the absence of solvent-derived conduc-
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tance signals (G < 10® G, at 0.1 V) (Fig. S5 in Supporting in-
formation), ensuring subsequent measurements in 0.1 mmol/L 1k
solution exclusively captured single-molecule junctions. Statistical
analysis of 2,000 conductance traces revealed a well-defined peak
at 10430002 G, (Fig. 3b), demonstrating superior charge transport
efficiency attributed to the engineered m-system. Furthermore, the
measured plateau length (1.44 nm) (Figs. 3c and d), combined with
Au electrode snap-back correction (0.5 nm) [47], yielded a molecu-
lar junction length of 1.94 nm, aligning remarkably with 1k length
2.0 nm (Fig. S6 in Supporting information), thereby validating both
the structural integrity of the junctions and the experimental pre-
cision.

In summary, an efficient synthesis of curved azepine-embedded
NGs via a step-wise SyAr/gold(I)-catalyzed 7-endo-dig annulation
was established. The resulting compound 1b displays NIR-emission
(Amaxem = 967 nm). The computed results reveal that the electronic
structure differences lead to a significantly lower So— S; excita-
tion energy for 1b compared to 1g and 1j, inducing a pronounced
red shift in the spectrum of 1b compared to 1g and 1j. The con-
ductivity results of 1k establish its backbone core 1b as a promis-
ing semiconductor building block, meeting organic material per-
formance thresholds. By directly linking s -conjugation optimiza-
tion to excellent charge transport properties, this work not only
advances molecular electronics but also provides a blueprint for
the rational development of functional materials. These azepine-
embedded NGs may showcase high potential in the area of opto-
electronic materials.
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