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nthesis of 2-benzothiazoles over
hexaazatrinaphthylene-based porous aromatic
frameworks†

Jingjing Shao, He Wang, Xin Tao * and Guangshan Zhu

Porous aromatic frameworks (PAFs) are considered as promising photocatalysts for efficient organic

transformations. In this study, the synthesis of donor–acceptor (D–A)-type hexaazatrinaphthylene-based

porous aromatic frameworks (HATN-PAFs) is presented. By linking HATN units with other different

fragments, the surface areas, bandgaps, energy levels and photoelectric properties of HATN-PAFs could

be easily tuned. Notably, the combination of HATN with triphenylamine (TPA) fragments facilitates

photoinduced charge separation and migration, and reactant transport and activation during

photocatalysis, which achieves high yields (up to 99%), an expandable substrate scope (20 examples),

and good recyclability (up to 10 cycles) for the photosynthesis of 2-benzothiazoles under an air

atmosphere upon excitation by a blue LED light (460 nm, 24 W). This photocatalytic system does not

require additional oxidants or metals, making it environmentally friendly. A mechanistic study reveals that

the simultaneous generation of the reactive oxygen species O2c
− and 1O2 over this catalytic system may

jointly accelerate the oxidative formation of 2-benzothiazoles.
Introduction

Benzothiazole derivatives are valuable organic building blocks
in pharmaceutical chemistry, materials science and other elds.
Specically, 2-arylbenzothiazole and its derivatives are essential
structural and functional units of various pharmaceutical
intermediates with excellent physiological and pharmacological
properties,1–4 which are widely used in antibacterial drugs,5,6

anti-inammatory agents,7,8 antitumor agents9 and so on.
Therefore, developing efficient synthesis methods for 2-aryl-
benzothiazole derivatives is particularly attractive.

Until now, various catalytic technologies such as thermal
catalysis, electrocatalysis and photocatalysis have been
employed for the synthesis of benzothiazole derivatives
(Scheme 1). The traditional thermally induced synthesis of 2-
arylbenzothiazole derivatives is usually achieved under harsh
reaction conditions, such as those involving high temperatures
and toxic metal catalysts, leading to high energy consumption,
low selectivity and serious environmental concerns.10–14

Emerging electrocatalysis techniques could overcome these
problems, but they usually require the use of expensive elec-
trodes.15 In contrast, visible-light-driven photocatalytic trans-
formations provide a greener and more sustainable approach
icular Material Chemistry of Ministry of

Normal University, Changchun 130024,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
for 2-arylbenzothiazole synthesis.16–18 Thus, various organic dye
molecules (uorescein,19 enzymes,20 and vitamins21) have been
widely applied for the photocatalytic synthesis of 2-arylbenzo-
thiazole derivatives. However, separating and reusing these
Scheme 1 The synthetic routes to benzothiazole derivatives.
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homogeneous photocatalysts have been highly challenging. On
the other hand, metal-based heterogeneous photocatalysts such
as nonprecious metal-based semiconductors (CdS,22 CdSe-
MMT23 and TiO2

24) and metal–organic frameworks (MOFs)25

usually exhibit insufficient stability in the process of 2-aryl-
benzothiazoles photosynthesis. Recently, organic semi-
conducting materials such as conjugated microporous
polymers (CMPs),26 ordered mesoporous polymers (OMPs)27

and covalent organic frameworks (COFs)28,29 have been investi-
gated as heterogeneous photocatalysts for 2-arylbenzothiazole
synthesis, due to their tuneable local structures and photo-
electric properties. However, these photocatalytic processes
require a pure oxygen atmosphere and/or long reaction times,
which greatly limits their practical applications. Therefore, it is
of great signicance to develop porous organic photocatalytic
materials with high catalytic efficiency and good recyclability for
the photosynthesis of 2-arylbenzothiazole derivatives.

Recently emerging porous aromatic frameworks (PAFs) have
been proved to be promising candidates to serve as efficient and
stable photocatalysts, due to their tunable local structures,
robust chemical bonding, and high specic surface areas.30–32

Constructing PAF materials with regulated optical bandgaps,
suitable energy levels, abundant active sites and appropriate
durability is of great interest. To achieve this goal, an effective
method is the combination of suitable molecular fragments
with unique electronic and geometric structures by efficient
carbon–carbon bond formation reactions to construct PAFs
those are satisfactory for specic photo-reactions.33 Specically,
Scheme 2 The synthesis of HATN-PAFs.

13268 | Chem. Sci., 2025, 16, 13267–13275
p-conjugated PAFs with alternating electron donors (D) and
acceptors (A) could be formed by this method, which usually
facilitate the efficient separation and transfer of photo-
generated charge carriers.34 Therefore, PAFs have served as
efficient photocatalysts for organic transformations such as
benzimidazole synthesis,35,36 H2O2 production,37,38 the decon-
tamination of mustard gas simulant,39 CO2 conversion40 and
energy storage.41 In addition, hexaazatrinaphthylene (HATN) is
a well-known dinaphthalene-type pyrazine-based compound,
which is recognized for its photochemical stability, high elec-
tron affinity, ease of functionalization and high electrical
conductivity.41–43 Previously, a HATN-based porous aromatic
framework (HATN-PAF) has been reported to serve as the
cathode material for self-recharging aqueous Zn–K hybrid ion
batteries.41 The unique features of HATN-PAF materials
encourage us to further optimize their structures to serve as
efficient photocatalysts for specic reactions. The rigid planar
heterocyclic redox active centre with p-conjugation from the
HATN fragment may favour photoinduced electron–transfer
reactions. Moreover, HATN derivatives have remarkable
electron-decient properties, which makes them suitable to
serve as electron-acceptor components in D–A type semi-
conducting porous materials.44 In this study, three nitrogen-
rich molecular fragments with different electron donating
abilities, triphenylamine (TPA), 2,4,6-triphenyltriazine (TPTA)
and 1,3,5-triphenylbenzene (TPB), were coupled with HATN to
construct three C–C-bond-linked D–A-type HATN-PAFs, named
PAF-406, PAF-407 and PAF-408 (Scheme 2). By changing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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different types of D fragments, the band gaps, energy levels, and
photoelectric properties of these HATN-PAFs can be tuned to
activate oxygen to generate the reactive oxygen species O2c

− and
1O2. This promotes the photosynthesis of benzothiazoles in
excellent yields with broad substrate applicability and good
recyclability under ambient conditions, which is superior to
previously reported organic semiconductors.
Results and discussion
Synthesis and characterization of HATN-PAFs

HATN-PAFs were synthesized via efficient cross-coupling reac-
tions of tribromo-substituted hexaazatrinaphthylene (HATN-Br)
with boron-derived TPA, TPTA and TPB fragments in the pres-
ence of Pd(PPh3)4 under solvothermal conditions, with the
resulting materials named PAF-406, PAF-407 and PAF-408,
respectively (Scheme 2).45,46 The chemical compositions of the
obtained HATN-PAFs are further characterized by various
techniques. It is found that the characteristic vibrational signals
of the HATN fragments are maintained in the Fourier transform
infrared (FT-IR) spectra of HATN-PAFs (Fig. 1a). The strong
signals from the C–N bonds in PAF-406 appear at around
1321 cm−1.47 The strong bands from the C]N bonds of the
triazine ring in PAF-407 are located at around 1511 and
1356 cm−1.48 The C–Br bond signals (around 579 cm−1)
observed for the edge of the networks in HATN-PAFs are
weakened compared to monomeric HATN-Br.49 X-ray photo-
electron spectroscopy (XPS) analysis of the HATN-PAFs, in
comparison with their synthetic monomers, shows that the C 1s
peaks of the HATN-PAFs can be deconvolved into four major
characteristic peaks. The peaks at 284.8 and 285.8 eV could be
Fig. 1 (a) FT-IR spectra. (b) Solid-state 13C CP-MAS NMR spectra. (c) N2 a
(e) TEM images of PAF-406, and (f) TEM elemental mapping of PAF-406

© 2025 The Author(s). Published by the Royal Society of Chemistry
assigned to the C]C/C–C and C–N]C bonds, respectively.50,51

Additionally the peaks at 285.1 and 287.1 eV in the C 1s spectra
could be attributed to C–N and C]N bonds, respectively (Fig. S1
and S2†).49,52 In the N 1s XPS spectra, the peaks at 398.7, 399.9
and 399.3 eV can be attributed to N]C, N–C and C–N]C,
respectively (Fig. S3 and S4†).49,53 In the O 1s and B 1s XPS
spectra, HATN-PAFs do not display characteristic signals at
531.0 or 190.9 eV, indicating the absence of boronic acid groups
in HATN-PAFs (Fig. S5–S8†).54,55 The chemical structures of
HATN-PAFs are further investigated in comparison with their
constituent molecules (i.e. HATN, TPA, TPTA and TPB) by 13C
cross polarization magic angle spinning (CP-MAS) solid-state
NMR spectroscopy (Fig. 1b and S9†). The 13C signals observed
at around 142 ppm in these three HATN-PAFs belong to the
carbon atoms of the central hexa-substituted benzene rings in
the HATN fragments,56,57 which is comparable to what is
observed for HATN molecules. The 13C signals in the range of
120–140 ppm could be tentatively assigned to the carbon atoms
of di- and tri-substituted or fused benzene rings, similar to
those observed for HATN, TPA, TPTA and TPB.56,58 Specically,
in the solid-state 13C NMR spectrum of PAF-406, the phenylene
carbons neighboring nitrogen atoms in TPA fragments appear
at 148 ppm, which is consistent with what is observed for TPA
molecules.56,59 The carbon signal from the triazine core is
observed at about 171 ppm in the solid-state 13C NMR spectrum
of PAF-407, which is conrmed by comparison with that of
TPTA molecules.56,60 All this evidence demonstrates the inclu-
sion of the key molecular fragments in HATN-PAFs. The
permanent porosity properties of PAF-406, PAF-407 and PAF-408
are assessed by N2 sorptionmeasurements at 77 K (Fig. 1c). PAF-
406 has a higher Brunauer–Emmett–Teller (BET) specic
dsorption/desorption isotherms at 77 K. (d) An SEM image of PAF-406,
showing carbon (green) and nitrogen (blue).

Chem. Sci., 2025, 16, 13267–13275 | 13269
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surface area (497 m2 g−1) than PAF-407 (205 m2 g−1) and PAF-
408 (137 m2 g−1), indicating that the tetrahedral geometry of
TPA fragments may facilitate the formation of a porous frame-
work structure.61 The pore volumes were calculated to be 0.37,
0.24 and 0.19 cm3 g−1 for PAF-406, PAF-407 and PAF-408,
respectively. The adsorption isotherms of HATN-PAFs exhibit
both type-I and type-IV characteristics, indicating that both
microporous and mesoporous structures exist in HATN-PAFs.

The isotherms of PAF-406 showed rapid uptake at low
relative pressures, which indicated the microporous features
of PAF-406. The high specic surface area and porous structure
are more favourable for photocatalytic reactions, due to the
optimal exposure of active sites on the catalyst surface to
reactants.40,62–65 As shown in Fig. S10,† the pore size distribu-
tions of PAF-406, PAF-407 and PAF-408 are mainly concen-
trated at 1.14, 1.50 and 1.79 nm, respectively. Thermal
gravimetric analysis (TGA) shows that HATN-PAFs have a rela-
tively high degree of thermal stability (Fig. S11†). In addition,
HATN-PAFs also showed high chemical stability in 3 M HCl
and were insoluble in alcohols (e.g. CH3OH and C2H5OH), N,N-
dimethylformamide (DMF), tetrahydrofuran (THF), hal-
oalkanes (e.g. CH2Cl2 and CHCl3) and other common organic
solvents. Powder X-ray diffraction (PXRD) analysis reveals that
HATN-PAFs are amorphous (Fig. S12†). Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) analysis shows that the morphologies of HATN-PAFs all
involve irregular particles (Fig. 1d, e and S13†). Meanwhile, it is
observed that carbon and nitrogen in PAF-406 are evenly
distributed throughout the polymer skeleton based on TEM
elemental mapping (Fig. 1f).
Fig. 2 (a) UV-vis spectra. (b) Tauc plots. (c) Experimentally determined b
Time-resolved fluorescence spectra of HATN-PAFs.

13270 | Chem. Sci., 2025, 16, 13267–13275
Optical and electrochemical properties

The optical properties of HATN-PAFs are analysed using diffuse
ultraviolet-visible (UV-vis) spectroscopy. All these HATN-PAFs
exhibit strong absorption in the visible-light region. In
particular, PAF-406 exhibits an absorption edge at 800 nm
(orange line), while the maximum absorption peak of PAF-406
is red-shied compared to the other two PAF materials.
(Fig. 2a). The optical bandgaps (Eg) of PAF-406, PAF-407, and
PAF-408 were estimated to be 1.58, 1.60, and 1.69 eV, respec-
tively, based on the corresponding Tauc plots (Fig. 2b). To
further investigate the energy levels of the HATN-PAFs, VB-XPS
tests are performed, which give valence band energies (EVB) of
0.62, 1.23, and 1.08 eV for PAF-406, PAF-407, and PAF-408
(Fig. S14†). The corresponding conduction band energies
(ECB) are calculated to be −0.96, −0.37, and −0.61 eV according
to the formula ECB = EVB − Eg (Fig. 2c). These results indicate
that the energy levels of HATN-PAFs can be easily adjusted by
changing the electron-donating linkage fragments between
HATN moieties. Furthermore, the efficiencies of photoinduced
charge-carrier generation, separation and transport66 over
HATN-PAFs are investigated by electrochemical impedance
spectroscopy (EIS), transient photocurrent and time-resolved
uorescence decay measurements.67,68 As can be seen from
the EIS spectra (Fig. 2d), PAF-406 has smaller charge transfer
resistance, indicating the faster migration of photogenerated
charge carriers.69 The transient photocurrent response of
HATN-PAFs is measured based on switching cycles under Xe
lamp irradiation. As shown in Fig. 2e, PAF-406 has the highest
photocurrent response intensity, demonstrating that PAF-406
exhibits more efficient separation of electron–hole pairs.70 The
lifetimes of photogenerated charge carriers over HATN-PAFs are
and structures. (d) EIS spectra. (e) Transient photocurrent responses. (f)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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evaluated by time-resolved photoluminescence (PL) attenuation
spectroscopy (Fig. 2f). The average emission lifetimes of PAF-
406, PAF-407, and PAF-408 are 1.14, 1.10, and 1.11 ns, respec-
tively. Furthermore, PAF-406 possesses the lowest uorescence
emission intensity, implying that the recombination of photo-
generated electron–hole pairs is suppressed in PAF-406
(Fig. S15†).71 These observations indicate that PAF-406
exhibits superior properties for light harvesting, charge sepa-
ration and migration, and suitable energy levels for the ORR,
and it may potentially serve as a photocatalyst to produce the
reactive oxygen species (ROS) that are essential for organic
transformations.

Photosynthesis of 2-benzothiazoles

The photosynthesis of 2-benzothiazole derivatives over HATN-
PAFs under visible light irradiation (l = 460 nm, 24 W blue
LED) is investigated. Initially, the photocatalytic synthesis of 2-
phenylbenzothiazole from benzaldehyde and 2-amino-
thiophenol under an air atmosphere is studied as a model
reaction to optimize the reaction conditions (Table 1). It is
found that the PAF-406 catalyst exhibits the highest yield (99%)
for this reaction compared with PAF-407 (90%) and PAF-408
(91%) under similar conditions (Table 1, entries 1–3). This is
likely due to the more efficient photogenerated charge separa-
tion and transfer over the PAF-406 catalyst. In addition, the
highest specic surface area of PAF-406 may ensure the optimal
exposure of its active sites to reactants during
photocatalysis.40,62–65 The catalyst loading is also essential for
the catalytic performance (Table 1, entries 4–6). Photocatalytic
reactions using 2.0–4.0 mg of PAF-406 catalyst give 2-phenyl-
benzothiazole in >90% yield. The optimal reaction yield (99%) is
obtained when 3.0 mg of PAF-406 catalyst is loaded. Increasing
the catalyst loading results in a slightly lower yield (94%),
probably due to the aggregation of the catalyst particles caused
by the higher catalyst concentration which exposes insufficient
active sites for photon capture and reactant contact.72
Table 1 Optimization of the reaction conditionsa

Entry Catalyst Solvent Yieldb

1 PAF-406 (3.0 mg) CH3OH 99%
2 PAF-407 (3.0 mg) CH3OH 90%
3 PAF-408 (3.0 mg) CH3OH 91%
4 PAF-406 (1.0 mg) CH3OH 41%
5 PAF-406 (2.0 mg) CH3OH 90%
6 PAF-406 (4.0 mg) CH3OH 94%
7 PAF-406 (3.0 mg) Hexane 25%
8 PAF-406 (3.0 mg) CH3CN 38%
9 PAF-406 (3.0 mg) DMF 35%
10 PAF-406 (3.0 mg) CH2Cl2 48%

a 2-Aminothiophenol (0.5 mmol), benzaldehyde (0.5 mmol), HATN-PAF
photocatalyst, solvent (3 mL), air, blue LED (460 nm, 24 W), 298 K, 3 h.
b Isolated yield.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Additionally, the effects of the solvent on the reaction yield are
then tested. Reactions in aprotic solvents, such as N,N-dime-
thylformamide (DMF), acetonitrile (CH3CN), hexane and
CH2Cl2, give 2-phenylbenzothiazole in lower yields (25–48%,
Table 1, entries 7–10) than the analogous reaction in methanol
(99%). These experiments illustrate that the optimal reaction
conditions for 2-arylbenzothiazole photosynthesis catalysed by
HATN-PAFs are as follows: 2-aminothiophenol (0.5 mmol) and
benzaldehyde (0.5 mmol) as the reaction substrates, PAF-406
(3.0 mg) as the photocatalyst, CH3OH as the reaction solvent,
and a 24 W blue LED as the light source under an air atmo-
sphere at 298 K for 3 h.

To study the reaction mechanism of the photosynthesis of 2-
arylbenzothiazole over PAF-406, a series of control experiments
was conducted (Fig. 3a). It is found that 2-phenylbenzothiazole
formation is inhibited in the absence of light or air. However,
a small amount of product (10%) can be isolated from the
reaction without any photocatalyst, which may be attributed to
the photoinduced self-coupling of 2-aminothiophenol. The in
situ generated disulde compound may serve as a photosensi-
tizer to facilitate the generation of key reactive oxygen species,
which promote 2-phenylbenzothiazole formation.73 This reac-
tion pathway seems not to be dominant in our catalytic system
(Scheme S7 and Fig. S16†). These results illustrated that the
HATN-PAF photocatalyst, light and air are all necessary in the
current photocatalytic system. To better elucidate the presence
of reactive oxygen species, (2,2,6,6-tetramethylpiperidin-1-yl)
oxyl (TEMPO), 1,4-benzoquinone (BQ) and b-carotene are added
to the current catalytic system as scavengers of free radicals,
superoxide radical anions (O2c

−) and singlet oxygen (1O2),
respectively, resulting in a partial decrease in reaction yields
(24–36%). This indicates that O2c

− and 1O2 are generated over
PAF-406 under light irradiation under an air atmosphere, which
Fig. 3 (a) Control experiments using the PAF-406 catalyst under
various conditions and (b) UV-vis absorption spectra of TMPD in
CH3OH in the absence (black curve) and presence (blue curve) of PAF-
406 under light irradiation in open air. ESR spectra from DMPO-O2c

−

(c) and TEMP-1O2 (d) trapping experiments in the presence of PAF-406
under light irradiation.

Chem. Sci., 2025, 16, 13267–13275 | 13271
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act as key ROS for the synthesis of 2-arylbenzothiazole.
Furthermore, the presence of PAF-406 facilitates the single
electron transfer process from N,N,N0,N0-tetramethyl-p-phenyl-
enediamine (TMPD) to molecular oxygen with the formation of
nitrogen cationic radicals and superoxide radicals under light
irradiation (Fig. 3b).74 The generation of O2c

− and 1O2 in the
current catalytic system is also conrmed by in situ electron spin
resonance (ESR) analysis of radical trapping experiments
(Fig. 3c and d). Moreover, the reaction yields are severely
inhibited when the photoexcited electron (e−) scavenger CuCl2
and the photogenerated hole (h+) scavenger KI are respectively
added to the current photocatalytic system (Fig. 3a). This indi-
cates that h+ and e− are also involved in the current photo-
catalytic reaction process.

As Pd(PPh3)4 was used as a catalyst for the synthesis of
HATN-PAFs, the possible effect of residual Pd species on the
photocatalytic performance for 2-phenylbenzothiazole
synthesis should be tested. As can be seen from inductively
coupled plasma atomic emission spectrometry (ICP-AES) anal-
ysis, a trace amount of Pd (0.2–0.4 wt%) remains in HATN-PAFs
(Table S1†). This could also be observed by TEM element
mapping and EDS elemental analysis of PAF-406 (Fig. S17 and
S18†). Furthermore, a series of control experiments based on
Pd-loaded PAF-406 catalytic systems is performed to verify the
role of residual Pd on the photosynthesis of 2-phenyl-
benzothiazole. It is shown that a higher Pd species content in
the HATN-PAF photocatalysts does not seem to positively affect
their performance in the current photocatalytic system
(Fig. S19†).

Based on these experimental observations, a possible reac-
tion mechanism for the photosynthesis of 2-arylbenzothiazole
over PAF-406 is proposed (Fig. 4).27,29 The substrate molecules 2-
aminothiophenol and benzaldehyde initially undergo
a condensation reaction to form the imine intermediate I,
which subsequently cyclizes to form intermediate II. Under
light irradiation, energy transfer (ET) to absorbed oxygen
molecules over PAF-406 could occur to produce reactive 1O2

(Fig. 4, Path A), which can oxidize intermediate II to give
intermediate III. b-H elimination affords the 2-
Fig. 4 The possible reaction mechanism of the photosynthesis of 2-ary

13272 | Chem. Sci., 2025, 16, 13267–13275
arylbenzothiazole product accompanied by the generation of
hydrogen peroxide as a byproduct. Conversely, light excitation
could also lead to the separation of an electron–hole pair over
the PAF-406 photocatalyst (Fig. 4, Path B). In this case, several
single electron transfer (SET) processes could be involved. The
photogenerated electron could undergo an oxygen reduction
reaction (ORR) to give the reactive oxygen species O2c

−. Simul-
taneously, the photogenerated holes could serve as strong
oxidizing sites to oxidize intermediate II to generate the cationic
radical intermediate IV, which could be deprotonated by the
generated O2c

− giving the radical intermediate V and HOOc.
Hydrogen atom abstraction from intermediate V by HOOc ulti-
mately resulted in the product 2-arylbenzothiazole and H2O2 as
a byproduct. We believe that these two reaction pathways would
jointly accelerate the overall photosynthesis of the 2-arylben-
zothiazole product.

Subsequently, the substrate scope for the photosynthesis of
benzothiazoles over PAF-406 is investigated under the opti-
mized conditions (Table 2). It is found that a series of benzal-
dehyde derivatives featuring both electron-withdrawing and
electron-donating substituents are compatible with the
current photocatalytic system. The highest yield of benzothia-
zole product 3a of 99% is achieved from the photocatalytic
reaction using an unsubstituted benzaldehyde as the starting
material. It is clearly observed that steric effects related to the
substituents on the benzaldehyde play a major role in deter-
mining the reaction yields. The reaction yields obtained for
isomers substituted at different positions are in the order:
ortho- (3b–3d) <meta- (3e–3g, 3k) < para- (3h–3j, 3l) substitution.
Similarly, the reaction using a para-CH3-substituted benzalde-
hyde affords the corresponding 2-arylbenzothiazole product 3l
in 98% yield, which is higher than its meta-substituted isomer
3k (91%). In addition, –OCH3- and –CN-substituted benzalde-
hydes can be converted to the target products 3m and 3n in 91%
and 95% yields, respectively. The reaction using butyl aldehyde
gives 2-butylbenzothiazole (3o) in 91% yield. Notably,
heterocycle-substituted aldehydes are also suitable as
substrates for this reaction, from which the target molecules
3p–3r are isolated in high yields (93–99%). Additionally, the –Br-
lbenzothiazole over PAF-406.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The photosynthesis of benzothiazoles catalysed by PAF-406.a,b

a Reaction conditions: photocatalyst PAF-406 (3.0 mg), 2-aminothiophenol (0.5 mmol), aldehyde (0.5 mmol), CH3OH (3.0 mL), air, blue LED
(460 nm, 24 W), 298 K. b Isolated yield.
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substituted 2-aminothiophenol reacts with benzaldehyde giving
the product 3s in 85% yield. Under similar conditions, the
photosynthesis of 2-phenylbenzimidazole 3t from o-phenyl-
enediamine and benzaldehyde using the current photocatalytic
system only achieves a moderate yield (61%). Overall, the PAF-
406-based photocatalytic system exhibits excellent catalytic
efficiency for the photosynthesis of benzothiazoles under
ambient conditions, which is superior to reported organic
semiconductor photocatalysts and comparable to metal-based
heterogeneous photocatalysts and organo-based homogeneous
photocatalysts (Table S2†).25–29 While thermal catalysis can also
achieve this reaction with high efficiency, this is possible in the
presence of organic additives or metal catalysts, which are not
recyclable.10–21 The recyclability and scalability of the current
photocatalyst are tested. We found that the photocatalytic
activity of PAF-406 does not signicantly decrease aer recycling
for 10 cycles (Fig. S20†). To our delight, the recycled PAF-406
also maintained its original structure, demonstrating its excel-
lent recyclability. Last but not least, the gram-scale synthesis of
benzothiazole is also performed. In a typical experiment 1.6 g of
product 3a was isolated in 97% yield, indicating that the current
photocatalytic system is scalable.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Conclusions

We present the rational design and synthesis of D–A-type PAFs
consisting of HATN units for the photocatalytic synthesis of 2-
benzothiazoles. The porosity, photoelectric properties, energy
levels, and band gaps of HATN-PAFs can be readily tuned by
adjusting the linkage fragments. Among these HATN-PAFs, the
combination of HATN with TPA fragments facilitates photoin-
duced charge carrier separation and transfer. The energy levels
are suitable for the oxygen reduction reaction to generate the
reactive oxygen species O2c

− and 1O2, which may jointly accel-
erate the oxidative formation of the nal 2-benzothiazole
products. Moreover, the robust character of C–C bonding allows
for excellent durability. These unique features render HATN-
PAFs with excellent performance for the photosynthesis of 2-
benzothiazoles in terms of catalytic efficiency, substrate
adaptability and catalyst recyclability, and reactions do not need
pure oxygen as an oxidant. This study highlights that the
rational design of PAF catalytic materials based on HATN frag-
ments could afford efficient photocatalysts for benzothiazole
synthesis.
Chem. Sci., 2025, 16, 13267–13275 | 13273
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