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construction of nonsubstituted
quinoline-bridged covalent organic frameworks†

Huaji Pang,ab Dekang Huang, a Yanqiu Zhu,ab Xiaodong Zhaoab

and Yonggang Xiang *ab

Irreversible locking of imine linkages into stable linkages represents a promising strategy to improve the

robustness and functionality of covalent organic frameworks (COFs). We report, for the first time,

a multi-component one-pot reaction (OPR) for imine annulation to construct highly stable

nonsubstituted quinoline-bridged COFs (NQ-COFs), and that equilibrium regulation of reversible/

irreversible cascade reactions by addition of MgSO4 desiccant is crucial to achieve high conversion

efficiency and crystallinity. The higher long-range order and surface area of NQ-COFs synthesized by

this OPR than those of the reported two-step post-synthetic modification (PSM) facilitate charge carrier

transfer and photogeneration ability of superoxide radicals (O2c
−), which makes these NQ-COFs more

efficient photocatalysts for O2c
− mediated synthesis of 2-benzimidazole derivatives. The general

applicability of this synthetic strategy is demonstrated by fabricating 12 other crystalline NQ-COFs with

a diversity of topologies and functional groups.
Introduction

Covalent organic frameworks (COFs) are a unique class of
polymer materials that are fabricated by atomically connecting
building blocks with one another through covalent bonds.1–3

With a periodic structure, high accessible surface area, well-
dened porosity, and designable construction, COFs are bur-
geoning as a new research frontier in energy storage,4,5 separa-
tion,6,7 sensing,8–10 and catalysis.11–15 It is well recognized that
the reversibility of the covalent linkages serves as the major
driving force for the formation of long-range ordered COFs.
This dynamic nature of the bonds, however, has a negative
impact on the chemical stability of COFs, thus giving rise to an
unavoidable trade-off between crystallinity and robustness.16 To
address this intractable issue, the past few years have witnessed
growing interest in the exploitation of efficient methodologies
to improve the stability of COFs.17–23

One of the methodologies to construct ultrastable COFs is to
chemically convert reversible covalent linkages into irreversible
robust ones by post synthetic modication (PSM).24,25 For
instance, C]N bonds in imine-linked COFs could be trans-
formed to more robust amide linkages under an oxidizing
condition with high conversion efficiency and crystallinity.26–29

Similarly, locking of the imine linkage by other organic
ence, Huazhong Agricultural University,

ang@mail.hzau.edu.cn

azhong Agricultural University, 430070,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
reactions could afford stable benzothiazole,30,31 quinoline,32–35

and benzoxazole linkages,36 and C–N bonds.37,38 Following these
pioneering works, we recently reported a novel oxidant-free PSM
method to construct ultrastable nonsubstituted quinoline-
linked COFs (labelled as NQ-COFs) via rhodium-catalyzed [4 +
2] annulation.34 However, these PSM strategies, including ours,
still suffer from some drawbacks, such as collapse of the
framework and decreased crystallinity during the solid-state
transformation, which might hamper the separation and
transfer of photoinduced electron–hole pairs when these PSM
derived COFs are applied in photocatalytic processes. There-
fore, although the NQ-COFs synthesized in our work have
demonstrated their rst application in photoredox organic
transformation, there is still much room to boost their photo-
catalytic activities. One-pot reaction (OPR) is considered
a possible solution to the above dilemma, because such
a methodology allows the building of ordered oligomeric
structures from the very beginning of the reaction and thus is
expected to produce more highly crystalline frameworks.39–45

However, examples of producing ultrastable COFs through OPR
are rare, because balancing the cascade reaction conditions
between reversible imine formation and subsequent irrevers-
ible locking is extremely challenging.

In this contribution, we successfully realized the one-pot
synthesis of NQ-COFs aer extensive screening of reaction
conditions. It was found that the addition of MgSO4 was crucial
to complete imine locking and form high crystallinity NQ-COFs.
Detailed characterization indicated that a more ordered
framework and higher surface area were obtained for the NQ-
COFs synthesized by OPR than the ones synthesized by PSM,
Chem. Sci., 2023, 14, 1543–1550 | 1543

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc06044b&domain=pdf&date_stamp=2023-02-03
http://orcid.org/0000-0001-6792-0539
http://orcid.org/0000-0001-6976-8673
https://doi.org/10.1039/d2sc06044b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc06044b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014006


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
23

:5
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and these properties were benecial to the exposure of active
sites and charge carrier transfer. As a result, the NQ-COF ob-
tained by OPR displayed superior photocatalytic performance
for driving the O2c

− mediated synthesis of 2-benzimidazole
derivatives. By means of this newly developed strategy, 12 other
NQ-COFs were also obtained, substantiating its general
applicability.
Results and discussion

Given that OPR has obvious advantages over PSM for prepara-
tion of COFs, particularly those containing structural diversity
and complexity, we made a rapid attempt to synthesize NQ-
COFA1 via OPR under the reported PSM reaction conditions.
However, it failed with only amorphous polymer obtained
(Scheme 1b). Such reaction conditions were also not suitable for
the smooth operation of the model reaction, as only a 61% yield
of 2-phenylquinoline was achieved (Scheme 1a). To drive the
multicomponent reaction, extensive screening of reaction
conditions was conducted (supplementary Table 1†). It was
found that the presence of MgSO4 was essential in constructing
highly crystalline frameworks, and all experiments aiming to
crystallize NQ-COFA1 were proven to be unsuccessful if MgSO4

was absent. Next, the amount of MgSO4 was screened, whereby
MgSO4 (1.0, 2.0, 4.0, 6.0 and 10.0 equiv. per imine) was added in
the process of synthesizing NQ-COFA1-OPR. It turned out that
a low conversion efficiency was observed with a great amount of
unreacted imine and aldehyde in the presence of 1.0 and 2.0
equivalents of MgSO4 according to Fourier transform infrared
Scheme 1 (a) Synthesis of model compound 2-phenlyquinoline via
Construction of NQ-COFA1 via OPR and PSM methods.

1544 | Chem. Sci., 2023, 14, 1543–1550
(FT-IR) measurements, and a high conversion efficiency was
achieved when 4.0, 6.0 and 10.0 equivalents of MgSO4 were
added (supplementary Fig. 2a†). However, it was found that
addition of 4.0 equivalents of MgSO4 resulted in the strongest
powder X-ray diffraction (PXRD) intensity (supplementary
Fig. 2b†). Inspired by this result, another typical desiccant,
CaCl2 (4.0 equiv. per imine), was also used instead of MgSO4,
however a low conversion efficiency and complete loss of crys-
tallinity were observed via FT-IR and PXRD measurements
(supplementary Fig. 3†). The optimal reaction conditions to
obtain NQ-COFA1 were determined to be as follows: vinylene
carbonate (3.0 equiv. per imine), [Cp*RhCl2]2 (1.5 mol% per
imine), MgSO4 (4.0 equiv. per imine), HOAc (50 mL), reaction
temperature of 120 °C, reaction time of 3 days, and a mixed
solvent system of mesitylene/dioxane (1 : 2, v/v). Under these
reaction conditions, the yield of model compound 2-phenyl-
quinoline was also greatly increased to 95%, further verifying
the signicant role of MgSO4. It is known that the mechanism
for the construction of nonsubstituted quinoline linkages starts
with the formation of imine by condensation of aldehyde and
amine, followed by Rh-catalyzed [4 + 2] annulation between the
in situ generated imine and vinylene carbonate. To form an
ordered structure, the reversible Schiff-base reaction must be
fast enough to promote error correction before locking by the
subsequent irreversible annulation reaction. The drying agent
MgSO4 was regarded as crucial in the rst step of reversible
Schiff-base reaction, as the in situ generated water could be
removed to accelerate the formation rate of imine intermedi-
ates. The water content with or without addition of MgSO4 in
multicomponent reactions with or without addition of MgSO4. (b)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the reaction solution was determined by Karl Fisher titration,
and the results indicated that the content of water in the solu-
tion for preparing COFA1 was 4.0 times that for preparing NQ-
COFA1-OPR (supplementary Tables 4–6†). Therefore, the role of
MgSO4 is speculated to adjust the balance between reversible
Schiff-base reaction and irreversible annulation reaction. It is
noted that, for simplicity in illustration, the NQ-COFA1 samples
prepared by OPR and PSM are labelled as NQ-COFA1-OPR and
NQ-COFA1-PSM in this work, respectively.

The long-range ordered structure of NQ-COFA1-OPR was
veried using PXRD measurement. As shown in Fig. 1a, the
PXRD pattern of NQ-COFA1-OPR shows six prominent diffrac-
tion peaks at 4.0°, 7.0°, 8.0°, 10.6°, 14.5°, and 25.6°, which are
assigned to the (100), (110), (020), (210), (400), and (001) facets,
respectively. Using the optimized monolayer structure, the
simulated eclipsed (AA) stacking in the space group P1 was
found to t very well with the experimental PXRD pattern, and
Pawley renement of the crystal model afforded the unit cell of
a = b = 90°, g = 120°, a = 25.47 Å, b = 26.22 Å, c = 3.59 Å with
satisfactory R-factors (Rp = 1.1%, Rwp = 1.49%). In comparison,
NQ-COFA1-PSM shows a similar PXRD pattern toNQ-COFA1-OPR
but an obviously lower intensity of the peaks. Meanwhile, the
(100) peak of NQ-COFA1-OPR has a narrower full-width at half-
maximum (FWHM) value of 0.47° than that of NQ-COFA1-PSM
(0.49°), also suggesting a higher crystallinity of NQ-COFA1-OPR.
It can be seen that an amorphous polymer was obtained with no
obvious PXRD peaks in the absence of MgSO4. The more
ordered crystal structure of NQ-COFA1-OPR over NQ-COFA1-PSM
was also revealed by N2 adsorption–desorption measurements
Fig. 1 (a) Experimental PXRD patterns of COFA1, NQ-COFA1-OPR, and N
COFA1-OPR. (b) N2 sorption isotherm curves of COFA1, NQ-COFA1-OPR,
NQ-COFA1-PSM. (d) Solid-state isotopically enriched 13C CP/MASNMR sp
(f) HRTEM image of NQ-COFA1-OPR. Inset: fast Fourier transform (FFT)

© 2023 The Author(s). Published by the Royal Society of Chemistry
at 77 K (Fig. 1b). The adsorption proles of all three COFs
display reversible type IV isotherms, which are typical of mes-
oporous materials, and the narrow pore size distributions of
COFA1,NQ-COFA1-OPR, andNQ-COFA1-PSMwere determined by
the non-local density ooding theory (NLDFT) tted curves to be
centered at 2.8, 2.6, and 2.6 nm, respectively, in good agreement
with their simulated structures (supplementary Fig. 4†).
Signicantly, the Brunauer–Emmett–Teller (BET) specic
surface areas of COFA1, NQ-COFA1-OPR, and NQ-COFA1-PSM
were determined to be 1377, 1211, and 964 m2 g−1, respectively,
which are 68%, 68%, and 54% of the theoretical values of COFA1
(2028 m2 g−1) and NQ-COFA1 (1779 m2 g−1). This result clearly
indicates that the PSM strategy decreases the surface area of
COFA1 as a result of some unavoidable factors. The OPR strategy
can endow NQ-COFA1 with a higher surface area because NQ-
COFA1-OPR has higher crystallinity and less amorphous
monomer in the framework pores.

Considering that PSM and OPR afforded NQ-COFA1 with
a similar conversion efficiency, the more ordered periodic
structure of NQ-COFA1-OPR may arise from the different
mechanism of crystallization. The morphologies were then
studied using eld emission scanning electron microscopy
(SEM). As shown in Fig. 1e, COFA1 was obtained in the form of
layer-like blocks with a smooth surface, and the imine locking
by the heterogeneous PSM has no signicant impact on the
morphology. In sharp contrast, NQ-COFA1-OPR is composed of
irregular coral-like lamellae decorated on the outer ring of
nanosheets with a relatively rough surface, which may
contribute to more exposure of surface area. Based on the above
Q-COFA1-PSM. The simulated PXRD pattern was generated using NQ-
and NQ-COFA1-PSM. (c) FT-IR spectra of COFA1, NQ-COFA1-OPR, and
ectra. (e) SEM images ofCOFA1,NQ-COFA1-OPR, andNQ-COFA1-PSM.
pattern.

Chem. Sci., 2023, 14, 1543–1550 | 1545
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result, we assumed that the more rigid skeleton of the
quinoline-based oligomers than imine-based counterparts
formed from the very beginning may enhance the interlayer p–
p stacking, which can act as an impetus to drive the formation
of a more ordered periodic structure with high crystallinity. This
was further clearly visualized by high-resolution transmission
electron microscopy (HRTEM) (Fig. 1f), and a well-ordered
arrangement of continuous honeycomb-like pore channels
was observed to extend through the whole crystal domain. The
hexagonal shape with a pore size of 26 Å is in good consistence
with the simulated AA-stacking mode of NQ-COFA1-OPR.
Meanwhile, the ordered layered p–p stacking structure along
the (001) direction can also be observed with an interlayer
distance of 3.59 Å (supplementary Fig. 5†).

As it was previously reported that Rh-catalyzed annulation of
imine by the PSM strategy could achieve quantitative conver-
sion, we rst compared the FT-IR spectra of NQ-COFA1-OPR and
NQ-COFA1-PSM. The complete disappearance of the character-
istic imine stretching vibration at 1623 cm−1 for NQ-COFA1-PSM
veries the high conversion efficiency (Fig. 1c). Satisfactorily,
NQ-COFA1-OPR shows an almost identical spectrum to that of
NQ-COFA1-PSM. On the other hand, there is still an obvious
residue of C]N bonds in NQ-COFA1 without MgSO4 addition,
conrming that OPR can only smoothly operate in the presence
of MgSO4. Subsequently, isotopically enriched 13C-labeled
aldehyde was synthesized. Aer the structure was veried
using FT-IR spectra (supplementary Fig. 6†), the 13C-labeled
COFA1 and NQ-COFA1-OPR were afforded under the same
conditions for collecting the solid-state 13C cross-polarization
magic angle rotation (CP-MAS) NMR spectra. As shown in
Fig. 1d, the imine carbon peak in 13C-labeled NQ-COFA1-OPR at
157 ppm disappears completely while a new peak appears at
155 ppm for the quinoline carbon of 13C-labeled NQ-COFA1-
OPR. The formation of the quinoline-linked COF was further
supported by high-resolution X-ray photoelectron spectroscopy
(XPS) analysis as the binding energy of N 1s in C]N fragments
shis up from ∼398.9 eV to ∼399.2 eV (supplementary Fig. 7†).
The above measurements revealed that both the formation of
reversible imine and subsequent Rh-catalyzed annulation in the
multi-component OPR collaborated very well in the presence of
MgSO4.

The chemical stability of the NQ-COFs was evaluated by
subjecting COFA1 and NQ-COFA1-OPR to several harsh chemical
conditions for 24 hours, including a strong acid (12 M HCl at
60 °C, 98% triuoroacetic acid at 60 °C), strong base (14M
NaOH in H2O/MeOH at 60 °C), and strong reducing agent
(NaBH4 in MeOH at 60 °C). It was found that the crystallinity of
NQ-COFA1-OPR was retained well according to PXRD measure-
ments whereas COFA1 became amorphous, proving the robust
nature of the frameworks of NQ-COFA1-OPR. Both COFs were
also treated with n-hexylamine solution at 120 °C for 24 hours
(supplementary Fig. 8†). Aminolysis of the imine bridges in
COFA1 converted the suspension into a transparent state;
however, the quinoline linkages were not affected. In addition,
the thermal stability of the COFs was studied using thermog-
ravimetric analysis (TGA), and the thermal decomposition
1546 | Chem. Sci., 2023, 14, 1543–1550
temperature ofNQ-COFA1-OPR was found to be higher than that
of NQ-COFA1-PSM (supplementary Fig. 9†).

To demonstrate the generality of OPR for COF synthesis,
a range of building blocks with different skeletons and geom-
etries was utilized to construct NQ-COFs following the topology
design principle (Fig. 2). Aer extensive optimization of poly-
condensation conditions, the combination of [3 + 2] and [3 + 3]
can afford six hexagonal NQ-COFs (NQ-COFB1, NQ-COFB2, NQ-
COFC1, NQ-COFC2, NQ-COFF1, and NQ-COFF2) with mesoporous
or microporous structures in yields of 89–95%. All of them
display high crystallinity according to PXRD measurements,
and the diffraction patterns were found to be in good agreement
with the eclipsed AA-stacking model. On the other hand, NQ-
COFD4, NQ-COFD5, and NQ-COFF3 with rhombic pores were also
constructed with high crystallinity and yields using the [4 + 2]
combination. Moreover, we successfully synthesized three
functional NQ-COFs (NQ-COFE4, NQ-COFE5, and NQ-COFG1)
starting from substituted aromatic building blocks, which
might provide more opportunities for NQ-COFs to be applied in
wide areas in the future. 12 of the corresponding imine-linked
COFs were also synthesized to conrm the high locking effi-
ciency using FT-IR spectra and XPS analysis (supplementary
Fig. 10 and 11†). Meanwhile, all the NQ-COFs displayed smaller
BET specic surface areas and narrower pore size distributions
than the corresponding imine-linked COFs, and this trend is
also consistent with the comparison between COFA1 and NQ-
COFA1-OPR (supplementary Fig. 12 and 13†). The robust skele-
tons of these NQ-COFs were conrmed using PXRD and FT-IR
measurements before and aer aminolysis tests (supplemen-
tary Fig. 14 and 15†). SEM observation revealed that the NQ-
COFs displayed different morphologies from the correspond-
ing imine-linked COFs, which might arise from the different
crystallization process (supplementary Fig. 16†). Furthermore,
all these 12 NQ-COFs were also characterized using HRTEM,
and their high crystallinities were also demonstrated (supple-
mentary Fig. 17†).

As we previously reported that enhanced p-electron delo-
calization of NQ-COFs favors visible-light absorption and carrier
transfer in comparison to imine-linked COFs, it is particularly
important to further clarify the effects of crystallinity and
surface area differences of NQ-COFA1 synthesized by the PSM
and OPR strategies on the photophysical properties. Ultraviolet-
visible diffuse reectance spectroscopy (UV-vis DRS) measure-
ments revealed that quinoline formation contributes to the
redshied absorption, but NQ-COFA1-OPR displays a longer
absorption onset than NQ-COFA1-PSM. The optical energy
bandgap (Eg) of COFA1,NQ-COFA1-PSM, andNQ-COFA1-OPRwas
calculated from the Tauc plots to be 2.64, 2.36, and 2.15 eV,
respectively (Fig. 3a). The superior light absorption of NQ-
COFA1-OPR may arise from more efficient in-plane p-conjuga-
tion.46 Due to the positive nature of the slopes of the plots ob-
tained at different frequencies by Mott–Schottky (MS)
measurements, the at-band potential (E) of the n-type COFA1,
NQ-COFA1-PSM, and NQ-COFA1-OPR was determined from the
x-axis intercepts of the MS plots to be−1.03,−1.01, and−0.99 V
(vs. Ag/AgCl), respectively (Fig. 3b, supplementary Fig. 18†).
Considering that the CB potential of n-type semiconductors is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of 12 different NQ-COFs (a-l). Green dot: experimental data, green line: Pawley refined profiles, orange line: simulated
patterns of eclipsed (AA) stacking, blue bar: Bragg positions, and claret line: refinement differences.

Fig. 3 (a) UV-vis DRS. The inset shows the corresponding Tauc plots. (b) Mott–Schottky plots of NQ-COFA1-OPR. (c) Energy band structure
diagram. (d) Transient photocurrents. (e) EIS spectra. (f) EPR spectra of the DMPO-O2c

− adduct in the dark and under visible light irradiation.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 1543–1550 | 1547
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almost equal to the at-band potential, the conduction band
(CB) potentials of COFA1, NQ-COFA1-PSM, and NQ-COFA1-OPR
are equal to −0.83, −0.81, and −0.79 V (vs. NHE), respectively.
Combining the Eg and CB values, the valence band (VB) posi-
tions of COFA1, NQ-COFA1-PSM, and NQ-COFA1-OPR were
calculated to be 1.81, 1.55, and 1.36 V (vs. NHE), respectively.
Accordingly, all these three COFs have the ability of photo-
generation of superoxide radicals (O2c

−) from O2 (Fig. 3c).
Furthermore, several other techniques were utilized to verify

the superior photogenerated carrier transfer efficiency. In the
transient photocurrent response measurements, NQ-COFA1-
OPR also has the stronger photocurrent intensity (Fig. 3d). On
the other hand, a smaller arc radius was obtained forNQ-COFA1-
OPR than NQ-COFA1-PSM by electrochemical impedance spec-
troscopy (EIS) measurements (Fig. 3e). Based on these initial
results, we attempted to evaluate the reduction ability of O2 to
O2c

− driven by photogenerated electrons using paramagnetic
spectra (EPR), and it turned out that the characteristic peaks of
O2c

− could be observed when both suspended samples in
CH3CN in the presence of 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) were irradiated for 6 min by a 300 W Xe lamp. NQ-
COFA1-OPR has the stronger ability for O2c

− generation, which
should be conducive to its higher efficiency in O2c

−-mediated
photocatalytic organic reactions (Fig. 3f).

Inspired by the superior potential of NQ-COFA1-OPR to
reduce O2 to the reactive oxygen species (ROS) O2c

−, we
attempted to apply NQ-COFs as photocatalysts in the O2c

−-
Fig. 4 (a) Screening and comparison of reaction conditions for the
Standard conditions: 1a (0.5 mmol), 2a (0.5 mmol), COF (5 mg), EtOH/H
scope for the synthesis of 2-benzimidazole using NQ-COFA1-OPR as
stability obtained by recycling experiments. (d) PXRD comparison bef
mechanism for the photocatalytic reaction.

1548 | Chem. Sci., 2023, 14, 1543–1550
mediated coupling of aryl diamine and aryl aldehyde for
generation of the versatile building block benzimidazole.47

Phenylenediamine (1a) and benzaldehyde (2a) were selected as
the model reactants for the initial reaction condition optimi-
zation (Fig. 4a). The desired product 2-phenyl-1H-benzo[d]
imidazole (3a) could be obtained in 97% yield in the mixed
solvent system EtOH/H2O with NQ-COFA1-OPR as the photo-
catalyst and an 18 W blue LED (460–465 nm) lamp as the light
source under an O2 atmosphere. When the reaction time was
prolonged to 36 h, the yield remained the same, and no product
was detected in the absence of oxygen or light, proving the
pivotal role of photogenerated ROS. In sharp contrast, 50% and
69% yields of the target product were afforded when COFA1 and
NQ-COFA1-PSM were used as the photocatalysts under the same
reaction conditions. Firstly, this revealed that the quinoline
linkage helps to address the limited in-plane p-electron delo-
calization. More importantly, the more ordered framework of
NQ-COFA1-OPR is indeed more benecial to the transfer of
photogenerated electrons and thus the generation of ROS is
accelerated in comparison to NQ-COFA1-PSM, which correlates
with the EPR results. With the optimized reaction conditions in
hand, a variety of substituted phenylenediamines were tested to
explore the coupling scope (Fig. 4b), and it was found that
phenylenediamines 3,4-substituted with electron-decient (3,4-
F2, 3,4-Cl2 and 3-F) or electron-decient (3-Me) groups were
tolerated in the reaction, and the desired products 3b–3e could
be obtained in good yields. Furthermore, the coupling reaction
synthesis of the model compound 2-phenyl-1H-benzo[d]imidazole.

2O (1 mL/1 mL), 18 W blue LED (460–465 nm), and 24 h. (b) Substrate
the photocatalyst under standard reaction conditions. (c) Long-term
ore and after five runs of the photocatalytic reaction. (e) Proposed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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also ended in a good conversion efficiency when benzaldehyde
was substituted at the ortho-, meta or para-position (p-Br, p-OH,
p-CN, p-NO2, p-OCH3, o-Me, and m-Me) (3f–3q) under the stan-
dard conditions.

Another advantage of heterogeneous photocatalytic reaction
is the facile recycling of the photocatalyst for repeated runs
without activity decay. Taking the model reaction for the
generation of 3a as an example, NQ-COFA1-OPR could be easily
separated by ltration aer the reaction ended every time. Aer
being washed and dried, the recycled NQ-COFA1-OPR was
directly used for the next run, and it turned out that a 96% yield
of 3a was still obtained aer the h recycling reaction, proving
its high photochemical stability (Fig. 4c). Meanwhile, the high
stability of NQ-COFA1-OPR was further supported by PXRD and
FT-IR data, which conrmed that the chemical structure and
robust framework could be retained aer the reaction (Fig. 4d
and supplementary Fig. 19†).

To gain deep insight into the mechanism of the coupling
reaction, experiments featuring ROS trapping were designed.
When the singlet oxygen (1O2) scavenger b-carotene (3 mg) was
added into the reaction, a 96% yield of 3a in the model reaction
was obtained without other conditions changed. On the other
hand, no product was detected in the presence of the O2c

−

scavenger p-benzoquinone (3 mg), proving that O2c
− was the

dominant active species. Based on the above observations and
a previous report, a plausible reaction mechanism was
proposed, as shown in Fig. 4e. NQ-COFA1-OPR is converted to
the photoexcited NQ-COFA1-OPR*, and the cyclized interme-
diate II of imine I acts as the electron donor to NQ-COFA1-OPR*
for the generation of NQ-COFA1-OPR�− and intermediate III.
Next, O2 is activated by NQ-COFA1-OPR�− to afford the active
species O2c

− along with the ground state NQ-COFA1-OPR, and
hydrogen abstraction of III aided by O2c

− occurs to form HO2$

and intermediate IV, which nally transformed to the nal
product 3a and H2O2. To further verify the possible mechanism,
the by-product H2O2 was detected by iodometric experiments
(supplementary Fig. 20†).

Conclusions

In summary, we developed a highly efficient Rh-catalyzed one-
pot cascade strategy to synthesize robust non-substituted
quinoline linked COFs directly from simple or readily avail-
able precursors. It was found that the dehydrating agent
MgSO4 played a pivotal role in adjusting the reaction balance
between formation of reversible imine and irreversible annu-
lation. In comparison with the “stop-and-go” PSM strategy
developed in our previous work, the OPR strategy presented
herein not only avoided the isolation of intermediates and
featured operational friendliness, but also enabled COFs to be
obtained with higher crystallinity and specic surface areas.
The later merits led the NQ-COFs prepared by OPR to exhibit
stronger visible-light absorption and carrier transfer ability,
which contributed to the facile generation of the active species
O2c

−. As a result, the NQ-COFs prepared by OPR were ascer-
tained to be more efficient photocatalysts in the O2c

−-medi-
ated coupling reaction for synthesizing a variety of 2-
© 2023 The Author(s). Published by the Royal Society of Chemistry
benzimidazole derivatives. Furthermore, the general applica-
bility of this OPR strategy was demonstrated by constructing
12 other NQ-COFs with different topologies and pore sizes.
The approach reported in this work will reduce the difficulty in
synthesizing stable COFs and thus promote COFs to nd wide
application in the future.

Experimental section
Typical procedure for the one-pot synthesis of NQ-COFA1-OPR

A Pyrex glass tube (10 mL) was charged with aldehyde A
(19.5 mg, 0.05 mmol), amine 1 (17.6 mg, 0.05 mmol), vinylene
carbonate (38.7 mg, 0.45 mmol), acetic acid (HOAc, 0.05 mL),
MgSO4 (72 mg), mesitylene (0.5 mL), and 1,4-dioxane (1.0 mL).
Subsequently, the tube was sonicated for 10 minutes, degassed
by three freeze–pump–thaw cycles (liquid nitrogen), and sealed
under vacuum. Aer being heated in an oven at 120 °C for 3
days, the cooled suspension was centrifuged to separate the
solid, which was repeatedly washed with THF and water until
the solvent was colourless. NQ-COFA1-OPR was nally obtained
as a brown powder (36 mg, 95%) aer being dried under
vacuum at 80 °C.

Typical procedure for the synthesis of 2-phenyl-1H-benzo[d]
imidazole

A 10 mL Schlenk tube equipped with a stir bar was charged with
o-phenylenediamine 1 (0.5 mmol), aldehyde 2 (0.5 mmol), NQ-
COFA1-OPR (5 mg), EtOH (1.0 mL), and H2O (1.0 mL). Aer
being subjected to evacuation/purging with O2 for 10 min, the
reaction mixture was irradiated in the photoreactor (18 W blue
LEDs, 460–465 nm) with a cooling fan for 24 h under an O2

atmosphere. Aer the reaction ended, the solid was collected by
ltration, and the concentrated ltrate was puried by ash
chromatography on silica gel with PE/EA as the eluent to afford
the products.
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