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A dual-engineered covalent organic framework
with charge-oxygen synergy promotes
photocatalytic dipolar [3 + 2] cycloaddition

Yuemeng Liu,? Lifan Shen,? Hao Yang,? Xiaojia Zhao ©2° and Xingwang Lan @ *2

The photocatalytic oxidative dipolar [3 + 2] cycloaddition reaction is a promising green approach for
producing pyrrolo[2,1-alisoquinolines. However, developing sustainable cycloaddition methods with
heterogeneous photocatalysts is still in its infancy, largely owing to their low reactivity and photostability.
Herein, we propose a charge—oxygen synergy strategy through a dual-engineered covalent organic
framework (COF) by integrating m-spacers with donor—acceptor motifs to promote intermolecular
cycloaddition. Systematic analyses reveal that electron-deficient thiadiazole units significantly enhance
exciton dissociation efficiency, while a fully conjugated acetenyl spacer promotes spontaneous oxygen
adsorption to stabilize endoperoxide intermediate species. This synergistic interplay between charge
separation and oxygen activation significantly boosts reactive oxygen species generation, enabling
efficient C—H bond activation under visible light. Remarkably, the BTDE-COF efficiently promotes dipolar
[3 + 2] cycloaddition, achieving up to 97.1% yield with a broad substrate scope under visible light
irradiation, while enabling a gram-scale synthesis. This work suggests that strategically engineering COFs

rsc.li/chemical-science

Introduction

Pyrrolo[2,1-alisoquinoline scaffolds, consisting of a pyrrole ring
fused with an isoquinoline system, are important structural
motifs found in alkaloids and pharmaceutical molecules,'?
exhibiting promising bioactivities including antitumor proper-
ties, antibiotic effects, HIV-1 integrase inhibition, and reversal
of multidrug resistance in cancer therapy* (Scheme 1a). There-
fore, various synthetic methods have been constantly developed
to construct pyrrolo[2,1-alisoquinoline cores, including 1,3-
dipolar cycloaddition,” multicomponent reaction pathway,®
oxidative dimerization,” and so on. Among the existing strate-
gies, the 1,3-dipolar [3 + 2] cycloaddition reaction represents
a particularly appealing and straightforward approach for the
construction of pyrrolo[2,1-alisoquinoline due to its ability to
form two new C-C bonds in a single step (Scheme 1b). This
approach has garnered significant attention and has been
extensively explored using various catalytic systems, including
metal complexes and molecular catalysts with suitable
oxidants.®? With the rapid development of visible light photo-
catalysis, photocatalytic oxidative reactions utilizing molecular
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has the potential to foster a variety of visible light-mediated energy-transfer processes.

oxygen can serve as an efficient avenue for dipolar cycloaddi-
tion. However, the photocatalytic systems employed thus far
have predominantly relied on homogeneous molecular photo-
catalysts, such as [Ru(bpy);]Cl,, Bodipy species, Rose Bengal, or
methylene blue.”** These catalysts exhibited high efficiency, but
they are usually homogeneous. While these catalysts demon-
strate high efficiency, their homogeneous nature poses chal-
lenges in terms of recovery and reuse. Consequently, the
development of innovative metal-free heterogeneous photo-
catalysts for photocatalytic oxidative dipolar [3 + 2] cycloaddi-
tion reactions is highly desirable.
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Covalent organic frameworks (COFs), as a class of crystalline
porous polymers, are distinguished by their chemical
tunability, persistent porosity, long-range ordering, and robust
m-1 conjugation networks.” These attributes make them
promising platforms for designing and tailoring materials with
precisely engineered reactive sites and electronic band struc-
tures, thus exhibiting great potential for diverse photocatalytic
applications.™ Their structural versatility enables exceptional
performance in heavy metal reduction,'>'® water splitting,"”*°
CO, conversion,*¢ hydrogen peroxide (H,O,) production,?”>°
and organic transformations.**** In particular, fine regulation
of reactive oxygen species (ROS) generation efficiency through
tailored COF linker modification at the molecular and atomic
levels exhibits exceptional promise for selective photocatalytic
oxidation processes.*>*” Various functional units, including
triazine,**** benzothiadiazole,* and porphyrin moieties,** have
been incorporated into COFs and demonstrated -effective
photooxidation performance under an oxygen atmosphere. To
further optimize performance, donor-acceptor (D-A) configu-
rations with specific energy levels are strategically engineered
within COFs, which deliver concrete channels through precisely
aligned w-conjugation for efficient charge separation and
transfer.””** Nonetheless, only a few COFs have achieved pho-
tocatalytic dipolar cycloaddition, and there has been a lack of
in-depth studies on the O, reduction process until now. Addi-
tionally, due to the large exciton dissociation energy, achieving
efficient photooxidation is still very difficult solely through D-A
engineering. Therefore, it is highly desirable yet challenging to
develop COF-based catalysts with high catalytic activity and
excellent stability for photocatalytic dipolar [3 + 2] cycloaddition
reactions.

Although D-A configurations have been demonstrated to
enhance charge separation efficiency, the extent of electron
delocalization within these structures remains constrained,
limiting charge mobility.***” To facilitate more efficient and
rapid intramolecular charge transfer, it is crucial to establish an
intrinsic driving force within the D-A system that promotes the
delocalization of charge carriers around the photoexcitation
sites. Fortunately, extending the w-conjugation system of COFs
is an effective strategy to facilitate the separation and oriented
transfer of photogenerated charge carriers***® (Scheme 1c).
However, while the conjugation degree or delocalized -system
has been seldom explored, how constitutional differences
caused by conjugation effects can effectively regulate charge
distribution remains largely unexplored. Accordingly, this study
endeavors to delve into the influence of electronic delocaliza-
tion in governing photocatalytic oxidation processes within D-A
configured COFs, providing a new avenue for the formulation of
more potent photocatalysts.

In this work, we strategically engineered the w-conjugated
linkers of COFs (BD-COF, BT-COF, and BTDE-COF) to regulate
charge distribution through molecular engineering concepts,
aiming to enhance the efficiency of photocatalytic oxidative
dipolar [3 + 2] cycloaddition reactions. By incorporating fully
conjugated acetenyl m-spacers into D-A motifs, the charge
separation and migration kinetics can be significantly opti-
mized, resulting in a higher number of free charge carriers to
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drive the photocatalytic process. As a result, the BTDE-COF
exhibits significantly enhanced photocatalytic activity for the
tandem stepwise reaction of dipolar [3 + 2] cycloaddition
(Scheme 1d), achieving superior yields of pyrrolo[2,1-aliso-
quinolines compared to BD-COF and BT-COF. More impor-
tantly, the reaction also allows for gram-scale preparation in
a mild and low-energy manner. Further experimental and
theoretical results reveal that thiadiazole and acetenyl moieties
contribute to the synergistic interplay between charge separa-
tion and oxygen adsorption to generate key ROS. The charge-
oxygen synergy is crucial for initiating the cleavage of C-H
bonds in pyrrolo[2,1-alisoquinolines to achieve dipolar [3 + 2]
cycloaddition with high performance. This work demonstrates
a promising strategy to significantly boost photocatalytic
oxidation by dual-engineered COF-based photocatalysts with
charge-oxygen synergy.

Results and discussion

Three progressively upgraded COFs were synthesized via the
condensation reaction in a solvothermal system. Specifically,
[1,1"-biphenyl]-4,4’-dicarbaldehyde (BD-CHO), 4,4'-(benzo[c]
[1,2,5]thiadiazole-4,7-diyl)dibenzaldehyde = (BT-CHO), 4,4-
(benzo[c][1,2,5]thiadiazole-4,7-diylbis(ethyne-2,1-diyl))
dibenzaldehyde (BTDE-CHO) reacted with 4,4',4” 4" ~(pyrene-
1,3,6,8-tetrayl)tetraaniline (Py-NH,) to produce BD-COF, BT-
COF, and BTDE-COF, respectively (Fig. 1a). Elemental analysis
(EA) revealed minor deviations between experimental and
theoretical values (see experimental details in the SI), confirm-
ing the chemical purity and structural integrity of the synthe-
sized COFs. The crystalline structures of these COFs were
elucidated by powder X-ray diffraction (PXRD) measurements.
In the PXRD patterns, BD-COF displays three prominent
diffraction peaks at 3.2°, 6.4°, and 9.6° (Fig. 1b), corresponding
to the (110), (220), and (330) facets, respectively. Compared to
BD-COF, the (110) facet shifts toward lower degrees due to the
extended pore size for BT-COF and BTDE-COF, in which
prominent diffraction peaks at 2.7°, 5.5°, and 8.2° in BT-COF
and 2.4°, 4.9°, and 7.3° in BTDE-COF can be observed (Fig. 1c
and d), indicating their high crystallinity with similar rhom-
bohedral lattices. The peaks centered at ~23.5° are attributed to
the (001) facets, which can be indexed to the -7 stacking. The
experimental PXRD patterns of three COFs match well with
their eclipsed AA-stacking models.

The chemical structures of the three COFs were then verified
by a series of spectroscopic techniques. As evidenced by Fourier
transform infrared (FT-IR) spectroscopy (Fig. 2a), the newly
formed stretching vibration bands of the C=N bond are
observed at ~1624 cm ™ *, indicating the successful construction
of these COFs by imine linkages. Meanwhile, the disappearance
of N-H (3300-3500 cm ™' for Py-NH,) and C=O stretching
vibration (~1682 cm " for BD-CHO, BT-CHO, and BTDE-CHO)
suggests the high polymerization of aldehyde and amine
groups (Fig. S1-S3). In addition, BTDE-COF exhibits a charac-
teristic C=C stretching vibration at 2199 cm ™", confirming the
successful construction of acetenyl linkages. Solid-state *C
cross-polarization magic angle spinning nuclear magnetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
COF, and (d) BTDE-COF.

resonance (CP/MAS NMR) (Fig. 2b) reveals distinct resonances
at 156-160 ppm across all three COFs, corresponding to C=N
carbon species, which substantiates the formation of Schiff-
base networks. Notably, BT-COF and BTDE-COF display addi-
tional signals at ~154 ppm attributable to thiadiazole C-N
bonds, while BTDE-COF specifically exhibits diagnostic peaks at
91 and 100 ppm characteristic of sp-hybridized acetenyl
carbons. The aromatic carbon network is further corroborated
by resonances spanning 120-140 ppm, consistent with pyrene-
based building blocks. X-ray photoelectron spectroscopy (XPS)
was also performed to further determine the chemical struc-
tures of the BTDE-COF, which specifically exhibits diagnostic
peaks at 91 and 100 ppm characteristic of sp-hybridized ace-
tenyl carbons. The aromatic carbon network is further corrob-
orated by resonances spanning 120-140 ppm, consistent with
pyrene-based building synthesized COFs. As shown in Fig. S4-
S8, the high-resolution C 1s spectra for these COFs can be fitted
into two peaks at ~284.8 and 285.6 eV, corresponding to the C=

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the synthesis of BD-COF, BT-COF, and BTDE-
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COF. Simulated and experimental PXRD patterns of (b) BD-COF, (c) BT-

C/C-C and C=N/C-C bonds,” respectively. The high-
resolution N 1s spectra of BD-COF show two signals at about
399.2 eV from the imine bonds and 400.0 eV from the residual
N-H bonds; besides, the peaks belonging to C=N-S bonds can
be fitted in the spectra of BT-COF and BTDE-COF. In particular,
the S 2p XPS spectra of BT-COF and BTDE-COF reveal two peaks
at about 162.0 and 163.2 eV, corresponding to S 2p;z,, and 2p;,
from N=S=N groups,** respectively. This further confirms the
successful formation of these COFs. Thermogravimetric anal-
ysis of all COFs shows a relatively high decomposition
temperature of 500 °C, indicating excellent thermal stability
(Fig. S9).

The permanent porosity characteristics of the synthesized
COFs were quantitatively evaluated using nitrogen adsorption—-
desorption isotherms at 77 K. As depicted in Fig. 2c, all COFs
exhibit typical type I isotherms with hysteresis loop structures,
indicating their mesoporous feature. The Brunauer-Emmett-
Teller (BET) surface areas of BD-COF, BT-COF, and BTDE-COF

Chem. Sci., 2025, 16, 17827-17838 | 17829
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Fig. 2 (a) FT-IR spectra, (b) solid-state *C CP/MAS NMR spectra, and (c) nitrogen adsorption—desorption isotherms of BD-COF, BT-COF, and

BTDE-COF. (d) SEM and (e) TEM images of BTDE-COF.

are calculated to be 1214, 1194, and 855 m” g™, respectively,
indicative of significant surfaces that enhance photocatalytic
interactions. Moreover, pore size distribution analysis using the
non-local density functional theory (NLDFT) equilibrium model
shows an average pore width of 2.6 nm for BD-COF, 3.2 nm for
BT-COF, and 3.5 nm for BTDE-COF, consistent with the simu-
lated AA stacking modes, providing additional evidence for the
structural integrity and uniformity of the synthesized COFs.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) provided insights into the morphological
features of these COFs, as shown in Fig. 2d, e, S10 and S11.
Specifically, BD-COF exhibits flower-like morphology, while BT-
COF and BTDE-COF display rod-like structures composed of
smaller aggregated particles. The distinct one-dimensional
channels with a uniform diameter of 2.4 nm for BD-COF,
3.0 nm for BT-COF, and 3.4 nm for BTDE-COF can be
observed, which is consistent with the simulated structures.
The optical properties and band diagrams of the three COFs
were investigated. Ultraviolet-visible diffuse reflectance spec-
troscopy (UV-vis DRS) in Fig. 3a shows broad absorption bands
in the visible-light region. BT-COF and BTDE-COF exhibit an
obvious redshift compared to BD-COF due to the incorporation
of electron-withdrawing thiadiazole and conjugation-
enhancing acetenyl units, which likely alter the conjugation
pathways and energy levels within the COF framework. The
optical bandgap (E,) values of BD-COF, BT-COF, and BTDE-COF
are ascertained to be 1.89, 1.75, and 1.60 eV, respectively, based
on the Tauc plots. BTDE-COF with narrow E, is more easily
excited to generate photoinduced electrons and holes,

17830 | Chem. Sci,, 2025, 16, 17827-17838

enhancing its photocatalytic efficiency. Moreover, Mott-
Schottky (M-S) curves (Fig. S12-S14) display the flat band
positions of BD-COF, BT-COF, and BTDE-COF amounting to
—0.93, —0.87, and —0.77 V (vs. Ag/AgCl), respectively. The
positive slopes in the M-S plots indicate the n-type semi-
conductor properties of COFs; the conduction band potential
(Ecp) is generally ~0.2 V higher than the flat-band potential for
n-type semiconductors.” Thus, the Ecg values for the COFs can
be converted to —0.73, —0.67, and —0.57 V (vs. NHE). The energy
band structures of the catalysts are depicted schematically in
Fig. 3b. The Ecg potential of the three COFs has sufficient
thermodynamic potential to drive O, reduction to the super-
oxide anion intermediate (O, , —0.33 V vs. NHE).** On the
other hand, the valence band levels of BD-COF, BT-COF, and
BTDE-COF are calculated to be +1.16, +1.08, and +1.03 V (vs.
NHE), respectively, which are positive enough to allow the
oxidation of ethyl 2-(3,4-dihydroisoquinolin-2(1H)-yl)acetate
(1a) (0.73 V vs. NHE) through a photogenerated hole (Fig. S15).

Drawing on the above findings, the photocatalytic activities
of COFs were assessed in the photocatalytic oxidative dipolar [3
+ 2] cycloaddition of pyrrolo[2,1-a]isoquinoline under blue LED
irradiation (A = 455 nm) at room temperature. In a typical test,
1a and N-phenylmaleimide (2a) were selected as model
substrates, with oxygen acting as the environmentally benign
oxidant, and dichloromethane (CH,Cl,) as the solvent. As ex-
pected, when employing BTDE-COF (5.0 mg) as the photo-
catalyst under an oxygen atmosphere for 1 h with the oxidant N-
bromosuccinimide (NBS), product 3aa was obtained in 74.4%
yield (Fig. 3c and Table S1, entry 4). This result significantly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Solid-state UV-vis DRS spectra (inset: Tauc plots) and (b) electronic band structures of BD-COF, BT-COF, and BTDE-COF. (c) Pho-

tocatalytic performance for oxidative dipolar [3 + 2] cycloaddition over the three COF series. (d) Recycling stability of BTDE-COF for ten
consecutive cycles of oxidative dipolar [3 + 2] cycloaddition for the synthesis of 3aa.

surpassed the yields achieved with BD-COF (18.5%, Table S1,
entry 2) and BT-COF (39.7%, Table S1, entry 3). This perfor-
mance aligns with their respective photophysical properties,
demonstrating the synergistic interaction between the thiadia-
zole and acetenyl units within BTDE-COF in driving the pho-
tocatalytic reaction. Apparent quantum efficiency (AQE) was
calculated to be 0.60% for BD-COF, 1.29% for BT-COF, and
2.43% for BTDE-COF, respectively. Besides, H,O, production
was also detected, and thus, we measured the H,O, production
rate for the reaction mixtures using a UV spectrophotometer
with the titanium ion detection method. The concentration of
H,0, produced was determined from the standard curve
(Fig. S16). The H,0, production rate could reach 9.24 mmol g~ *
h™"' over BTDE-COF (Fig. 3c), significantly higher than that of
BD-COF (1.71 mmol g~* h™") and BT-COF (2.22 mmol g~ " h™%),
and this variation trend was consistent with the oxidation rate
of 1a. Screening of various solvents revealed that CH,Cl, was the
optimal solvent (Table S1, entries 5-9). Evaluation of catalyst
equivalents demonstrated that reducing the equivalent amount
resulted in a significant decrease in product yield (Table S1,
entry 10), whereas increasing the photocatalyst loading showed
minimal impact on the reaction outcome (Table S1, entry 11).
To our delight, prolonging the reaction time could significantly
boost the reaction yield to 93.1% (Table S1, entry 12), out-
performing most of the previously reported catalytic systems
(Table S2). Furthermore, controlled experiments demonstrated

© 2025 The Author(s). Published by the Royal Society of Chemistry

that the catalyst, light source, air, and NBS (Table S1, entries 13-
16) all played a crucial role in the reactions. It was also
discovered that white LEDs could drive the reaction as well,
albeit with a decreased yield (45.3%, Table S1, entry 17).

The recyclability of BTDE-COF was subsequently assessed for
photocatalytic oxidative [3 + 2] cycloaddition, using 1a and 2a as
substrates under optimal conditions. The results indicated that
BTDE-COF retained efficient catalytic performance after ten
cycles (Fig. 3d). A hot filtration experiment by removing BTDE-
COF after initiation of the cycloaddition reaction at 0.5 h
revealed that the product yield had almost no change compared
to that observed when the reaction was at 2 h (Fig. S17),
demonstrating its typical heterogeneous catalyst nature. The
sample of BTDE-COF after ten recycling tests was collected to
analyze possible structural changes. FT-IR spectra (Fig. S18)
showed that the chemical composition of BTDE-COF had
negligible alterations. From the PXRD pattern of reused BTDE-
COF after ten cycles (Fig. S19), although the intensity of the
(110) diffraction peak weakened owing to extended exposure to
the catalytic reaction and regeneration cycles, the diffraction
peak remained distinct. This persistence confirms retention of
the primary long-range order within the framework. Combined
with the previously presented evidence, these findings demon-
strate the high structural stability of BTDE-COF.

To explore the versatility of BTDE-COF, we tested the

substituent effect of substrates, including N-substituted

Chem. Sci., 2025, 16, 17827-17838 | 17831
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maleimides and tetrahydroisoquinolines. As shown in Scheme
2, the catalytic system was capable of oxidizing a diverse range
of N-arylmaleimides substituted with both electron-
withdrawing groups (3ab-3af, -F, -Cl, -Br, -NO,, and -CN)
and electron-donating groups (3ag-3ai, -CHj, -C,H;, and -
OCHy3;) at the para-position of the aryl ring. The catalytic reac-
tion consistently achieved high yields ranging from 87.1% to
94.2%, indicating that the electronic nature of the aryl ring had
minimal influence on the catalytic activity. Moreover, N-ben-
zylmaleimides (3aj, 3ak) and N-alkylmaleimides (3al-3ao) also
reacted smoothly under identical conditions, yielding the cor-
responding products in moderate-to-excellent yields. The scope
of tetrahydroisoquinolines was examined by reacting with 2a.
Substituting the ethyl ester with a methyl ester (3ba) had no
significant impact on the reaction efficiency, while a larger tert-
butyl reduced the reactivity to afford the product by 61.3% (3ca).
Additionally, replacing the carboxylic ester with a cyano group

View Article Online

Edge Article

also led to a slightly lower yield (3da, 72.1%). These results
highlighted the robustness of the catalytic system across
different substituents, suggesting that it was well-suited for
a broad spectrum of substrates. Most importantly, to further
demonstrate the utility of this photocatalytic oxidative [3 + 2]
cycloaddition over the BTDE-COF, we conducted a gram-scale
reaction of 1a (1.32 g) and 2a (0.87 g) under standard condi-
tions, smoothly affording product 3aa in 87.5% yield (1.69 g). In
summary, BTDE-COF exhibited outstanding catalytic perfor-
mance, exceptional stability, and notable universality,
rendering it a promising candidate for the synthesis of pyrrolo
[2,1-a]isoquinolines via photocatalytic oxidative [3 + 2]
cycloaddition.

To reveal insights into the enhancement of the photo-
catalytic performance of BTDE-COF, the charge transfer and
separation behavior of COFs were fully characterized with
various techniques. Transient photocurrent responses (Fig. 4a)
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and electrochemical impedance spectroscopy (EIS) Nyquist
plots (Fig. 4b) were obtained to investigate the charge separa-
tion and transport of the COF series. BTDE-COF exhibits
a larger transient photocurrent density and a smaller radius of
the Nyquist semicircle, suggesting a higher charge separation
efficiency than BD-COF and BT-COF. Photogenerated carrier
recombination in the COFs was also characterized by photo-
luminescence (PL) and time-resolved photoluminescence (TR-
PL) measurements. As shown in Fig. 4c, the PL intensities of
the COFs are in the order BTDE-COF < BT-COF < BD-COF,
implying a strong suppression of radiative exciton recombina-
tion in BTDE-COF. Moreover, the PL emission peaks of BTDE-
COF and BT-COF exhibit a progressive redshift compared to
BD-COF, consistent with the change in their bandgaps. TR-PL
measurements reveal the corresponding lifetimes with the
same variation trend of emission intensities (Fig. 4d). The

© 2025 The Author(s). Published by the Royal Society of Chemistry

calculated fluorescence lifetime of BTDE-COF is found to
increase to 3.32 ns, in contrast to BD-COF (1.89 ns) and BT-COF
(2.74 ns), implying that the photogenerated electrons formed by
BTDE-COF can persist in the excited state for a relatively long
time. Temperature-dependent photoluminescence (TD-PL)
spectroscopy was further performed to gain insights into their
charge-separation behavior (Fig. 4e, blue line, and Fig. S20-
S22). The integrated PL intensities of the three COFs increase
with decreasing temperature, which is associated with the
thermally activated non-radiative recombination process. The
exciton binding energy is fitted with the Arrhenius equation:
I(T) =Io/(1 + A exp(—Ey/ksT)), where I, is the intensity at 0 K, kg is
the Boltzmann constant, and Ej, is the exciton binding energy.**
The exciton binding energies (Ep) can be fitted to 97.6 meV for
BD-COF, 72.5 meV for BT-COF, and 53.7 meV for BTDE-COF,
respectively. The lower E;,, value of BTDE-COF indicates

Chem. Sci., 2025, 16, 17827-17838 | 17833
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enhanced dissociation capability compared to BD-COF and BT-
COF. These spectral characteristics suggest that the synergistic
combination of thiadiazole and acetenyl units can effectively
minimize the E}, and facilitate efficient charge separation and
migration processes, in favor of generating more free charge
carriers to drive the photocatalytic process. Furthermore, the
direction of electronic transport of COFprr was investigated
through density functional theory (DFT) calculations using
Gaussian 09 software. The highest occupied molecular orbitals
(HOMOs) of COFper are found to be concentrated on pyrene
moieties (the donor component), while their lowest unoccupied
molecular orbitals (LUMOSs) are localized on phenyl and thia-
diazole moieties (the acceptor component), illustrating a typical
donor-acceptor (D-A) heterostructure (Fig. S23). Such a struc-
ture effectively inhibits the recombination of photogenerated
electrons and holes. Notably, compared to BD-COFpgr, both BT-
COFprr and BTDE-COFppr containing electron-withdrawing
thiadiazole moieties demonstrate a more distinct spatial sepa-
ration between the LUMO and HOMO. The theoretically calcu-
lated bandgap (Eg) of BTDE-COFpgr is lower than that of BD-
COFppr and BT-COFppr, which is consistent with the above
experimental results. The electrostatic potential (ESP) distri-
butions of the three model structures show that the potential
difference between BT-COFppr and BTDE-COFpgpr is more
pronounced compared to the weak electrostatic interaction of
BD-COFpgr. Additionally, BTDE-COFppr exhibits a significantly
higher molecular dipole moment (2.81 D) compared to BD-
COFpgr (1.78 D) and BT-COFper (2.73 D). This enhanced dipole
indicates a stronger internal electric field within BTDE-COF g,
facilitating the separation of photo-generated charge carriers
and improving photocatalytic efficiency.”®*”

Time-dependent density functional theory (TD-DFT) calcu-
lations were conducted to ascertain the distribution of electrons
and holes in the excited state. Based on the hole-electron
analysis using Multiwfn software,***® the hole and electron can
be differentiated by S/D values,® where S denotes the computed
overlap integral between hole and electron distributions, while
D represents the calculated centroid-to-centroid separation
distance between the hole and electron densities. Therefore,
a smaller S paired with a larger D corresponds to more
pronounced charge transfer characteristics.®* The computed S/
D values of BT-COFppr and BTDE-COFppr are significantly lower
than that of BD-COFpy (Fig. 4e, red line, Table S3) and corre-
spond to lower exciton binding energy (Fig. S24); nevertheless,
these parameters of BTDE-COFper are very close to those of BT-
COFppr. These results indicate that the thiadiazole unit is
favorable for charge transfer. Additionally, the intramolecular
charge transfer effect was confirmed by analyzing the contri-
butions of nonhydrogen atoms to holes and electrons in the
excited state (Fig. S25 and S$26). In BT-COFper, holes were
mainly concentrated in pyrene segments and electrons in the
thiadiazole segments, whereas in BTDE-COFpgr, alkynyl
segments also have a small number of electrons.

The charge density difference between the ground and the
excited states is adopted to visualize the electron transfer within
COFs.%% Spatial separation of charge centroids reveals distinct
localization of positive and negative charges in their two

17834 | Chem. Sci., 2025, 16, 17827-17838
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respective segments, while the overlapping regions suggest
a hybrid local and charge-transfer excited state in these COFs
(Fig. 4f). Quantitative evaluation of charge separation efficiency
was performed by calculating two critical parameters: electron-
hole distribution centroid distance (Dcr) and transferred elec-
tron amount during photoexcitation. The larger Doy value and
the higher transferred electron amount denote a stronger
charge transfer process. Notably, BTDE-COFpyr features the
largest Dcr value (9.92 A) accompanied by an electron transfer
amount (1.46e). This trend parallels the observed S/D value
variations, establishing a direct correlation between enhanced
D-A interaction strength and improved charge transfer
dynamics. The exceptional charge separation metrics of BTDE-
COF rationalize its optimal photocatalytic performance, as
strengthened D-A interactions effectively suppress carrier
recombination while facilitating directional charge migration.

To clarify the mechanism of photocatalytic oxidative [3 + 2]
cycloaddition, we initially performed a series of quenching
experiments. As shown in Fig. 5a, the desired reaction is
significantly inhibited by CuSO, (as an electron scavenger) and
KI (as the hole scavenger), suggesting that the redox process is
primarily triggered by the photoinduced electron-hole pair
generated on BTDE-COF. To identify the reactive species
involved, we employed hydroquinone (HQ), p-benzoquinone (p-
BQ), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), and tert-
butyl alcohol (+-BuOH) as scavengers for free radicals, super-
oxide radicals ("0, "), singlet oxygen (*O,), and hydroxyl radicals
(‘OH), respectively. The experimental results reveal that the
reaction predominantly involves the free radical and ‘O,
species. Electron spin resonance (ESR) analysis was conducted
to further verify the ROS produced by BTDE-COF during pho-
tocatalysis. The ESR results demonstrate that BTDE-COF
significantly enhances 'O, signals under illumination when
using DMPO (5,5-dimethyl-1-pyrroline-N-oxide) as a spin-
trapping agent (Fig. 5b). In contrast, only weak 'O, signals
were observed using TEMP (2,2,6,6-tetramethyl-4-piperidone) as
a spin-trapping agent (Fig. S27), which is consistent with the
results from the quenching experiments and revealed the
dominant role of ‘O, in the reaction.

Subsequently, we conducted a detailed investigation into the
active sites on BTDE-COF using in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS). Initially, an
O, atmosphere was used to identify the active sites for the
oxygen reduction reaction (ORR). After exposure to O, under
irradiation, the peaks observed at 869, 1024, and 1173 cm™ " are
assigned to 0-O, C-0-O, and ‘O,  (Fig. 5¢),°*** respectively,
indicating the occurrence of the ORR, and the peak intensity is
significantly increased with the irradiation. Meanwhile, the
significant changes in the intensity of acetenyl peaks
(2176 ecm™') indicated that the adsorbed O, at these sites
participates in the ORR (Fig. 5d).°° The peaks belonging to C=
N-S also show obvious variations, accompanied by the emer-
gence of a notable peak around 1750 cm ™, ascribed to the N-O
bond formed with the pyridine nitrogen of thiadiazole during
0, reduction.®® Moreover, we further conducted an in situ test
under O, and 1a conditions to explore the reaction process on
the surface of BTDE-COF (Fig. 5e). Under irradiation, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Yield of 3aa over BTDE-COF in the presence of scavengers for reactive oxygen species under illumination for 2 h in O,. (b) ESR spectra

of DMPO-"0," for BTDE-COF under illumination. In situ DRIFTS spectra of BTDE-COF under irradiation: (c and d) in an O, atmosphere and (e)
under O, + 1a conditions. (f) The adsorption energy of O, on the optimum site of BTDE-COF. (g) The proposed mechanism for photocatalytic

oxidative [3 + 2] cycloaddition over BTDE-COF.

emergence of *OOH (1289 cm )%’ is observed during the pho-
tocatalytic process when adding 1a into the system. This
corresponds to the protonation of ‘0, (*'0,” + H" — *OOH),
which occurred as a result of the oxidation of 1a. The peak at
2860 cm ™ is attributed to the O-H bending vibration of H,0,.
Additionally, the characteristic peaks of the C=N bond
(1679 cm™") are also observed in DRIFTS,* attributed to the
produced intermediate products of 1a during photocatalysis. As
the irradiation time increases, the vibrations of these bands
gradually intensify, further substantiating the hypothesis of
photocatalytic oxidative [3 + 2] cycloaddition coupled with O,
reduction.

Furthermore, DFT calculations were conducted to further
determine active sites on BTDE-COF. Based on the HOMO and
LUMO of BTDE-COF, the active sites are centered at benzo[c]
[1,2,5]thiadiazole and the adjacent alkynyl segment, while pyr-
ene units are identified as predominant oxidation sites (Fig. 5f).
Accordingly, DFT calculations were then performed to unveil
the plausible oxygen adsorption sites within BT-COF and BTDE-

© 2025 The Author(s). Published by the Royal Society of Chemistry

COF (Fig. 5f). Calculations of O, adsorption energy in BT-COF
reveal that the adsorption energy of phenyl carbon atoms of
benzo[¢][1,2,5]thiadiazole in BT-COF (E,ps = —0.37 €V) is lower
than that of other sites. However, the adsorption energy for O,
on acetenyl sites (site-3) of BTDE-COF (E,,s = —2.28 €V) is
notably lower than that of phenyl carbon atoms of benzo[c]
[1,2,5]thiadiazole (site-4). This suggests preferential O, chemi-
sorption at the electron-rich acetenyl sites, facilitating subse-
quent formation of metastable endoperoxide intermediates
(*OO*) through electron transfer processes. These findings
reveal that the acetenyl units serve as primary oxygen reduction
centers for superoxide radical ('O,”) generation, while the
thiadiazole components promote the intramolecular charge
transfer (ICT) and facilitate their rapid transfer to O, through
their electron-deficient character. This charge-oxygen synergy
boosts the overall efficiency of the photocatalytic dipolar [3 + 2]
cycloaddition reaction via simultaneous substrate activation
and reactive oxygen species generation.

Chem. Sci., 2025, 16, 17827-17838 | 17835
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Based on the above discussions and previous reports,*”* the
proposed mechanism for photocatalytic oxidative [3 + 2] cyclo-
addition is illustrated in Fig. 5g. Under visible-light irradiation,
BTDE-COF is excited to a higher energy state and undergoes
charge separation, generating electrons (e ) and holes (h"). The
electrons reduce molecular oxygen to form "O, ", while the holes
oxidize 1 to its radical cation intermediate (1'*). This 'O,
subsequently abstracts one proton from intermediate 1'%
leading to the formation of intermediate I and ‘OOH. The
generated "OOH then captures an electron and another proton
from I, forming 1,3-dipole azomethine II and releasing a H,O,
molecule. Following this, intermediate II undergoes a [3 + 2]
cycloaddition with dipolarophile 2, yielding hexahydropyrrolo
[2,1-alisoquinoline III. Finally, the oxidative aromatization of III
in the presence of the oxidant NBS leads to the formation of the
target product 3.

Conclusions

In summary, we proposed a charge-oxygen synergy strategy
through dual-engineered COFs by integrating m-spacers with
donor-acceptor motifs to promote intermolecular cycloaddi-
tion. Experimental investigations and DFT calculations
demonstrated that the incorporation of electron-withdrawing
thiadiazole units enhances the charge separation efficiency of
the photocatalysts, and the strongly conjugated acetenyl units
promoted spontaneous oxygen adsorption to stabilize endo-
peroxide intermediate species, leading to more efficient ROS
generation to subsequently initiate the cleavage of C-H bonds
in pyrrolo[2,1-alisoquinolines. As a result, the optimized BTDE-
COF exhibits significantly enhanced activity for the photo-
catalytic oxidative dipolar [3 + 2] cycloaddition reaction under
mild conditions, producing pyrrolo[2,1-a]isoquinolines in high
yields. It was superior to the corresponding BD-COF and BT-
COF. This work offers insight into regulating multistep charge
transport and designing efficient metal-free COF-based
photocatalysts.
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