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covalent organic frameworks via
the Mannich reaction at room temperature for
light-driven oxidative hydroxylation of arylboronic
acids†

Jian-Cheng Wang, ‡* Ting Sun,‡ Jun Zhang, Zhi Chen, Jia-Qi Du, Jing-Lan Kan
and Yu-Bin Dong *

An increasing variety of organic reactions have been developed for the synthesis of more structurally stable

and multifunctional COFs. Here, we report a class of b-ketamine linked covalent organic frameworks that

were constructed through the CeCl3-catalyzed multi-component Mannich reaction at room temperature.

And the TAD-COF obtained based on this method could significantly promote the light-driven oxidative

hydroxylation of arylboronic acids.
Introduction

Covalent organic frameworks (COFs) are functional crystalline
porous supramolecular materials formed through the covalent
bonding of specic organic monomers via organic reactions.
Since their rst synthesis by the Yaghi team in 2005,1 COFs have
found extensive applications across various elds due to their
well-dened structure, pre-designability, high porosity, excel-
lent thermal stability, strong chemical stability, and ease of
functionalization.2 Over the past 20 years, research on COFs has
primarily focused on two aspects: developing novel synthesis
methods and exploring new properties and applications.3

The composition, function, and stability of COFs largely rely
on the choice of organic monomers as well as the covalent
bonds formed between them. Currently, most COFs are con-
structed using reversible boron ester or imine bonding.4 While
this reversibility allows for self-regulation and facilitated crys-
tallization of COF crystals, it also poses limitations on their
chemical stability for further application development. To
address these challenges related to chemical stability issues,
scientists have conducted extensive research work by altering
the types of covalent bonds used to synthesize chemically stable
COFs.5 In addition to classic reactions such as the boric acid
self-coupling reaction and Schiff base reaction that are
commonly employed in synthesizing COFs, an increasing
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number of other organic synthesis reactions such as the
Knoevenagel condensation reaction,6 Debus–Radziszewski
reaction,7 Strecker reaction,8 Povarov reaction,9 A3 coupling
reaction,10 Groebke–Blackburn–Bienaymá reaction,11 Doebner
reaction,12 Kabechnik–Fields reaction,13 and Petasis reaction14

are being utilized at present. The Mannich reaction,15 being
a highly signicant organic transformation, affords an impor-
tant nitrogen-containing heterocyclic compound known as the
Mannich base, which possesses remarkable structural stability.
However, to date, with the exception of the recent report by the
Cui group on synthesis of COFs via the Mannich reaction under
high-temperature solvent thermal conditions,15 there are
currently no documented instances of synthesis of COFs via the
Mannich reaction at room temperature. Given the inherent pre-
designability of COF structures, we rmly believe that judicious
selection of suitable organic monomers can enable the
construction of COFs through the employment of the Mannich
reaction.

Furthermore, owing to the distinctive advantages of the COF
structure, such as well-ordered arrangement, an extensive
conjugated system, facile modication of functional groups,
excellent photostability, and high light absorption capacity,
they have found widespread applications in the eld of
photocatalysis.16

In this study, we present for the rst time the successful
synthesis of b-ketamine-linked COFs using the Mannich reac-
tion at room temperature. Under ambient conditions and in the
presence of CeCl3 as a catalyst, we effectively fabricated a novel
class of b-ketamine-linked COFs through the Mannich
condensation reaction involving aromatic aldehydes, aromatic
amines, and acetophenones. Moreover, one of the obtained
COFs, namely TAD-COF, demonstrated exceptional optical
activity and served as an efficient heterogeneous photocatalyst
© 2024 The Author(s). Published by the Royal Society of Chemistry
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for the visible-light-driven oxidation hydroxylation of arylbor-
onic acids.
Fig. 1 (a) PXRD patterns of TAD-COF (AA stacking). (b) The top view of
TAD-COF (AA stacking). (c) N2 adsorption and desorption isotherm of
TAD-COF measured at 77 K. (Inset: the pore size distribution of TAD-
COF derived from NLDFT). (d) SEM image of TAD-COF.
Results and discussion

As shown in Scheme 1, the model reaction among benzalde-
hyde, acetophenone, and aniline afforded model compound
1,3-diphenyl-3-(phenylamino)propan-1-one in 86% yield in the
presence of CeCl3 and anhydrous methanol at room tempera-
ture (ESI†). Based on this, we performed the Mannich conden-
sation reaction synthesis of COFs from the corresponding
monomers. As a result, the b-ketoamine-linked TAD-COF was
successfully synthesized via Mannich condensation polymeri-
zation of 4,40,40 0-(1,3,5-triazine-2,4,6-triyl)tribenzaldehyde
(TATB), acetophenone (AP), and 4,40-diaminodiphenyl (DADP)
in 75.1% yield as dark red crystalline solids with the assistance
of CeCl3 (Scheme 1). Aer screening, the optimized conditions
were established as crystallization at room temperature for 7
days in anhydrous methanol and CH3CN. Despite the longer
synthesis time required, this method is relatively environmen-
tally friendly and gentle compared to other high-temperature
and high-pressure conditions. The as-synthesized TAD-COF
was characterized by Fourier transform infrared spectroscopy
(FT-IR) and solid-state CP-MAS spectroscopy. Subsequently, the
formation of TAD-COF was conrmed and the introduction of
the b-ketoamine structure was clearly demonstrated (ESI†).

As shown in Fig. 1a, the assessed powder X-ray diffraction
(PXRD) pattern indicated that TAD-COF had good crystalline
Scheme 1 Synthesis ofDAT-COF, TAT-COF and TAD-COF via the CeCl3
the inset and the application of TAD-COF for light-driven oxidative hydr

© 2024 The Author(s). Published by the Royal Society of Chemistry
properties and featured a main peak at 2.375°, which corre-
sponded to the (100) plane, along with three weak peaks at
4.166°, 4.774°, and 6.366°, and these weak peaks were associ-
ated with the (110), (100), and (210) planes, respectively. Using
Materials Studio soware (ver. 2018) to model its structure
(ESI†),17 the most reasonable structure of TAD-COF was deter-
mined as a 2D layered hexagonal network with eclipsed (AA)
stacking mode (Fig. 1b). In addition, TAD-COF was crystallized
-catalyzed Mannich reaction, with the corresponding model reaction in
oxylation of arylboronic acids.

Chem. Sci., 2024, 15, 18634–18639 | 18635
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Table 1 Optimization of reaction conditions for the model oxidation
hydroxylation reaction of phenylboronic acida
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in the P6 space group with unit cell parameters of a = b =

42.5183 Å, c = 3.7231 Å, a = b = 90°, and g = 120° (ESI†). To
demonstrate the porosity of COF, nitrogen adsorption and
desorption experiments were carried out at 77 K. As shown in
Fig. 1c, the nitrogen adsorption amount of TAD-COF was 130
cm3 g−1, and its corresponding surface area was 315 m2 g−1,
based on the Brunauer–Emmett–Teller (BET) model calcula-
tion. Notably, hysteresis was observed across the multilayer
range of the physical adsorption isotherm, which was typically
associated with capillary condensation in mesoporous struc-
tures.18 The pore size distribution curve based on nonlocal
density functional theory (NLDFT) analysis demonstrated that
TAD-COF had a pore size distribution center at about 2.45 nm
(Fig. 1c), which was consistent with the theoretical simulation
structure (Fig. 1b). The SEM image showed that the TAD-COF
possessed homogeneous wire-shaped morphology composed of
micro-nano particles (Fig. 1d and ESI†).

Thermogravimetric analysis (TGA) indicated that TAD-COF
experienced almost no weight loss before 400 °C, indicating its
good thermal stability (Fig. 2a). In addition, TAD-COF is stable
enough against some organic (DMF and EtOH), basic (NaOH
aqueous solution, 6 M) and acidic (HCl aqueous solution, 2 M)
media (ESI†). As shown in the solid state ultraviolet-visible (UV-
vis) spectrum, the obtained TAD-COF has three absorption
bands in the range of 200–500 nm (centered at ∼272 nm,
365 nm and 460 nm, respectively) (Fig. 2b), and the corre-
sponding optical band gap (Eg) of TAD-COF was calculated to be
1.42 eV by a Tauc plot (Fig. 2c).19 Additionally, a visible blue
(460 nm for TAD-COF) LED was selected as the excitation light
source to test their photodynamic properties. As shown in
Fig. 2d, TAD-COF showed a fast photocurrent response and
repeated intermittent switch irradiation cycles, which provided
direct evidence for photo-induced carrier transfer in the COFs.
The above results clearly demonstrate that TAD-COF has the
potential to serve as a promising photocatalyst.

To better illustrate the photocatalytic activity of TAD-COF in
organic conversion, we selected the photo-induced oxidation
Fig. 2 (a) TGA of TAD-COF. (b) UV-vis absorption spectrum of TAD-
COF. (c) The bandgap of TAD-COF. (d) Transient photocurrent of TAD-
COF.

18636 | Chem. Sci., 2024, 15, 18634–18639
hydroxylation reaction of arylboronic acid as the organic reac-
tion. The oxidation hydroxylation reaction of arylboronic acid
for the synthesis of phenol from arylboronic acid is a commonly
encountered organic transformation, yielding phenolic
compounds that are widely utilized as important chemical raw
materials in various industries, agriculture, medicine, and ne
chemicals.20 Initially, the oxidation hydroxylation reaction of
phenylboronic acid catalyzed by TAD-COF was selected as the
model reaction to optimize the reaction conditions (Table 1).

To achieve the optimal reaction conditions, various factors
affecting the reaction effect, such as solvent type, reaction time,
sacricial agent dosage, and different amounts of catalyst, were
comprehensively investigated via the control experiments
(Table 1, entries 1–11). In an oxygen atmosphere, when TAD-
COF was used as a catalyst and the amount of TAD-COF was
10 mg, the amount of DIPEA was 5 eq., and the reaction time
was 9 h in CH3CN/H2O (4/1, v/v), providing the best results, and
the nal yield of phenol was 99% (Table 1, entry 6). To verify
that TAD-COF played an indispensable role, corresponding
experiments were also carried out. With no catalyst, none of the
product was obtained (Table 1, entry 12). When air replaces
oxygen, the yield of the reaction was only 28% (Table 1, entry
13). Also, the reaction cannot proceed smoothly in the absence
of light or oxygen (Table 1, entries 14 and 15).

The leaching test fully veried the heterogeneous catalysis
properties of TAD-COF, and no further reaction occurred
without TAD-COF aer treating the oxidation hydroxylation
reaction of phenylboronic acid aer 3 h (ESI†). In addition,
TAD-COF could be easily recovered through centrifugation and
directly reused for the next catalytic run under the same
Entry
TAD-COF
(mg) Solvent (2 mL) DIPEA t (h) Yieldb (%)

1 10 CH3CN 5 eq. 12 87
2 10 DMF 5 eq. 12 81
3 10 H2O 5 eq. 12 86
4 10 CH3CN : H2O (4 : 1) 5 eq. 12 99
5 10 CH3CN : H2O (1 : 1) 5 eq. 12 85
6 10 CH3CN: H2O (4:1) 5 eq. 9 99
7 10 CH3CN : H2O (4 : 1) 5 eq. 6 95
8 10 CH3CN : H2O (4 : 1) 3 eq. 9 80
9 10 CH3CN : H2O (4 : 1) 7 eq. 9 99
10 7 CH3CN : H2O (4 : 1) 5 eq. 9 83
11 15 CH3CN : H2O (4 : 1) 5 eq. 9 99
12 0 CH3CN : H2O (4 : 1) 5 eq. 9 N.D.
13c 10 CH3CN : H2O (4 : 1) 5 eq. 9 29
14d 10 CH3CN : H2O (4 : 1) 5 eq. 9 N.D.
15e 10 CH3CN : H2O (4 : 1) 5 eq. 9 N.D.

a Reaction conditions: phenylboronic acid (0.5 mmol), TAD-COF (7–15
mg), DIPEA (N,N-diisopropylethylamine), solvent (2.5 mL) in O2.
b Isolated yields. The products were determined using NMR and MS
spectra (ESI). c In air. d Without light. e In N2. N. D.: not detected.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of the TAD-COF-catalyzed oxidative
hydroxylation of arylboronic acidsab

a Reaction conditions: arylboronic acids (0.5mmol), DIPEA (2.5mmol, 5
eq.), TAD-COF (10 mg), CH3CN/H2O (4/1, v/v) (2.5 mL), blue LED (460
nm) irradiation for 9 h in an O2 atmosphere at 25 °C. b Isolated
yields. The products were determined using NMR and MS spectra (ESI).
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conditions. As shown in Fig. 3a, the yield still reached 95% at
the sixth cycle. Aer multiple catalytic runs, the structural
integrity, high porosity and excellent thermal stability of TAD-
COF were well maintained, as demonstrated by its PXRD
patterns (Fig. 3b), N2 adsorption and desorption isotherm and
pore size distribution (Fig. 3c), and TGA curve (Fig. 3d). More
importantly, compared to some previously reported catalysts,
TAD-COF exhibited excellent catalytic properties (ESI†).

We also investigated the scope of oxidative hydroxylation of
arylboronic acids catalyzed by TAD-COF using different
substituted arylboronic acids as substrates (Table 2, 2a–2o).
With the exception of a few substrates, such as 2b (83%), 2k
(88%) and 2l (89%), all other substrates demonstrated favorable
yields, with the yields all exceeding 90%. So, we believed that
the catalytic activity of TAD-COF was almost not affected by the
electronic effect and space effect of substituents in oxidative
hydroxylation of arylboronic acids.

Furthermore, we investigated the mechanism of the TAD-
COF-catalyzed oxidative hydroxylation of arylboronic acids.
Initially, we conrmed the presence of reactive oxygen species
(ROS) generated during the reaction process through an elec-
tron paramagnetic resonance (EPR) spin trapping experiment,
with the results indicating the existence of O2c

− and 1O2 (ESI†).
Subsequently, a series of control experiments were conducted
by separately introducing capture agents 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) for O2c

− and 2,2,6,6-tetramethylpi-
peridine (TEMP) for 1O2,14 revealing a signicant decrease in
yield upon addition of DMPO (ESI†). Based on the above
experimental ndings and relevant literature,21 we proposed
a potential mechanism: upon exposure to blue LED light, an
excited TAD-COF was produced, leading to the formation of
superoxide radicals via single electron transfer (SET) from the
excited TAD-COF to oxygen, followed by a sequence of free
radical quenching, rearrangement, and hydrolysis processes
ultimately resulting in phenol product formation (Fig. 4).
Fig. 3 (a) Catalytic cycle. (b) PXRD patterns of TAD-COF and TAD-
COF after catalytic runs. (c) N2 adsorption and desorption isotherm of
TAD-COF after catalytic runs measured at 77 K. (Inset: the pore size
distribution of TAD-COF after catalytic runs derived from NLDFT). (d)
TGA of TAD-COF after catalytic runs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Moreover, to conrm the universality of the multi-
component Mannich reaction catalyzed by cerium chloride in
COF synthesis, two additional COFs (denoted as DAT-COF and
TAT-COF) were successfully synthesized using different mono-
mers via the CeCl3-catalyzed multi-component Mannich reac-
tion under ambient conditions (Scheme 1, ESI†).
Fig. 4 Proposed possible mechanism for the photocatalytic trans-
formation of arylboronic acids into corresponding phenols in the
presence of TAD-COF. SET: Single Electron Transfer.

Chem. Sci., 2024, 15, 18634–18639 | 18637
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Conclusions

In conclusion, we reported a novel approach for synthesizing
COFs through the Mannich reaction at room temperature,
resulting in the successful synthesis of a series of COFs.
Furthermore, the TAD-COF obtained by this method acted as
a catalyst for achieving the photocatalytic transformation of
arylboronic acids into corresponding phenols. We believe that
employing the multi-component Mannich reaction for the
synthesis of COFs can not only effectively broaden the array of
methods for constructing COF materials through organic reac-
tions, but also yield structurally robust and functionally potent
COFs.
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