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d covalent organic frameworks
with high catalytic performance towards coupling/
oxidation cascade reactions†

Yaling Li,‡a Kaiming Zuo,‡a Tingjun Gao,a Jifeng Wu,a Xiaofang Su,a Chaoyuan Zeng,*a

Huanjun Xu,ab Hui Hu,a Xiaosong Zhangc and Yanan Gao *a

Covalent organic frameworks (COFs) are an emerging class of crystalline porous polymers that make these

materials suitable for use as excellent scaffold in heterogeneous catalysis. Here we synthesize a layered

two-dimensional (2D) COF (TADP–COF) through the condensation reaction between four-branched

5,10,15,20-tetrakis(4-aminophenyl)porphyrin (TAPP) and linear 2,5-dihydroxyterephthalaldehyde (Dha)

and 1,4-phthalaldehyde (PA) building blocks. Porphyrin units, imine and hydroxyl groups together with

imines can provide wide coordination sites for metal docking. Using a programmed synthetic procedure,

Cu(II) ions first coordinated with the imine groups in conjunction with their adjacent hydroxyl groups,

and porphyrin units and subsequently added Pd(II) ions occupied the remaining imine sites in the space

between adjacent COF layers. The bimetallic Pd(II)/Cu(II)@TADP–COF showed high catalytic activity in

a one-pot coupling/oxidation cascade reaction in water. The high surface area, one-dimensional (1D)

open channel structure and predesigned catalytic active sites of this material make it ideal candidate for

use as heterogeneous catalyst in a wide range of catalytic reactions.
1 Introduction

Covalent organic frameworks (COFs) are two-dimensional (2D)
and three-dimensional (3D) crystalline porous polymers which
are composed of light weight elements like B, C, H, N, O and so
on.1,2 COFs have attracted much attention in recent years
because they have exhibited many important applications in
various research areas, such as catalysis,3–9 gas storage/separa-
tion,10–16 sensing17,18 and energy conversion.19–24 COFs are con-
structed according to the principles of reticular chemistry,
where building blocks with predesigned geometries and radi-
cals are self-assembled together via reversible covalent bonds to
produce extended periodic networks. The general features of
this strategy allow for the exible regulation of pore properties,
including pore size, pore shape, volume, and distribution.
Besides, it is possible for these COFs to introduce functional
active species to the framework of the COFs. Therefore, these
novel materials can be widely recognized as promising
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platforms for the immobilization of catalysts for use in organic
synthesis.

2D COFs are relatively easier to synthesize than 3D COFs
because it is accepted that 2D COFs are formed through the
stacking of COF layers25–27 and 2D COFs have therefore been
explored in detail in terms of their application to catalysis.4,28,29

The vertical alignment of COF layers through p–p interactions
resulted in the formation of one-dimensional (1D) open
channel structure, which not only signicantly enhances the
diffusion of substances, but can also be used to load catalysts
through the post-synthetic modication of the COFs' skel-
eton.28,30 Although earlier reported boronate ester-linked COFs
are prone to decompose in air,31,32 the recently developed
triazine-type COFs33 and Schiff-based COFs34–36 exhibit greater
stability towards high temperature, water, acid, base, and
various organic solvents, making them quite amenable to
standard catalytic conditions. 2D imine-linked COFs are
successful to incorporate palladium ions or palladium nano-
particles and the Pd-loaded COFs have shown superior catalytic
performances in C–C coupling reactions compared to conven-
tional palladium catalysts.4,37 Only negligible levels of catalyst
leaching was observed, which can be ascribed to the strong
coordination between imine ligands and metals. Because
building blocks are arranged in a periodic lattice, imines are
distributed uniformly throughout the framework of COFs,
which allows for the effective isolation of the active species at
a molecular level.38 It is noteworthy that this level of uniform
© 2022 The Author(s). Published by the Royal Society of Chemistry
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dispersion is not easy to achieve for conventional catalyst
supports.

It has been reported the usage of 2D imine-based COFs as
heterogeneous catalyst carriers.4,37,39,40 In these COFs, the imine
was used to capture metal ions. For instance, Wang and his co-
workers used COF–LZU1 to load Pd(II) to obtain a metal-doped
COF catalyst, where Pd2+ ions were coordinated with imines
within the space between adjacent COF layers.4 In addition to
Pd(II), Ni(II) and Cu(II) were also loaded into the COF skeleton
through the coordination with imines in conjunction with their
adjacent hydroxyl groups.39,40 Recently, Zhao et al.41 developed
a supramolecular-based linkage engineering strategy to conduct
a versatile 2D hydrazone-linked COF platform for the co-
ordination of seven transition metal ions M(II) (M ¼ Pd, Mn,
Zn, Co, Ni, Cd and Cu). The bidentate coordination mode
through the pyridine and hydrazone nitrogen atom in Pd/COF–
DB endows it with high catalytic activity and recycling perfor-
mance as a catalyst for the Suzuki–Miyaura cross-coupling
reaction.41 However, in many cases, it is necessary to dock
different metals into a catalyst to achieve the purpose of catal-
ysis. Over years, researchers have turned their attentions to
study bimetallic catalysts because such catalysts can offer
potentially increased activities, selectivities and enhanced
stability when compared to their monometallic counterparts.
For instance, our group designed and synthesized a series of 2D
COFs containing two different nitrogen ligands to selectively
coordinate Rh(II) and Pd(II) that showed excellent catalytic
activity in one-pot addition–oxidation cascade reaction.42

Subsequently, a Mn/Pd bimetallic docked COF has been devel-
oped and showed high catalytic activity in a Heck-epoxidation
tandem reaction.43

As a continuation of our previous work, we report here the
development of a similar procedure allowing for bimetallic
docking in a different 2D COF using a pore surface engineering
strategy. Through a three-component condensation reaction,
hydroxyl groups were introduced into the skeleton of the 2D
COF, which provides two different sorts of ligands, with one
ligand (imine in conjunction with adjacent hydroxyl groups)
favoring binding Cu(II) and the other ligand (only remaining
imine) favoring binding Pd(II) in the space between adjacent
COFs' layers. The selective coordination of imine ligands to the
two different metal ions has been realized using a programmed
synthetic procedure. The catalytic performance of the bimetallic
COF has been investigated and the results indicated that the
Pd(II)/Cu(II)@TADP–COF showed high catalytic activity in a one-
pot coupling/oxidation cascade reaction. Among various
solvents, water was found to be more efficient for the cascade
reaction. The work described in this study is of signicance that
further conrmed that 2D COFs are a versatile platform for
a range of heterogeneous catalytic reactions.

2 Experimental section
2.1. Synthesis of TADP–COF

5,10,15,20-Tetrakis(4-aminophenyl)porphyrin (TAPP) (27 mg,
0.04 mmol), 2,5-dihydroxyterephthalaldehyde (Dha) (6.6 mg,
0.04 mmol) and 1,4-phthalaldehyde (PA) (5.4 mg, 0.04 mmol)
© 2022 The Author(s). Published by the Royal Society of Chemistry
were placed in a glass ampule vessel (10 mL), followed by add-
ing a solution of 1,2-dichlorobenzene (o-DCB)/n-butanol (1/1 by
vol.; 2 mL). The mixture was sonicated for 5 min and the vessel
was then ash frozen in liquid nitrogen. Aer that, 0.2 mL of
6.0 M acetic acid was rapidly added into the vessel. The reaction
system was ash frozen in liquid nitrogen bath to degas by
freeze–pump–thaw for three cycles. The internal pressure of the
vessel was controlled below 5 Pa. The vessel was rapidly sealed
with a ame, and then heated at 120 �C for 3 days. Aer the
reaction, the COF powder was ltered out, washed with tetra-
hydrofuran (THF), N,N-dimethylformamide (DMF), and acetone
and dried under vacuum at 120 �C for 10 h to give purple
powder in 83% yield. The elemental analysis for TADP–COF was
measured to be C 74.8%, N 11.9%, and H 5.1%, close to the
theoretical values (C 79.8%, N 12.4%, and H 4.2%).

2.2. Synthesis of Cu(II)@TADP–COF

Copper acetate monohydrate (40 mg, 0.20 mmol) was dissolved
in methanol (30 mL), and then TADP–COF (75 mg) was added.
The mixture was stirred for 24 h at 50 �C. Then, the precipitate
was washed with water and methanol thoroughly. The obtained
Cu(II)@TADP–COF was then activated under vacuum overnight
at 90 �C to give dark-purple powder in 91% yield.

2.3. Synthesis of Pd(II)@TADP–COF

Palladium acetate (44.9 mg, 0.20 mmol) was dissolved in
dichloromethane (30 mL), and then TADP–COF (75 mg) was
added. The mixture was stirred for 24 h at room temperature.
Aer that, the precipitate was washed with water and methanol
thoroughly. The obtained Pd(II)@TADP–COF was then activated
under vacuum overnight at 90 �C to give dark-purple powder in
94% yield.

2.4. Synthesis of Pd(II)/Cu(II)@TADP–COF

60 mg of freshly prepared Cu(II)@TADP–COF was treated with
20 mg palladium acetate dissolved in 20 mL of dried dichloro-
methane. The mixture was stirred for 24 h at room temperature.
The precipitate was collected by ltration and washed several
times with dichloromethane, then dried under vacuum to give
dark-purple Pd(II)/Cu(II)@TADP–COF powder in 93% yield.

2.5. Characterization

Fourier transform infrared (FT-IR) spectra were recorded in the
region of 4000–400 cm�1 with KBr pellet method on a Bruker
spectrophotometer (model TENSOR 27). The metal contents
were measured by inductively coupled plasma optical emission
spectroscopy (ICP-OES) through ICP-OES 7300DV (Perki-
nElmer). Aer calcination of sample at 1000 �C for 12 h, the
residue was dissolved by aqua regia and diluted with water to
prepare a solution for testing. X-ray photoelectron spectroscopy
(XPS) measurement was performed with a ESCALAB 250Xi
analyser, equipped with Al Ka radiation (1486.6 eV, 200 W). All
power X-ray diffraction (PXRD) measurements were recorded in
the 2q range of 2.5–30� using a PANalytical X'Pert model Pro
Multipurpose Diffractometer using Cu Ka radiation at 40 kV
RSC Adv., 2022, 12, 4874–4882 | 4875
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and 40 mA. The signals were collected at 0.03� step scan with
exposure time of 10 s per step. N2 gas sorption isotherms were
measured volumetrically at 77 K using a Quantachrome
Autosorb-iQ2 analyzer. The sample was rst activated at 100 �C
for 15 h under high vacuum before analysis. Brunauer–
Emmett–Teller (BET) model was used to determine the specic
surface areas using desorption branches over P/P0 of 0.01–0.05.
The nonlocal density functional theory (NLDFT) method was
used to evaluate the pore size distribution. Thermogravimetric
analysis (TGA, STA449F3, NETZSCH, Germany) was carried out
from room temperature to 600 �C. The heating rate is
10 �C min�1 and a N2 ow rate of 20 mL min�1 was used. The
reaction products were analyzed by on-line gas chromatography
(Agilent 7890A) equipped with a capillary column (HP-5, 30 m�
0.25 mm) using a ame ionization detector. 1H nuclear
magnetic resonance (NMR) spectra were recorded by a Bruker
Advance III 400 MHz NMR spectrometer (Bruker BioSpin
Corporation, Fällanden, Switzerland) using tetramethylsilane as
internal reference.
2.6. General procedures for one-pot coupling/oxidation
cascade reaction

In a typical experiment, the reaction was performed using 4 mg
of Pd(II)/Cu(II)@TADP–COF as catalyst in the presence of 4-
iodobenzylic alcohol (0.2 mmol), phenylboronic acid (0.3
mmol), triethylamine (3.0 equiv.), TEMPO (0.25 equiv.) and H2O
(1.0 mL) at 60 �C for 6 h under a nitrogen atmosphere. Aer
that, the internal N2 was purged with O2 using a balloon and the
reaction was kept at 80 �C for another 15 h. The conversion and
the yield of the products were analyzed by ame ionization gas
chromatography (GC) using a capillary column (TC-FFAP). Aer
the reaction, tridecane was added to the reaction solution as an
internal standard. The mixture was ltered, and the solid was
washed with methanol and vacuum overnight at 90 �C for
recycle using.
Scheme 1 Synthesis of TADP–COF.

4876 | RSC Adv., 2022, 12, 4874–4882
3 Results and discussion
3.1. Synthesis and characterization of COFs

The construction of TADP–COF was based on a previous report
by Banerjee et al. where the introduction of hydroxyl groups in
building block enhanced the crystallinity and stability of
DhaTph COF.44 Here, we construct a similar COF, i.e., TADP–
COF, through the condensation reaction between four-
branched TAPP and linear Dha and PA building blocks
(Scheme 1). Different from the work reported by Banerjee group,
PA was also used as edges to construct COF together with Dha.
Three-component condensation reaction has been widely used
to construct functional COFs, in which functional sites can be
integrated into the skeleton of COFs through using desired
functional building units. The molar ratio of Dha/PA is actually
controllable, which means that the three-component conden-
sation reaction allows for the precise control of the content of
Cu(II) and Pd(II) in the TADP–COF. However, for simplify, the
molar ratio of Dha/PA was set at 1 : 1 in this work.

The formation of TADP–COF was conrmed by Fourier
transform infrared (FT-IR) spectrum. It can be seen from Fig. 1
that the reactants were remarkably consumed, as evidenced by
the disappearance of the characteristic –N–H– (3286–
3372 cm�1) and –CHO– (1663 cm�1) stretching bands. Mean-
while, the appearance of the characteristic stretching bands at
1605 cm�1 can be ascribed to the formation of imine bonds.
This indicated the successful formation of imine-linked COF
through the condensation of TAPP and Dha/PA under sol-
vothermal condition.

The crystalline nature of TADP–COF was analyzed by powder
X-ray diffraction (PXRD) measurements in combination with
theoretical simulation. TADP–COF exhibited strong diffraction
peaks at 3.4�, 6.9� and 23.5�, which can be attributed to the
(100), (200) and (001) facets, respectively (Fig. 2a, black curve).
The use of lattice modelling and Pawley renement processes
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR spectra of Dha, TAPP, TADP–COF, Cu(II)@TADP–COF
and Pd(II)/Cu(II)@TADP–COF.

Fig. 2 (a) PXRD pattern of TADP–COF. Observed PXRD pattern
(black), refined modelling profile (green) and simulated PXRD pattern
(red) for an eclipsed AA stacking structure (red); (b) comparison of
PXRD patterns of TADP–COF (black), Cu(II)@TADP–COF (red) and
Pd(II)/Cu(II)@TADP–COF (blue).
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led to an eclipsed AA stacking model that could reproduce the
PXRD results with regards to the peak position and intensity
(Fig. 2a, red curve). The Pawley renement (Fig. 2a, green curve)
using a unit cell of a ¼ g ¼ 90�, b ¼ 88.92�, a ¼ c ¼ 24.52 Å, and
b ¼ 3.79 Å conrmed the peak assignment. The pseudo-Voigt
function was used for whole prole tting, and the Berar–Bal-
dinozzi method was used for asymmetry correction during the
renement processes. The nal Rwp and Rp values were 3.67%
and 1.83%, respectively, for the TADP–COF. The PXRD pattern
of TADP–COF was found to be similar with that of DhaTph
COF,44 suggesting that both COFs possess a similar arrange-
ment structure. This result is in accordance with the previous
observation that the introduction of a functional structural
analogue of edge units into 2D COFs usually does not change
their original topological structure.45–47 There are actually two
possible inter layer stacking models for Dha and PA in the
skeleton of the COF, i.e., model 1: Dha on top of Dha and PA on
top of PA and model 2: Dha on top of PA and PA on top of Dha
between the layers. However, our theoretical calculations using
DFTB method revealed that the energy of the model 1 is
�91.2 kcal mol�1 lower than that of model 2 (see ESI†), sug-
gesting that model 1 is more reasonable. Even so, here we do
not exclude the possibility that a disordered arrangement may
coexist with our proposed structure. Aer loading Cu(II) and
Pd(II) to the COF successively, the position of diffraction peaks
© 2022 The Author(s). Published by the Royal Society of Chemistry
was not changed (Fig. 2b), indicating that the topological
structure of maternal TADP–COF remained. But the crystallinity
of Cu(II)@TADP–COF and Pd(II)/Cu(II)@TADP–COF was lower
than that of their maternal TADP–COF.

As mentioned above, a programmed synthetic procedure was
carried out to realize the bimetallic loading (Scheme 2). It has
been reported that Pd(OAc)2 can coordinate with nitrogen
atoms of imines between the adjacent layers of imine-linked
COFs.4,42,43 However, Cu2+ can only coordinate with nitrogen
atoms of imines between the adjacent layers in conjunction
with their two adjacent hydroxyl groups in the form of tetra-
hedral coordination in the framework.40 Considering these
facts, we rst docked Cu(OAc)2 to the TADP–COF to obtain Cu(II)
@TADP–COF and then loading of Pd(OAc)2 was subsequently
performed to produce Pd(II)/Cu(II)@TADP–COF. Porphyrins are
known to be good ligands to load various metals, and thus we
do not exclude the possibility that Cu2+ or Pd2+ was coordinated
within the porphyrins of TADP–COF when Cu(OAc)2 or Pd(OAc)2
was added.

The Cu content in the Cu(II)@TADP–COF was measured by
inductively coupled plasma optical emission spectroscopy (ICP-
OES) to be 9.7 wt%, which is less than the theoretical value of
12.4 wt% (ESI†), if supposing that Cu2+ was coordinated with
both porphyrin units and nitrogen atoms of imines in
conjunction with two adjacent hydroxyl groups. Considering
the possible defects of crystalline COFs, the coordination of
Cu2+ with porphyrin and imine ligands should be quite
complete. Aer subsequent loading Pd(II) into the Cu(II)
@TADP–COF, the Cu content of Pd(II)/Cu(II)@TADP–COF was
7.3 wt%, lower than the theoretical value of 10.2 wt% (ESI†),
suggesting that a little amount of Cu(II) may be replaced by Pd(II)
aer Pd(II) was subsequently added.41 The Pd content in the
Pd(II)/Cu(II)@TADP–COF was determined to be 7.4 wt%, which
is close to the theoretical value of 8.4 wt% (ESI†). This result
reveals that Pd(II) was mainly coordinated with the remaining
imine groups. To conrm our assumption, we prepared a TAPP–
PA–COF that was constructed through the condensation reac-
tion of TAPP and PA (ESI†). This means that no phenolic
hydroxyl appeared in the skeleton of the COF and Pd(II) would
coordinate with all the imines and porphyrins in the COF.
When Cu(OAc)2 was added to the TAPP–PA–COF, the Cu content
in the COF was 6.2 wt%, close to the theoretical value of 6.9 wt%
(supposed Cu is only docked by porphyrins, ESI†), indicating
that Cu was only coordinated with porphyrin of the COF.
Similarly, when Pd(OAc)2 was added to the TAPP–PA–COF, the
Pd content in the Pd(II)@TAPP–PA–COF was measured to be
19.7 wt%, which is close to the theoretical value of 22.3 wt%
(supposed Pd is docked by porphyrins and all imines, ESI†).
This result provides an indirect proof that Cu can be only
coordinated with imines in the presence of phenolic hydroxyl
group and Pd was then coordinated with the remaining imines.
To further explore the coordination interaction between metals
and TADP–COF, X-ray photoelectron spectroscopy (XPS) are
performed (Fig. 3). The N 1s XPS spectrum of TADP–COF was
deconvoluted into three typical bands at 398.1, 399.2, and
400.1 eV, which can be attributed to the binding energy of imine
(–N]C–) linkage,48 –NH– of porphyrins and –N]C– of
RSC Adv., 2022, 12, 4874–4882 | 4877
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Scheme 2 Bimetallic loading of Cu(II) and Pd(II) using a programmed synthetic procedure.

Fig. 3 XPS spectra of different COF samples: (a) N 1s, (b) O 1s, (c) Cu 2p and (d) Pd 3d.
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porphyrins of the COF49 (Fig. 3a). Aer loading Cu(II) into the
TADP–COF, the N 1s peak at 398.1 eV was shied upeld, and
merged with the peak at 399.2 eV to appear at 398.9 eV as
a broad peak. The peak at 399.9 eV can be ascribed to the
binding energy of all the nitrogen atoms of porphyrins. We
consider that the coordination of Cu(II) within the porphyrins
4878 | RSC Adv., 2022, 12, 4874–4882
produces a conjugate structure, which makes –NH– and –N]C–
of porphyrins have the same environment. Aer successively
adding Pd(II) to the Cu(II)@TADP–COF, the peak at 398.6 eV is
due to the binding energy of metal-coordinated (both Cu and
Pd) imines. Another peak at 400.0 eV originates from the
conjugated nitrogen atoms of the porphyrins of the COF. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 N2 adsorption–desorption isotherms (a) and their pose size
distribution (b) of TADP–COF, Cu(II)@TADP–COF and Pd(II)/Cu(II)
@TADP–COF recorded at 77 K, respectively.

Fig. 5 TGA curves of TADP–COF (blue), Cu(II)@TADP–COF (red) and
Pd(II)/Cu(II)@TADP–COF (black).
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selective binding of Cu and Pd can also be proved by O 1s XPS
spectrum (Fig. 3b). The binging energy at 532.9 eV is the O 1s
signal of –OH of TADP–COF. When Cu(OAc)2 was added, the
signal shied downeld to 532.6 eV, which can be ascribed to
the replace of H+ by Cu2+. With further addition of Pd(OAc)2, the
O 1s signal was deconvoluted into three bands at 531.5, 532.5,
and 534.3 eV. The peaks at 531.5 and 534.3 eV is the O 1s signals
of acetate of Pd(OAc)2 and the peak at 532.5 eV is the O 1s signal
of –OCu. The coordination of Cu(II) and Pd(II) within the TADP–
COF can also be conrmed by Cu 2p and Pd 3d XPS spectra. The
shi downeld of Cu 2p signal can be observed aer Cu(OAc)2
was added to TADP–COF (Fig. 3c). A similar shi downeld was
also found by Pd(OAc)2 (Fig. 3d).50,51 The shi downeld of both
Cu 2p and Pd 3d signals can be attributed to the donor–acceptor
interaction occurring through the coordination bonds between
metal ions and the COF.52 Considering that the catalyst was
dried before, it is likely that a little amount of Cu with different
valence state, like Cu(I) and Cu(0) was produced that partici-
pated in the catalysis.

The porous properties of all the COFs were characterized by
nitrogen adsorption–desorption isotherms measured at 77 K.
All the three COFs exhibited the typical type-I adsorption
isotherms (Fig. 4a), indicative of microporous characteristics.
The BET surface areas were measured to be 1234, 700 and 486
m2 g�1, and the pore widths were calculated to be 1.1, 0.7 and
0.7 nm for the TADP–COF, Cu(II)@TADP–COF, and Pd(II)/Cu(II)
@TADP–COF, respectively (Fig. 4b). Their corresponding total
pore volumes were calculated to be 1.14, 0.45 and 0.40 cm3 g�1,
respectively (Table 1).

The thermal stability of the three COFs was further charac-
terized by thermogravimetric analysis (TGA). It is clear from
(Fig. 5) that TADP–COF decomposed at temperature above
Table 1 Porous properties of TADP–COF, Cu(II)@TADP–COF and
Pd(II)/Cu(II)@TADP–COF

COFs
SBET
(m2 g�1)

Pore width
(nm)

Total pore volume
(cm3 g�1)

TADP–COF 1234 1.1 1.14
Cu(II)@TADP–COF 700 0.7 0.45
Pd(II)/Cu(II)@TADP–COF 486 0.7 0.40

© 2022 The Author(s). Published by the Royal Society of Chemistry
400 �C, indicating its good thermal stability. A slight decrease in
the curve was also observed at 100 �C, which may be due to the
adsorbed small molecules like water or organic solvents. The
thermal stability of Cu(II)@TADP–COF and Pd(II)/Cu(II)@TADP–
COF is lower than that of TADP–COF, as reected by their bigger
weight loss. Similar to TADP–COF, the rst weight loss at about
100 �C for Cu(II)@TADP–COF and Pd(II)/Cu(II)@TADP–COF can
be ascribed to the lost water or organic solvents. The gradual
weight loss aer 100 �C may arise from the decreased crystal
structure or decomposition of organic moiety of loaded metallic
compounds. Therefore, it is practicable for reactions happened
under 100 �C catalyzed by Pd(II)/Cu(II)@TADP–COF.
3.2. Catalytic performance of COFs

To evaluate the catalytic performance of the bimetallic COF,
Pd(II)/Cu(II)@TADP–COF was used as catalysts for a cascade
reaction. It is known that Pd-catalyzed Suzuki coupling of aryl
halides and phenylboronic acid can produce bi-phenyl
compounds in high yield.53–55 On the other hand, benzyl
alcohol can be oxidized to generate benzaldehyde under Cu(II)
catalysis.56,57 Thus, a cascade reaction consisting of the coupling
reaction of 4-iodobenzyl alcohol and phenylboronic acid and
then the oxidation reaction of intermediate [1,10-biphenyl]-4-
methanol to 4-biphenylcarboxaldehyde was chosen as a model
reaction. It is anticipated that the separated loading of Cu(II)
and Pd(II) gives bimetallic catalyst that can be used to catalyze
this cascade reaction (Table 2).

A suitable reaction condition is of crucial importance in
a cascade reaction, therefore we rst screened the reaction
conditions in the Suzuki coupling/oxidation cascade reaction.
Acetonitrile, DMF and water were respectively used as solvent
and reaction time was controlled at 6 h for the rst step Suzuki
coupling and 15 h for the next oxidation reaction. In these
reactions, K2CO3 was used as a base. The yield of 4-biphe-
nylcarboxaldehyde is only 34%, 41% and 54%, respectively
(Table 2, entry 1–3). However, when an organic triethylamine
(TEA) was used to substitute for K2CO3, the product yield
increased to 91% in water (Table 2, entry 4). This reveals that
water is an ideal solvent for this cascade reaction. When reac-
tion time of the oxidation reaction was shortened to 5 h, a 51%
yield (Table 2, entry 5) was observed, but the yield increased up
to 85% when the reaction time of the oxidation reaction was
RSC Adv., 2022, 12, 4874–4882 | 4879
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Table 2 Optimization of reaction conditions for the model reactiona

Entry Catalysts Time (h) [t1 + t2] Solvent Base Yieldb (%)

1 Pd(II)/Cu(II)@TADP–COF 6 + 15 CH3CN K2CO3 34
2 Pd(II)/Cu(II)@TADP–COF 6 + 15 DMF K2CO3 41
3 Pd(II)/Cu(II)@TADP–COF 6 + 15 H2O K2CO3 54
4 Pd(II)/Cu(II)@TADP–COF 6 + 15 H2O TEA 91
5 Pd(II)/Cu(II)@TADP–COF 6 + 5 H2O TEA 51
6 Pd(II)/Cu(II)@TADP–COF 6 + 10 H2O TEA 85
7 Cu(II)@TADP–COF 6 + 15 H2O TEA 0
8 Pd(II)@TADP–COF 6 + 15 H2O TEA 8

a Reactions conditions: a mixture of 4-iodobenzyl alcohol (0.2 mmol), phenylboronic acid (1.5 equiv.), base (3.0 equiv.), TEMPO (0.25 equiv.), H2O
(2.0 mL), catalyst (4 mg) was stirred at 60 �C under N2 (1.0 atm) for 6 h, and then O2 atmosphere (balloon pressure) was introduced and the reaction
continued at 80 �C for another 15 h. b Determined by GC using tridecane as an internal standard.

Table 3 Catalytic performance of Pd(II)/Cu(II)@TADP–COF in the
coupling/oxidation cascade reaction

Entry Substrate Yield

1 X ¼ I R1 ¼ H R2 ¼ H 91%
2 X ¼ I R1 ¼ OCH3 R2 ¼ H 88%
3 X ¼ I R1 ¼ H R2 ¼ NO2 68%
4 X ¼ Br R1 ¼ H R2 ¼ H 82%
5 X ¼ Br R1 ¼ OCH3 R2 ¼ H 75%
6 X ¼ Br R1 ¼ H R2 ¼ NO2 37%

Fig. 6 Recyclability of the Pd(II)/Cu(II)@TADP–COF catalyst.
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10 h (Table 2, entry 6). When Cu(II)@TADP–COF was used as
catalyst, no product was obtained (Table 2, entry 7), while a low
yield of 8% was obtained in the presence of Pd(II)@TADP–COF
(Table 2, entry 8). Based on the above results, the following
reaction condition was applied, i.e., reaction time of 6 h for the
rst coupling at 60 �C, and 15 h for the next oxidation reaction
at 80 �C in the presence of 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO), TEA, and Pd(II)/Cu(II)@TADP–COF catalyst.

To illuminate the respective functions of Cu(II) and Pd(II) in
this cascade reaction, the catalytic performance of Pd(II)/Cu(II)
@TADP–COF for the separated reaction was investigated. The
Suzuki coupling of 4-iodobenzyl alcohol and phenylboronic
acid produced [1,10-biphenyl]-4-methanol in 94% yield, and the
oxidation of [1,10-biphenyl]-4-methanol presented nal product
of 4-biphenylcarboxaldehyde in 97% yield. We also found that
monometallic Pd(II)@TADP–COF can efficiently catalyze the
Suzuki coupling (91% yield) but failed for the oxidation reaction
because no oxidation product was obtained. Similarly, mono-
metallic Cu(II)@TADP–COF was highly effective for the oxida-
tion of [1,10-biphenyl]-4-methanol (99% yield), but the yield of
[1,10-biphenyl]-4-methanol in the Suzuki coupling reaction was
only 4%. This indicates that Pd(II) rst catalyzed the Suzuki
coupling of 4-iodobenzyl alcohol and phenylboronic acid to
produce [1,10-biphenyl]-4-methanol, which was then oxidized to
give 4-biphenylcarboxaldehyde catalyzed by Cu(II). We then
used a mixture of Cu(II)@TADP–COF and Pd(II)@TADP–COF as
catalyst, in which the molar ration of Pd/Cu was controlled at
1 : 1.6 that is similar to Pd(II)/Cu(II)@TADP–COF. The yield of 4-
biphenylcarboxaldehyde was only 83% when the mixed catalyst
was used. Considering that the yield of 4-biphenylcarbox-
aldehyde was 91% when Pd(II)/Cu(II)@TADP–COF was used, this
result indicates that a synergistic effect was observed for the
reaction. Based on the above results, it is clear that the Pd(II)/
Cu(II)@TADP–COF exhibited good catalytic activity towards the
Suzuki coupling/oxidation cascade reaction. We assume that
the large special surface area, 1D open channels and separated
active sites of the catalyst contributed to its excellent catalytic
performance.

In addition, the general applicability of the catalyst is of great
importance for evaluating its catalyst performance. Under the
optimized reaction conditions, the scope of the approach was
4880 | RSC Adv., 2022, 12, 4874–4882
focused. Table 3 shows the scope of various substrates for the
coupling/oxidation cascade reaction. As expected, the reactions
related to more active 4-iodobenzyl alcohol gave higher product
yields than 4-bromobenzyl alcohol. Substituted phenylboronic
acid with a weaker electron-rich methoxy group exhibited no
clear effect on the cascade reaction (entry 2 and 5). However,
this effect is evident for a strong electron withdrawing nitro
group (entry 3 and 6). The stability and reusability of the Pd(II)/
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cu(II)@TADP–COF were also investigated for the model reac-
tion. As shown in (Fig. 6), the Pd(II)/Cu(II)@TADP–COF catalyst
can be reused at least 5 times without apparently losing its
catalytic activity and yield. ICP analysis revealed that neither Pd
nor Cu is detectable in the ltrate aer each cycle, suggesting
that both metals are steadily incorporated with the skeleton of
the TADP–COF.
4 Conclusions

In summary, an imine-linked two-dimensional (2D) COF with
two different metallic coordination sites was designed and
synthesized using a three-component system. Selective loading
Cu(II) and Pd(II) into the COF was realized through a pro-
grammed synthetic procedure. Cu(II) was rst coordinated with
imines in conjunction with their adjacent hydroxyl groups and
porphyrins of the COF and Pd(II) was subsequently coordinated
with the remaining imines. The bimetallic Pd(II)/Cu(II)@TADP–
COF exhibited good catalytic activity towards a one-pot Suzuki
coupling/oxidation cascade reaction in water. Moreover, good
stability and reusability of the COF were also observed. We
image that this strategy would be extended to more bimetallic
systems in catalyzing other sorts of cascade reactions and we
expect that synergistic effects will be achieved to enhance the
selectivity and activity of reactions using bimetallic COFs as
catalysts.
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