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taking advantage of the base catalytic behavior of pyridine. The resultant bifunctionalized COF exhibits
excellent performance in catalyzing one-pot cascade aerobic oxidation—Knoevenagel condensation
reactions, outperforming the corresponding homogeneous and porous organic polymer based catalytic

systems, thereby opening a new avenue for multifunctional COFs as a promising platform for heterogeneous

rsc.li/frontiers-materials cascade catalysis.

Introduction

The development of cascade reaction processes that incorporate
several reactions to give the final product in one operation has
recently emerged as a promising field for advancing modern and
sustainable chemistry. Given that the consecutive reaction steps
are performed in one pot, costly intermediate separations and
purification processes will be avoided, thus offering enormous
economic advantages.' In most cases, a multistep chemical process
involves several active components such as a metal, ligand, base,
and other cofactors.” Efforts are thus being made to integrate
different catalytically active sites within a single and recyclable
material to facilitate one-pot cascade catalysis.>* It has been
well-documented that careful positioning of these individual
functions on a solid support provides a promising strategy for
improving catalytic performance by tailoring synergistic inter-
actions, in a way reminiscent of enzymatic catalysis.” In this
context, a material which enables precise control over chemical
functionality, density, and spatial arrangement of the active
sites is highly desirable.

Covalent organic frameworks (COFs)® as a new class of
crystalline materials, with highly ordered organic building blocks
and discrete nanopores, have spurred great interest due to their
potential applications pertaining to environmental remediation,’
catalysis,® proton conduction,’ and many more.'° A distinct feature
of COFs is that total control over their structure and properties can
be achieved through careful selection of the building units prior to
synthesis. This unique feature is very attractive to design multi-
functional catalysts, considering that the functionality, density,
and spatial arrangement of the active sites can be precisely
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managed. In particular, two dimensional (2D) COFs exhibit
unique architectures wherein the monomers that make up their
2D layers stack almost perfectly into infinite 1D columns that are
ideal for docking catalysts through the modification of the
building blocks, due to the potentially improved accessibility
of active sites and mass transport. COFs are thus expected to
serve as an auspicious platform for integrating multiple compo-
nents to bring into effect cascade catalysis.

Considering the attractive catalytically related functionality of
pyridine, which can act as a base catalyst and a nitrogen donor to
bind metal species, in this contribution, a chemically stable COF
bearing pyridine (COF-TpPa-Py) was chosen to demonstrate a proof-
of-concept for the utilization of COFs as a promising platform for
cascade catalysis. Representatively, after partial metalation of the
pyridine groups in COF-TpPa-Py with Pd(OAc),, the resultant catalyst
(Pd/COF-TpPa-Py) was found to be highly active, selective, and
recyclable for the one-pot cascade synthesis involving Pd-catalyzed
aerobic oxidation of alcohols to aldehydes and base-catalyzed
Knoevenagel condensation with the remaining free pyridine groups
(Scheme 1). Notably, the COF catalyst outperforms the corres-
ponding homogeneous analogues and the porous organic polymer
based catalytic systems in terms of turnover frequency. The site-
isolation manner in conjunction with the accessibility of the
active sites in Pd/COF-TpPa-Py accounts for the observed excellent
performance. Our work thereby sheds light on the great potential
of COFs for the design of heterogeneous cascade catalysis.

Experimental
Materials

Solvents were purified according to standard laboratory methods.
Other commercially available reagents were purchased in high
purity and used without further purification.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Scheme 1 Schematic of Pd/COF-TpPa-Py synthesis and one-pot cas-
cade aerobic oxidation—Knoevenagel condensation reactions. The Pd/
pyridine complex catalyzed oxidation of alcohols to aldehydes and the
free pyridine group catalyzed Knoevenagel condensation.

Catalyst synthesis

Synthesis of COF-TpPa-Py. A Pyrex tube measuring o.d. x id. =
9.5 x 7.5 mm® was charged with triformylphloroglucinol (21 mg,
0.10 mmol) and 2,5-diaminopyridine (16.3 mg, 0.15 mmol) in 1.1 mL
of a 5:5:1/v:v:v solution of 1,4-dioxane: mesitylene:6 M aqueous
acetic acid. The tube was flash frozen at 77 K (liquid N, bath),
evacuated and flame sealed. Upon sealing the length of the tube
was reduced to ca. 15 cm. The reaction mixture was heated at
120 °C for 3 days to afford a reddish brown precipitate which was
isolated by filtration and washed with anhydrous THF using
soxhlet extraction for 3 days. The product was dried under
vacuum to afford COF-TpPa-Py (27.9 mg, 75%).

Synthesis of x Pd/COF-TpPa-Py (x stands for the loading
amount of Pd species). As a typical run, the mixture of Pd(OAc),
(60 mg) and COF-TpPa-Py (500 mg) in toluene (20 mL) was
stirred at room temperature overnight. After that, the solid was
filtered, washed with excess toluene and acetone, and dried
under vacuum to afford Pd/COF-TpPa-Py. ICP-OES results reveal
that the Pd loading amount in Pd/COF-TpPa-Py was 4.1 wt%.

Synthesis of POP-Py''. 1.42 g of divinylbenzene and 0.58 g of
4-vinylpyridine were dissolved in 20 mL of THF, followed by the
addition of 50 mg of AIBN. The mixture was transferred into an
autoclave at 100 °C for 24 h. The title polymer was obtained
after being washed with THF and evaporated under vacuum.

Synthesis of Pd/POP-py. A mixture of Pd(OAc), (60 mg) and
POP-Py (500 mg) in toluene (50 mL) was stirred at room
temperature overnight. After that, the solid was filtered, washed
with excess toluene and acetone, and dried under vacuum to
afford Pd/POP-Py. ICP-OES results reveal that the Pd loading
amount in Pd/POP-Py was 3.9 wt%.

Catalytic tests

The one-pot cascade aerobic oxidation-Knoevenagel condensation
reactions were carried out in a 50 mL Schlenk flask with a magnetic
stirrer. In a typical run, alcohol (1 mmol), the catalyst listed in
Table 1, and toluene (10 mL) were transferred into the reactor. After
being evacuated, the system was purged with O, using a balloon.
The tube was placed in a preheated oil bath and stirred for the
desired time. After the reaction progressed for the desired period of
time, the oxygen balloon was removed, and then malononitrile
(1.05 mmol) was charged into the reaction system rapidly. The
mixture was left at 80 °C for an additional time period. The
conversion and the yield of the products were analyzed by 'H NMR.
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Table 1 Catalytic performance of the cascade oxidation—Knoevenagel
reaction from benzyl alcohol to benzylidene malononitrile over various

catalysts?
CN
OH
A~ ~ “CN
— —
A B Cc
Yield (%
Conv. (%) (%)

Entry Catalyst A B c

1° Pd/COF-TpPa-Py 98 Trace 98

2¢ COF-TpPa-Py Trace Trace Trace
34 Pd(OAc), 5 5 Trace
4° Pd(OAc), + pyridine 79 Trace 79

5 Pd/POP-Py 72 4 67

% Reaction conditions: a mixture of benzyl alcohol (1 mmol), toluene
(10 mL), and catalyst was stirred at 80 °C under O, (1 atm) for 4 h and
then malononitrile (1.05 mmol) was introduced and the reaction
continued for another 1.5 h.”? Pd/COF-TpPa-Py (65 mg containing
0.025 mmol Pd and 0.2 mmol pyridine moieties). © COF-TpPa-Py (65 mg).
4 Pd(OAc), (5.6 mg, 0.025 mmol Pd). ¢ Pd(OAc), (5.6 mg) and pyridine
(15.8 mg, 0.2 mmol)./ Pd/POP-Py (68 mg containing 0.025 mmol Pd and
0.18 mmol pyridine moieties).

For each catalyst recycling, the catalysts were separated by
centrifugation under N,, washed with degassed toluene, and
used directly for the next run.

Characterization

The gas adsorption isotherms were collected on an ASAP 2020
surface area analyzer. The N, sorption isotherms were measured
at 77 K using a liquid N, bath. Powder X-ray diffraction (PXRD)
data were collected on a Bruker AXS D8 Advance A25 Powder
X-ray diffractometer (40 kv, 40 mA) using Cu Ku (4 = 1.5406 A)
radiation. Scanning electron microscopy (SEM) images were
collected using a Hitachi SU 8010. IR spectra were recorded on
a Nicolet Impact 410 FTIR spectrometer. ICP-OES was performed
on a Perkin-Elmer Elan DRC II Quadrupole. X-ray photoelectron
spectroscopy (XPS) was performed on a Thermo ESCALAB 250
with Al Ko irradiation at 6 = 90° for the X-ray source, and the
binding energies were calibrated using the C1s peak at 284.9 eV.
"H NMR spectra were recorded on a Bruker Avance-400 (400 MHz)
spectrometer. Chemical shifts are expressed in ppm downfield
from tetramethylsilane (TMS) at 6 = 0 ppm, and J values are given
in Hz. The *C (100.5 MHz) cross-polarization magic-angle spinning
(CP-MAS) solid-state NMR experiment was recorded on a Varian
infinity plus 400 spectrometer equipped with a magic-angle
spin probe in a 4 mm ZrO, rotor.

Results and discussion

With the aim of optimizing the porosity and crystallinity of
COF-TpPa-Py (Fig. 1a), we screened the synthetic conditions by
varying the solvent combination/ratio and catalyst loading. Under
optimal synthetic conditions, reacting 1,4-dioxane, mesitylene,
and 6 M acetic acid in a 5:5:1 (v:v:v) ratio at 120 °C for 3 days,
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we obtained COF-TpPa-Py as a reddish brown microcrystalline
solid in a yield of about 75%. The Fourier transform infrared
(FT-IR) spectrum of COF-TpPa-Py indicated the complete con-
sumption of the reactants as evidenced by the disappearance of
the characteristic N-H stretching bands (3286-3372 cm™ ')
of the free diamine and aldehydic ~-C=O0 (1640 cm™"). Moreover,
the absence of C=N stretching peaks at around 1620 cm ™" and
the appearance of a new C—C peak at 1570 cm™ ' verified the
transformation of the enol into a keto tautomer (Fig. S1, ESIt)."?
Solid-state *C NMR spectroscopy confirmed the existence
of the keto tautomer supported by the presence of the peak at
~183 ppm, which is attributed to the keto (-C=O) group
(Fig. 1b). The detailed assignment of these peaks is given in
Fig. S2 (ESIf). The PXRD pattern of COF-TpPa-Py showed an
intense reflection at 4.6° corresponding to the (100) plane
(Fig. 1c). The reflections at 7.8°, 9.5°, 12.1°, and ~27° are attributed
to the (110), (200), (210), and (001) planes, respectively. This is in
agreement with the theoretical prediction of an AA stacking
arrangement. The permanent porosity of COF-TpPa-Py was
determined by measuring nitrogen adsorption at 77 K. As
shown in Fig. 1d, COF-TpPa-Py displayed a type I isotherm with
a sharp uptake in the low relative pressure region (P/P, < 0.1), which
is characteristic of microporous materials. The Brunauer-Emmett—
Teller surface area and the total pore volume of COF-TpPa-Py were
calculated to be 1019 m* g~' and 0.56 cm® g~ ', respectively.
DFT fitting of the adsorption branches showed pore size
distributions mainly at 1.5 nm, in good agreement with
that of the proposed model (Fig. S3, ESIt). The framework of
COF-TpPa-Py is stable under a wide range of conditions as
demonstrated by its well-retained crystallinity after soaking it
in a variety of solvents as well as in both acid (2 M HCI) and
base (2 M NaOH) aqueous solutions (Fig. S4, ESIt). In addition,
thermogravimetric analysis (TGA) revealed that COF-TpPa-Py
exhibited no weight loss under N, up to 400 °C, indicating its
excellent thermal stability (Fig. S5, ESIt).

250 200 150 100 50
Chemical Shift (ppm)

v d R
5300
L Pd/COF-TpPa-Py Mg
L - < 200
5 TR . -~
\ COF-TpPa-Py | %
\ 2
\\\ 2 100 —o— —o— COF-TpPa-Py
T Z —0— —0— Pd/COF-TpPa-Py
simulated using the AA stacking mode 0
10 20 30 00 02 04 06 08 10
20 P/Po

Fig.1 (a) View of the slipped AA stacking structure of COF-TpPa-Py
(O, red; N, blue; C, grey), (b) the *C MAS NMR spectrum of COF-TpPa-Py,
(c) simulated and experimental PXRD patterns, and (d) N, sorption isotherms
collected at 77 K.
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With a porous and crystalline pyridine functionalized frame-
work available, we proceeded to synthesize COF-TpPa-Py into
heterogeneous multifunctional catalysts for cascade reactions.
By virtue of the pyridine-related base catalytic behavior and its
strong coordination ability to metal species, it is highly promising
to develop a multifunctional catalyst to be used for a cascade
process involving a redox step followed by base catalysis. Given
that a Pd/pyridine catalytic system shows excellent activity for
aerobic oxidation of alcohols,® we envision that partially meta-
lated COF-TpPa-Py with Pd species, the resultant Pd/COF-TpPa-Py
catalyst bearing two types of active sites, holds great promise
for application in one-pot cascade catalysis.

With these aspects in mind, we treated COF-TpPa-Py with
Pd(OAc), to afford Pd/COF-TpPa-Py and investigated its catalytic
performance in the synthesis of a,B-unsaturated dinitriles from
alcohols, which are very important chemical intermediates in the
pharmaceutical industry. Given that the catalytic component in
the resultant catalysts changes along with the variation of Pd
loading amounts, we adjusted the Pd amount on COF-TpPa-Py to
achieve the optimal trade-off for the cascade reactions. Three
catalysts with Pd loadings of 2.0 wt%, 4.1 wt%, and 7.5 wt%, as
revealed by ICP-OES analysis, were synthesized, which were
denoted as 2.0 wt% Pd/COF-TpPa-Py, 4.1 wt% Pd/COF-TpPa-Py,
and 7.5 wt% Pd/COF-TpPa-Py, respectively. The 4.1 wt% Pd/COF-
TpPa-Py (hereafter denoted as Pd/COF-TpPa-Py) was chosen as a
representative sample for thorough investigation. The PXRD
pattern of the obtained metalated material exhibited a diffraction
pattern comparable to that of COF-TpPa-Py with an intensive
reflection at 4.7° (Fig. 1c). Nitrogen sorption measurements were
conducted to verify pore accessibility after partial metalation
(Fig. 1d). The BET surface area of Pd/COF-TpPa-Py was deter-
mined to be 902 m? g™, thus indicating the retention of porosity.
Correspondingly, the pore size distribution of Pd/COF-TpPa-Py
concentrates at 13 A and 15 A (Fig. S6, ESIt). Scanning electron
microscopy (SEM) images of Pd/COF-TpPa-Py showed a rough
surface composed of thin rods. This is similar to the observed
morphology of COF-TpPa-Py (Fig. S7, ESIT). Based on the above we
can conclude that no distinct structural changes occurred during
the introduction of Pd(OAc),. To investigate the coordination of
Pd species with COF-TpPa-Py, Fourier transform infrared spectro-
scopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) were
performed (Fig. 2). The appearance of a new peak at around
690 cm ™' in the IR spectrum of Pd/COF-TpPa-Py, which was
also observed in the complex of Pd/pyridine (not present in the
spectra of both Pd(OAc), and pyridine), indicates that com-
plexes formed between Pd species and the pyridine moieties
in COF-TpPa-Py (Fig. S8, ESIf). In addition, the XPS study of
COF-TpPa-Py showed two different types of N species: one at
398.5 eV for the pyridinic (-CsH3N) nitrogen and the other at
400.2 eV, ascribed to the free secondary amine (-NH). The ratio
of these N species is approximately 1:2, which is in good
agreement with the theoretical composition. In contrast, the
ratio of free pyridinic nitrogen in Pd/COF-TpPa-Py is obviously
lower than COF-TpPa-Py as demonstrated by the decreased area
ratio (0.5 to 0.36) of N species at around 398.5 eV, suggesting that
part of the pyridinic nitrogens coordinate with the Pd species,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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thereby shifting to a higher binding energy.'* Meanwhile, Pd/
COF-TpPa-Py demonstrated the binding energies of Pd 3d;,
and Pd 3ds, at 342.9 and 337.6 eV, respectively, which are
significantly lower than those of Pd(OAc), (343.8 and 338.6 eV,
respectively)."® These results indicate that strong interactions
exist between the Pd species and pyridine moieties in the
Pd/COF-TpPa-Py. High angle annular dark field scanning trans-
mission electron microscopy (HADDF-STEM) and EDX mapping
results revealed that Pd species are homogeneously distributed
throughout the material and no aggregated Pd nanoparticles are
observed (Fig. S9, ESIT).

Given the accessibility together with the well-defined and
arranged active sites, we set out to evaluate the performance of
bifunctional COF materials as a bifunctional solid catalyst in
the context of a metal-base catalyzed one pot cascade reaction
involving the aerobic oxidation of alcohols and the subsequent
Knoevenagel condensation. To achieve the optimal catalytic
activities, we first investigated the relationship between the
cascade catalytic performance and the ratio of the two types of
active sites in the Pd metalated COF-TpPa-Py by comparison of
the turnover frequency (TOF) values for each individual step. For
the oxidation step, 2.0 wt% Pd/COF-TpPa-Py, Pd/COF-TpPa-Py,
and 7.5 wt% Pd/COF-TpPa-Py gave TOF values of 16.1, 15.7, and
11.4 h™', respectively, after 1 h. For ease of comparison,
benzaldehyde was used as the reagent to test the efficiency of
Knoevenagel condensation over various catalysts. The 2.0 wt%
Pd/COF-TpPa-Py, Pd/COF-TpPa-Py, and 7.5 wt% Pd/COF-TpPa-Py
afforded TOF values of 2.1, 2.5, and 2.6 h™', respectively, after
30 min. In view of the TOF values for the two steps, Pd/COF-TpPa-Py
was chosen for further detailed studies.

Next, to illustrate the advantages of the bifunctional COF
catalytic systems in the one-pot synthesis, a set of control experi-
ments including the homogeneous Pd(OAc),/pyridine catalyst and
a Pd(OAc), metalated pyridine-containing porous organic polymer
(Pd/POP-py), which was synthesized by copolymerization of divinyl-
benzene and 4-vinylpyridine, were conducted. In a typical run, the
reactions were carried out in a Schlenk tube purged with atmo-
spheric O, using benzyl alcohol and malononitrile as reactants
and toluene as the solvent in the presence of catalysts at 80 °C,
with the results listed in Table 1. Benzaldehyde was produced as
an intermediate, and benzylidene malononitrile was the objec-
tive product in all cases. Remarkably, Pd/COF-TpPa-Py showed
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exceptional catalytic activity, giving rise to a benzylidene malono-
nitrile yield as high as 98%, which outperformed all other
catalytic systems tested under the same conditions. Considering
that COF-TpPa-Py did not convert benzyl alcohol (Table 1, entry 2)
and Pd(OAc), exhibited poor activity, affording benzaldehyde in a
5% yield with a negligible amount of benzylidene malononitrile,
the excellent performance of Pd/COF-TpPa-Py thereby should be
attributed to the combined contributions from the COF-TpPa-Py
and Pd species. It is known that the presence of a base, such as
pyridine, is beneficial to promote the Pd-catalyzed oxidation and
additionally the base is the active species for the Knoevenagel
condensation. Therefore, Pd/COF-TpPa-Py with these features
can facilitate the cascade reaction. To further substantiate the
cooperative effect, an excess of pyridine was introduced into the
Pd(OAc), system. A greatly enhanced activity was observed, giving
benzylidene malononitrile in a yield of 79% under identical
reaction conditions; nonetheless, it is still lower than that obtained
by Pd/COF-TpPa-Py (98%). Furthermore, Pd/POP-py afforded a
product yield of 67%, which is also inferior to Pd/COF-TpPa-Py
in terms of the reaction rate. Taking into account that these
catalysts have similar amounts of catalytic components, the signifi-
cant difference in the activities should be ascribed to different
utilization efficiencies of these catalysts. In Pd/COF-TpPa-Py,
the Pd metalated pyridine and free pyridine are site-isolated in
the accessible ordered channel wall, thereby maximizing their
utility, which leads to the high activity. In contrast, various
catalytic related species dynamically exist in the homogeneous
Pd(OAc),/pyridine catalytic system, thus compromising their
efficiency. With respect to Pd/POP-py, some active sites may be
buried due to their irregular pore structures.

In order to further illustrate the advantages of COFs for the
design of efficient catalysts for cascade reactions, we compared
the activities of Pd/COF-TpPa-Py and Pd(OAc),/pyridine at a
higher substrate to catalyst ratio (the molar ratio of reagent to
Pd, S/C = 250). To track the reaction pathway more directly, the
one-pot cascade synthesis of benzylidene malononitrile from
benzyl alcohol was performed for different reaction times. The
difference in reactivity between the two catalytic systems was
clearly manifested in the reaction kinetics. Time-dependent
conversion curves indicated that Pd/COF-TpPa-Py was much
faster than the homogeneous control in terms of turnover
frequency. At 0.4 mol% catalyst loading (based on Pd species),

Nls b

pyridinic N

COF-TpPa-Py Pd/COF-TpPa-Py

Nls Pd 3d

Pd/COF-TpPa-Py

404 402 400 398 396 394 404 402 400
Binding Energy (eV)

Fig. 2 N 1s and Pd 3d XPS spectra of COF-TpPa-Py and Pd/COF-TpPa-Py.
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the oxidation of benzyl alcohol was completed within 16 h for
Pd/COF-TpPa-Py. In the case of Pd(OAc),/pyridine, benzaldehyde
was observed in a yield of 59% after 16 h and after prolonging
the reaction time to 24 h, only a slightly increased conversion
was obtained (67%). After introducing malononitrile into the
reaction solution, the amount of intermediate benzaldehyde
decreased rapidly to a low level, whereas the yield of benzylidene
malononitrile increased sharply and leveled off at ca. 92% within
5 h for Pd/COF-TpPa-Py. In this step, Pd/COF-TpPa-Py is at least
2 times more active than the homogeneous control. These results
revealed that Pd/COF-TpPa-Py exhibited superior performance in
comparison with Pd(OAc),/pyridine, thus underscoring the great
potential of COFs for the deployment of multifunctional catalysts
for cascade catalysis (Fig. 3).

To identify if the catalysis occurs on the surface or within the
pores, a relatively large size alcohol (cholesterol) was used as a
reactant. Pd/COF-TpPa-Py afforded an 8% cholesterol conver-
sion, while the homogeneous Pd/pyridine catalyst gave the
corresponding oxide product in a yield as high as 87% under
identical conditions, thus implying that cholesterol is too big to
efficiently access the active sites anchored in the pores. These
results reveal that most of the reactions occur in the pores
(Table S1, ESIY).

Given that the recyclability of the catalyst is a crucial perfor-
mance metric for cost-effective industrial processes, we investigated
this property for Pd/COF-TpPa-Py. Analysis of the supernatant from
the synthesis of benzylidene malononitrile by ICP-OES showed that
the Pd species leaching was below the detection limit of 0.1 ppm.
Moreover, it is observed that the catalyst could be recycled at
least 6 times without a significant drop in the product yield
(95% after 5 cycles), thus highlighting the heterogeneous
nature of the catalytic process (Fig. 4). The robustness of the
catalyst was further confirmed by the well-retained crystallinity
and pore structure, and the chemical state of the Pd species in
Pd/COF-TpPa-Py after the reaction as evidenced by XRD, N,
adsorption and XPS spectroscopy, respectively (Fig. S10, ESI).

Encouraged by the results described above, we extended the
Pd/COF-TpPa-Py catalyzed one-pot cascade synthesis to other
o,B-unsaturated dinitriles from alcohols, and the results are
presented in Table 2. Primary benzylic alcohols were converted
to the corresponding aldehydes in 92-96% yields (Table 2,
entries 1-5) and then reacted with malononitrile to efficiently
transform to the corresponding dinitriles. It is noteworthy that

100{a 1001b

80-Pd/COF-TpPa-Py 804 Pd/pyridine

60

(%)

40-
20-

—@—benzaldehyde

—@— benzaldehyde
0 —Q—benzylidene malononitrile

—@— benzylidene malononitrile

0 5 10 15 20 25 0 5 10 15 20 25 30 35
Time (h) Time (h)

Fig. 3 Yield versus reaction time of the (a) Pd/COF-TpPa-Py and (b) Pd/

pyridine catalysts for the one-pot cascade oxidation—Knoevenagel condensa-

tion reaction. Reaction conditions are similar to those given in Table 1 except for

the S/C ratio and reaction time.

0

1314 | Mater. Chem. Front., 2017, 1, 1310-1316

View Article Online

Research Article

100 -

80 -

60 -

40

20

v, = B & ;
1 2 3 4 5 6

Recycle times

Yield (%)

Fig. 4 Recycling tests of the Pd/COF-TpPa-Py in the cascade synthesis of
benzylidene malononitrile from benzyl alcohol. Reaction conditions are
the same as those given in Table 1.

Table 2 Pd/COF-TpPa-Py catalyzed cascade oxidation—Knoevenagel
condensation reactions from alcohols to o,B-unsaturated dinitriles®

Pd base CN
R/\OH —>t1 R&O —>t2 R
CN
1 0

Time (h)  Conv. (%) o)
Entry R [t + 23] A B c
1 4-CH,0-Cg¢H; 4+1.5 99 Trace 99
2 4-CH3-CgHj; 4+ 1.5 98 Trace 97
3 4-NO,-C¢Hs 742 92 Trace 91
4 4-Cl-CgHj 6+2 96 Trace 94
5 3-Cl-C¢Hj5 6+2 93 Trace 93
6 n-CeHq3 12 +5 91 Trace 91
7 n-CgHy5 12 +5 94 Trace 93

“ Reaction conditions: a mixture of alcohol (1 mmol), toluene (10 mL),
and Pd/COF-TpPa-Py was stirred at 80 °C under O, (1 atm) for ¢; h and
then malononitrile (1.05 mmol) was introduced, and the reaction
continued for ¢, h.

this catalytic system shows tolerance to a variety of substituents
on aromatic nuclei. Aliphatic primary alcohols were oxidized to
the aldehydes selectively and then to dinitriles, but they are
relatively inert and thus required longer reaction times (Table 2,
entries 6 and 7). To further extend the reaction scope, various
methylene compounds instead of malononitrile were tested.
When ethyl cyanoacetate was used, the cascade reaction can
smoothly proceed, although more than threefold time is required
to reach a similar final product yield (5 h, 97%) in comparison
with employing malononitrile as a reagent in the Knoevenagel
condensation step. However, when diethyl malonate was used,
the second condensation step was suppressed greatly, which
made the whole one-pot synthesis inefficient for production.
Specifically, only 4% of benzaldehyde was observed to convert
to diethyl 2-benzylidenemalonate after 8 h (Table S2, ESIY).
Considering that the Knoevenagel condensation is a model
reaction to evaluate the catalyst basicity, and Pd/COF-TpPa-Py can
facilitate the Knoevenagel condensation between benzaldehyde
and malononitrile or less active ethyl cyanoacetate, but not for
relatively inert diethyl malonate, which is presumed to be catalyzed
by strong base sites, therefore, the basicity of Pd/COF-TpPa-Py
was evaluated to be moderately strong.
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Conclusions

In summary, we have demonstrated the deployment of a
chemically stable pyridine-based COF in a bifunctional catalyst
after introducing Pd species by virtue of the base catalytic
behavior and as a nitrogen donor to bind metal species of
pyridine moieties. The resultant catalyst demonstrates excellent
performance in the cascade oxidation-Knoevenagel condensa-
tion reaction from alcohols to a,B-unsaturated dinitriles. Due to
the combined contributions of the ordered porous structure,
highly accessible active sites, and the site isolated manner of
the two catalytic components, Pd/COF-TpPa-Py far outperforms
the corresponding homogeneous catalyst (Pd/pyridine) in
terms of the turnover frequency. Our work therefore not only
advances COFs as a new type of host material for the deployment
of multifunctional catalysts, but also provides a new perspective
for the design of highly efficient and robust heterogeneous
catalysts for cascade catalysis. Studies aimed at designing new
COF-based catalysts for advanced cascade catalysis applications
are currently underway in our laboratory.
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