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Abstract

In this study, a hybrid material was successfully fabricated through the hybridization of zinc-based metal-organic framework
(Zn-MOF) and covalent organic framework (COF) based on melamine and terephthaldehyde (Zn-MOF/COF) and character-
ized by FT-IR, SEM, XRD, and STA analysis. Then, the resultant hybrid was employed as an amazing and cost-effective
catalyst in the condensation of a variety of aldehydes with malononitrile under solvent-free conditions at 25 °C in a short time
(5-60 min) to offer benzylidenemalononitrile derivatives in high yields (82-100%). The catalyst could be reused without a
noteworthy drop in catalytic activity at least eight times. The use of Zn-MOF/COF catalyst outcomes under mild reaction
conditions in very short reaction time, exceptional catalytic activity, high recyclability and an easy work-up process for the

Knoevenagel condensation.
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Introduction

The Knoevenagel reaction of the active methylene com-
pounds and aromatic carbonyl materials using a weak base
is the well-known nucleophilic addition reaction for the con-
struction of C—C double bonds, which has been extensively
employed in the construction of intermediates or products
for pharmaceuticals, polymers and bioactive materials [1-5].
So far, the various catalysts have been recognized to improve
Knoevenagel reaction such as polytriazine [6], potassium
salt-loaded MgAl hydrotalcites [7], quinine [8], 2D MOF-5
[9], fluorinated MOFs [10], cyclotriveratrylene MOFs [11],
Au@Cu(Il)-MOF [12], imine-linked COFs [13] and so on.
Thus, the development of appropriate catalysts for this pro-
cess is an enhancing request.

Metal-organic frameworks (MOFs) are developing as a
notable class of porous materials with an extensive range of
valuable applications such as separation, storage, medicinal,
sensors and catalysis [14—19]. They are inorganic—organic
hybrid materials, constructed via the self-assembly of
metal ions and organic components [20]. The key features
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of MOFs are ultrahigh porosity, high surface areas and out-
standing chemical and thermal stability, which could make
these materials exceptional heterogeneous catalysis [21].
Further than MOFs, scientists are more and more attracted to
developing hybrid materials based on MOFs through linking
MOFs with other compounds including metal nanoparticles,
other MOFs, polymers and covalent organic frameworks
(COFs) to attain benefits both materials [22-25].

COFs have developed as a novel class of ordered poly-
porous crystalline polymers constructed from organic
building moieties connected via reversible covalent bonds
and commonly comprise nanometer-sized uniform pores
[26-30]. COFs owing to their outstanding features includ-
ing high porosity, large surface area, high adsorption capaci-
ties, excellent chemical stability, high thermal stability, low
density and highly ordered structures have drawn remark-
able research interests in gas storage and separation, energy
storage, proton conduction, chemical sensors, optoelectron-
ics, semiconductors, drug delivery and catalysis [31-38].
Thomas et al. developed a novel series of porous COFs, i.e.,
Schiff base network (SNW) series, constructed from mela-
mine and di- or trialdehydes [39]. For example, a melamine-
based polymeric network SNW with microporosity could be
synthesized by a polycondensation reaction of melamine and
terephthalaldehyde in dimethyl sulfoxide [40]. To date, the
amalgamation of COFs and MOFs to fabricate a promising
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type of hybrid materials with more functionality has been
established [41-44].

In this work, Zn-MOF/COF was hydrothermally synthe-
sized. The prepared Zn-MOF/COF can be an excellent het-
erogeneous catalyst for the Knoevenagel reaction under sol-
vent-free conditions. The astonishing activity was observed,
and the catalyst reused eight times without a noteworthy
decrease in activity.

Experimental
Materials

All reagents and chemicals including 1,4-benzenedi-
carboxylate (BDC, terephthalic acid), N,N-dimethyl-
formamide (DMF), ethanol, Zinc acetate dehydrate
(Zn(CH;CO,),-2H,0), ethylenediamine, melamine, tere-
phthaldehyde, dimethyl sulfoxide (DMSO), malononitrile,
4-nitrobenzaldehyde, 4-chlorobenzaldehyde, 2-chloroben-
zaldehyde, 4-methoxybenzaldehyde, 4-methylbenzaldehyde
and 2-hydroxybenzaldehyde were purchased from Merck
Company (Darmstadt, Germany) and used without further
purification.

Apparatus

Fourier transform infrared (FT-IR) spectra of samples were
recorded with a Jasco-680 spectrometer (Japan) in the range
of 4000-400 cm™~!. The X-ray diffraction (XRD) patterns
of samples were recorded in the reflection mode using a
Bruker, D8 Advance diffractometer. The surface morphol-
ogy of the resulting materials was investigated using field
emission-scanning electron microscopy (FE-SEM; EM10C-
ZEISS, 80 kV, Zeiss Co., Germany).

Preparation of Zn-MOF

Terephthalic acid (0.498 g, 3.00 mmol) was dissolved in
DMF (40 mL) and stirred for 15 min till a clear solution
was formed. In another vessel, Zn(CH;CO,),-2H,0 (2.19 g,
10.00 mmol) was dissolved in DMF (20 mL) with stirring
for 10 min at room temperature. The solutions were mixed,
and then the mixture was transferred to a Teflon-lined auto-
clave (150 mL) and placed in an oven at 100 °C for 12 h.
After cooling, the resultant white crystalline solid was col-
lected, washed with ethanol several times and dried over-
night at room temperature [45].

Preparation of Zn-MOF-NH,

A mixture of Zn-MOF (0.20 g), ethanol (25 mL) and ethyl-
enediamine (5 mL) was refluxed for 12 h under argon gas.
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After cooling, the reaction mixture was filtered to produce a
white precipitate which was washed with ethanol and dried
at 80 °C under vacuum.

Preparation of Zn-MOF/COF

Zn-MOF-NH, (0.2 g), melamine (0.5 g, 3.96 mmol), tereph-
thaldehyde (0.5 g, 3.73 mmol), DMSO (25 mL) and distilled
water (5 mL) were mixed and transferred to a 150 mL Tef-
lon-lined autoclave, sealed and heated in an oven at 180 °C
for 12 h. After cooling, the resultant yellow precipitate was
collected through filtration, washed with ethanol and dried
overnight at room temperature.

General procedure for the Knoevenagel
condensation using Zn-MOF/COF as a catalyst

A mixture of various aldehydes (1 mmol), malononitrile
(1.5 mmol) and Zn-MOF/COF (15 mg) was stirred at 25 °C
under solvent-free conditions. TLC was utilized to moni-
tor the progress of the reaction. After completion of the
reaction, warm ethanol (10 mL) was added to the reaction
mixture, and Zn-MOF/COF was separated and washed with
ethanol. The solvent was evaporated, and the attained solid
was recrystallized from ethanol to produce the pure product.
Then, the recovered catalyst was reused in eight runs under
similar conditions as the first run to exhibit the recyclability
and stability of the prepared catalyst.

Results and discussion
Fabrication of Zn-MOF/COF

Zn-MOF hybrid material was prepared using the solvother-
mal technique [45]. After the preparation of Zn-MOF, it was
functionalized with ethylenediamine, to form amine-func-
tionalized Zn-MOF-NH,. The COF was then synthesized
on the surface of Zn-MOF-NH, by covalently linking mela-
mine and terephthaldehyde through a condensation reaction
to form the Zn-MOF/COF hybrid material (Fig. 1).

Characterization of Zn-MOF/COF

Figure 2 designated the FT-IR spectra of Zn-MOF, Zn-
MOF-NH, and Zn-MOF/COF, the absorption band around
3416 cm™! in Zn-MOF is contributed to O-H stretching
vibration in adsorbed H,O molecules in Zn-MOF struc-
ture. The two absorption peaks that appeared at 1662 and
1392 cm™! correspond to the asymmetric and symmetric
stretching vibrations of the O=C-O bonded to Zn. The
absorption band at 532 cm™! is assigned to Zn—O stretch-
ing vibration [46]. In the FT-IR spectrum of functionalized
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Fig. 1 Schematic representation of the fabrication of Zn-MOF/COF

Zn-MOF, the absorption peaks at 3324 and 3270 cm™' are
assignable to stretching vibrations of NH, groups and the
absorption bands observed at 2958, 2904 and 2873 cm™!
correspond to stretching vibration of C-H bonds of ethylen-
ediamine. The absorption band observed at 494 cm™
sponds to Zn—O stretching. From the obtained spectral data,
it can be realized that the ethylenediamine has been grafted
on Zn-MOF surface. The FT-IR spectrum of Zn-MOF/COF
hybrid displayed a series of new characteristic stretching
vibrations at 1547, 1465 and 1338 arising from the C=N,
C=C and C-N bonds, respectively, were observed showing
condensation and tautomerization.

Figure 3 represents the XRD patterns of Zn-MOF, COF
and Zn-MOF/COF that exhibited crystal structure of Zn-
MOF is a well-defined cubic structure. The XRD pattern of
Zn-MOF reveals the positions of the main peaks appearing
at 20="7.0, 10.0, 13.8, 20.8, 19.6, 15.7, 22.8 and 25.1 in the
spectra corresponded to the previously reported XRD pat-
tern of Zn-MOF. The characterization of this compound by
XRD shows distinct peaks belong to [111], [200], [220] and
[311] and indicate its cubic lattice structure [46]. The XRD

! corre-

DMF ~. \ 7 H,;NCH,CH,;NH
C\\ //C S
I

pattern of Zn-MOF/COF (Fig. 3) shows the two broad peaks
at 26 of 8 and 20. The observed broadening in two peaks of
the Zn-MOF/COF is probably related to the overlap of XRD
peaks of Zn-MOF and COF.

Figure 4 shows FE-SEM images of Zn-MOF and Zn-
MOF/COF. The morphology of Zn-MOF is characterized by
well-defined cubic crystals of 2.5 pm in width. The FE-SEM
investigation of Zn-MOF/COF confirms that smooth pure
Zn-MOF structure significantly changed due to the loading
of ordered, regular structure and spherical of COF on the
surface of Zn-MOF. The FE-SEM images of the resulting
Zn-MOF/COF hybrid show that the COF in the range of
80 nm is dispersed on the surface of Zn-MOF. In addition,
the COF may cause the deformation of the Zn-MOF struc-
ture. However, the surface of the Zn-MOF/COF hybrid tends
to be rougher after the loading of COF on Zn-MOF crystals.
Therefore, the FE-SEM images indicated that COF had a
crucial effect on the structure of Zn-MOF support.

Figure 5 displays the weight loss of Zn-MOF/COF with
increasing the temperature. A weight loss was identified
between 100 and 120 °C, which could be attributed to the
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Fig.3 XRD patterns of Zn-MOF, COF and Zn-MOF/COF

removal of moisture and solvent molecules. From 120 to
400 °C, no noticeable mass loss can be found, which dem-
onstrated the superior thermodynamic stability of Zn-MOF/
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COF till 400 °C. Further increasing, the temperature to
600 °C leads to a weight loss of around 450 °C due to the
degradation of COF structure and a weight loss of around
550 °C due to the degradation of the MOF structure. Then
no mass loss can be found when the temperature was further
increased to 900 °C.

Catalytic activity test

The catalytic application of Zn-MOF/COF was examined in
the Knoevenagel reaction under diverse conditions (Table 1).
For the optimization of the reaction conditions, the reaction
between malononitrile with benzaldehyde in the presence
of Zn-MOF/COF as a catalyst was designated as a test reac-
tion. The reaction was performed at 5, 10 and 15 mg of Zn-
MOF/COF loading. With increasing catalyst loading from
5 to 15 mg, the yield was enhanced, and the best result in
an appropriate time was obtained using 15 mg of catalyst
(Table 1, entry 4). The effect of different solvents such as
H,0, EtOH, CH,Cl, and CH;CN and solvent-free conditions
was also investigated, and the results revealed that H,O and
EtOH provide moderate yields (Table 1, entries 5 and 6).
Based on the obtained results, the yields in H,O and EtOH
solvents are lower than solvent-free conditions. It might be
attributed to the solvation of the active functional groups by
these solvents, also it might be owing to hydrogen bonding
between active protonic sites of Zn-MOF/COF and these
solvents which decline the catalytic efficiency. Hence, the
use of 15 mg of the catalyst under solvent-free conditions
at 25 °C was designated as optimum conditions. After the
optimization of the conditions, generality and the scope of
this system were examined using several aromatic aldehydes
bearing both electron-donating and electron-withdrawing
groups. Based on the obtained results all substrates gave
corresponding products in relatively high yield in very short
reaction time as revealed in Table 2. The benzaldehyde
derivatives containing electron-withdrawing groups such
as —-NO,, and —Cl were transformed to the corresponding
products with a high yield (Table 2, entries 2—4). Whereas,
the benzaldehyde derivatives possessing electron-donating
moieties including -OCH,, -CH; and -OH provided the
lower yields (Table 2, entries 5-7). This result proves that
the benzaldehyde derivatives having electron-withdrawing
groups are slightly reactive compared to those with electron-
donating moieties.

To verify whether the observed catalysis was due to the
heterogeneous catalyst Zn-MOF/COF or to a leached zinc
species in solution, the reaction of benzaldehyde with malo-
nonitrile was carried out until an approximately 50% of the
reaction was completed. Then the Zn-MOF/COF catalyst
was separated using simple filtration, and the solution was
transferred to another reaction tube and stirred again at room
temperature for 2 h. In this case, no significant increase in
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Fig.4 SEM images of Zn-MOF
(a—d) and Zn-MOF/COF (e-h)
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conversion was observed, indicating that leached zinc spe-
cies from the catalyst (if any) are not responsible for the
observed activity. It was confirmed by ICP analysis that no
zinc species could be detected in the solution (below the
detection limit). These results rule out any contribution to
the observed catalysis from a homogeneous gold species,
demonstrating that the observed catalysis was intrinsically
heterogeneous.

Reusability of Zn-MOF/COF

To examine the reusability of Zn-MOF/COF, after the
completion of the reaction, the catalyst was collected and
separated and then reused under similar conditions as the
first run. This experiment was repeated eight times, and it
was found that Zn-MOF/COF is stable under the applied
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2 400 Table2 The Knoevenagel condensation of aldehydes with malon-
100 o £ T o onitrile, in the presence of Zn-MOF/COF catalyst under solvent-free
[, 5 [0 % conditions at .t
= 3 2 (300 2 — ,
9 t-4 2 - z Entry R Time (min) Yield (%) M.P. (°C)
\; 60 L6 - L2350 =
£ g B [200 % 1 H 10 99 80-82
540 L s 3 2 4NO, 5 100 160-162
Z 20 Ly & 100 = 3 4-Cl 10 96 163-165
£ [s0 5’ ~ _
N 14k 2 4 2-Cl 45 94 95-97
‘ 1 , , ' 16 5 4MeO 15 89 114-116
0 200 400 600 800 1000 6 4-Me 60 87 130-131
Temperature (°C) 7 2-OH 15 82 159-161
Reaction conditions: aldehyde (1 mmol), malononitrile (1.5 mmol),
Fig.5 STA thermogram of Zn-MOF/COF catalyst (15 mg), r.t
100
conditions and can be reused at least eight times without
a considerable decrease in its catalytic activity (Fig. 6). 80
g 60
=
. D
Comparison of the proposed catalyst S 40
with previously reported catalysts "
for the Knoevenagel condensation
0
The comparison between the performance of the Knoev- 1 2 3 4 5 6 7 8

enagel condensation based on the Zn-MOF/COF catalyst

Run

and some previously reported catalysts involving the Kno-
evenagel condensation is listed in Table 3. It was found  Fi9-6 Reusability of the Zn-MOF/COF

that Zn-M

OF/COF exhibited advantages in terms of cost-

effectiveness and simplicity, low temperature and very short
reaction time. Additionally, it consumed very short reaction
time and mild conditions in the Knoevenagel condensation

compared

with the literature.

Table 1 Effect of catalyst loading and type of solvent in the Knoevenagel condensation of malononitrile with benzaldehyde

o CN
PN Catalyst N
H , NC CN ——™ CN
Solvent, r.t

Entry Catalyst (mg) Solvent Time (min.) Yield (%)
1 - - 240 -
2 5 - 10 89
3 10 - 10 92
4 15 - 10 99
5 15 H,0 10 77
6 15 EtOH 10 81
7 15 CH,Cl, 10 70
8 15 CH,CN 10 68

Reaction conditions: benzaldehyde (1 mmol), malononitrile (1.5 mmol), catalyst (15 mg), 25 °C
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Table 3 Comparison of the proposed catalyst with reported catalysts for the Knoevenagel condensation of benzaldehyde and malononitrile
Catalyst Amount Time Solvent Temp. (°C) Conversion (%) Refs.
Au@Cu(Ill)-MOF 19 mg 7h Toluene/MeOH r.t 99.0 [12]
Fe;0,@ZIF-8 4 mol% 3h Toluene r.t 94.0 [47]
ZIF-8 20 mg 3h Toluene .t 100.0 [48]
Amino-functionalized Zn-MOF 0.02 mmol 6h Solvent-free 60 99.9 [49]
Amino-functionalized Cd-MOF 0.02 mmol 6h Solvent-free 60 99.8 [49]
MOEF-5 50 mg 48 h Solvent-free 25 99.0 [9]
Zn-MOF/COF 15 mg 10 min Solvent-free 25 99.0 Our work
CO“C'USiOhS 7. R. Devi, P. Begum, P. Bharali, R.C. Deka, Comparative study

In this work, Zn-MOF/COF was constructed and character-
ized by FT-IR, XRD, SEM and STA techniques. The FT-IR
and STA analyses successfully confirmed well-incorporation
and immobilization of COF moieties onto Zn-MOF surface.
The SEM images exhibited that the COF has grown well on
the surface of MOF. This study examined the Knoevenagel
condensation and synthesis of benzylidenemalononitrile in
the presence of Zn-MOF/COF as a powerful heterogeneous
catalyst. The Knoevenagel products were achieved in high
yields under moderate conditions and short reaction time.
The other features of the present study include straightfor-
ward preparation and cost-effectiveness of catalyst, accom-
plishing reaction at room temperature, solvent-free media
and low loading of catalyst.
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