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ctionalized metal–organic
framework (S-IRMOF-3): a novel catalyst for
sustainable approach towards the synthesis of
acrylonitriles†

Ryhan Abdullah Rather and Zeba N. Siddiqui *

A sulfonic acid functionalized metal–organic framework (S-IRMOF-3) has been synthesized by dropwise

addition of chlorosulfonic acid (0.5 mL) in IRMOF-3 (1 g) containing 20 mL of CHCl3 at 0 �C under

simple stirring. The catalyst was applied in Knoevenagel condensation of various aromatic and hetero-

aromatic aldehydes forming acrylonitrile derivatives. The catalyst was characterized thoroughly by using

FT-IR, XRD, 13C MAS NMR, SEM, EDX, elemental mapping, TEM, BET, NH3-TPD and TGA/DTA techniques.

The presence of characteristic bands at 1694 cm�1, 1254–769 cm�1 and 1033 cm�1 in the FT-IR

spectrum, 2q x 6.7� and 9.8� in the XRD pattern and d ¼ 31.79, 39.55, 129.61, 131.46 (4C, CH), 133.54,

140.07 (2C), 167.71, 171.47 ppm (2C, 2C]O) in the solid state 13C MAS NMR spectrum confirmed the

successful formation of catalyst. This new eco-friendly approach resulted in a significant improvement in

the synthetic efficiency (90–96% yield), high product purity, and minimizing the production of chemical

wastes without using highly toxic reagents for the synthesis of acrylonitriles with selectivity for (Z)-

isomer. Steric interactions seem to have an influence on the control of the Z-configurational isomers. By

performing DFT calculations, it was found that the (Z)-isomer 3a is stabilized by 1.64 kcal mol�1 more

than the (E)-isomer. The catalyst could be reused for five consecutive cycles without substantial loss in

catalytic activity.
Introduction

Although the story of metal–organic frameworks (MOFs) had
already begun earlier in the 20th century,1,2 the intensive
development of MOF chemistry was initiated in the mid-
nineties.3 This new area of research has caught the attention of
many academic and industrial researchers leading to a lot of
innovations and discoveries that can be traced in the literature
over the past two decades.4 Several aspects such as the
surprisingly intrinsic properties as well as the structural diver-
sity of MOFs afford an almost innite number of possible
structures and make MOFs the subject of extensive research.
The MOFs which are synthesized by self-assembly of metal ions
or clusters with polytopic organic linkers5 have attracted much
attention in heterogeneous catalysis due to their intriguing
features such as extraordinarily large surface area, well-dened
pore structure, easily tailorable chemistry, and high acid–base
catalytic activities.6 Because of their high intrinsic metal
loading, they have been intensively studied as catalysts in
niversity, Aligarh 202002, Uttar Pradesh,
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various reactions such as aldol condensation,7 Suzuki
coupling,8 Friedel–Cras reactions,9 Biginelli reaction,10

Claisen–Schmidt condensation,11 Beckmann rearrangement,12

Sonogashira reaction,13 polymerization14 etc. In recent years
there has been remarkable growth in the synthesis of MOFs,
largely due to their potential applications in gas storage, sepa-
rations, catalysis, nonlinear optics, magnetic and electronic
materials, and so on.15,16 Different heterogeneous MOF-based
catalysts have been formulated over the past few decades by
introducing different types of catalytic sites into porous MOF
matrices.17,18 Keeping in view all these eye-catching properties,
MOFs could be promising materials for applications in
heterogeneous catalysis and can be employed as solid catalysts
or catalyst supports for a variety of organic transformations.

Functionalized sulfonic acid has been used to catalyze
a variety of reactions.19 Integration of acidic functional groups
(e.g., –SO3H) on different support materials has produced
promising solid acids20 which have shown improved reaction
properties over conventional homogeneous or heterogeneous
catalysts for a wide range of acid-catalyzed reactions, including
condensation and addition,21 esterication,22 rearrangement,23

Friedel–Cras acylation,24 alkylation25 and conversion of bio-
renewable molecules.26 Taking into account the catalytic
performance of sulfonic acid functional groups (–SO3H) in
RSC Adv., 2019, 9, 15749–15762 | 15749
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organic synthesis, we have tried to incorporate them on MOF
surface, with the aim of combining the properties of MOF and
SO3H groups and thereby increasing the catalytic activity of the
resultant catalyst.

Over the past few decades there has been an increasing
dominance in the number of biologically active compounds
that contain an acrylonitrile moiety.27 The reactivity of heter-
oaryl acetonitriles has been employed for the synthesis of
some nitrogen-bridged heterocycles.28 Acrylonitrile derivatives
are useful intermediates and scaffolds which possess a wide
range of favorable biotic assets such as antiproliferative,29

antifungal,30 antitumor,31 antibacterial,32 antitubercular,33

insecticidal,34 hypotensive,35 tuberculostatic,36 AChE inhibi-
tive37 and antiparasitic properties.38 It was recently reported
that 2-acetyl-3-(6-methoxybenzothiazo)-2-ylaminoacrylonitrile
possesses signicant anti-proliferative activity and is an
effective inducer of programmed cell death in human
leukemia cells.39 The synthesis of acrylonitrile compounds has
previously been achieved by the use of Wittig reactions,40

McMurry coupling reactions41 and the Heck reaction.42 Among
different methods, Knoevenagel condensation is a simple and
straightforward approach for the synthesis of acrylonitrile
derivatives.43 This method involves the acid- or base-catalyzed
condensation of active methylene moieties with carbonyl
compounds. Earlier investigations for this approach required
long reaction times, the use of hazardous reagents and tedious
workup procedures.

In view of the above considerations and copious biological
applications of acrylonitrile derivatives and in continuation of
our ongoing research44 on supported heterogeneous catalysts,
we herein explored the use of a catalyst, sulfonic acid func-
tionalized IRMOF-3 (S-IRMOF-3), for the synthesis of acryloni-
trile derivatives using Knoevenagel condensation. The catalyst
S-IRMOF-3 proved to be a sustainable alternative having good
catalytic activity and recyclability and more importantly
enhancing the rate of product formation.
Fig. 1 The infrared spectra of IRMOF-3, S-IRMOF-3 and recycled S-
IRMOF-3.
Results and discussion

The synthesis of S-IRMOF-3 is outlined in Scheme 1.
Schem

15750 | RSC Adv., 2019, 9, 15749–15762
Catalyst characterization

The FT-IR spectra of IRMOF-3, S-IRMOF-3 and recycled S-
IRMOF-3 are shown in Fig. 1. The FT-IR spectrum of IRMOF-3
displayed an absorption band at 2961 cm�1 assigned to C–H
stretching vibration. The strong peak appearing at 1694 cm�1

was attributed to C]O stretching vibration of the carboxylate
group of IRMOF-3.45 The characteristic peak at 1622 cm�1 cor-
responded to conjugated C]C stretching and the peak at
1388 cm�1 was associated with O–H bending deformation in
–COOH.45 Peaks in the range of 1254–769 cm�1 were attributed
to the in-plane vibration of the BDC group.46a The two peaks in
the range of 769–900 cm�1 were assigned to ]CH aromatic
plane bends, which showed that the phenyl ring is 1,4-
substituted. The symmetric stretching vibration of Zn–O
appearing at 610 cm�1 is also consistent with the literature.46b

Peaks at 3450 and 3350 cm�1 were attributed to the asymmetric
and symmetric stretching absorptions of primary amine group
respectively. One of the stretching frequencies of the amine
group of the NH2H2BDC linker disappeared aer formation of
the SO3H@IRMOF-3 composites, suggested occurrence of the
e 1

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XRD patterns of (a) IRMOF-3, (b) S-IRMOF-3 and (c) recycled S-
IRMOF-3.
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NHSO3H group which was conrmed by the sharp peak
appearing at 1193 cm�1. Furthermore the band at 1033 cm�1

corresponded to the O]S]O stretching in SO3H group.
Powder X-ray diffraction (PXRD) data were obtained in order

to evaluate S-IRMOF-3 structural stability/homogeneity. Fig. 2
compares PXRD patterns of neat IRMOF-3 and S-IRMOF-3. For
the neat IRMOF-3 specimen, the characteristic peaks at 2q x
Fig. 3 Solid state 13C MAS NMR spectrum of S-IRMOF-3.

This journal is © The Royal Society of Chemistry 2019
6.7�, 9.8� and 13.9� which corresponded to (200), (220) and (400)
planes respectively conrmed the successful synthesis of
IRMOF-3 (Fig. 2a).47 For S-IRMOF-3, the same characteristic
diffraction peaks at 2qx 6.7�, 9.8� and 13.8� were observed with
no other notable changes in the peak patterns and indicated
that both IRMOF-3 and S-IRMOF-3 had the same structure
phase.

The solid state 13C MAS nuclear magnetic resonance (13C
MAS NMR) spectrum of S-IRMOF-3 is depicted in Fig. 3. The
spectrum indicated eight peaks which corresponded to d ¼
31.79, 39.55, 129.61, 131.46 (4C, CH), d ¼ 133.54, 140.07 (2C),
d ¼ 167.71, 171.47 ppm (2C, 2C]O) supporting the structure of
IRMOF-3. The signals at d ¼ 31.79 and 39.55 ppm were due to
trapped DMF solvent molecule in S-IRMOF-3.48

The SEM images of IRMOF-3 and the catalyst S-IRMOF-3 at
different magnications are shown in Fig. 4. There were slight
changes in the surface morphology of S-IRMOF-3 (Fig. 4b) as
compared to IRMOF-3 (Fig. 4a) due to surface SO3H groups.
The EDX analysis (Fig. 5a) showed the presence of C, O, S, Zn
and N elements, while the elemental mapping of C, O, N, S and
Zn elements of S-IRMOF-3 (Fig. 5b) clearly demonstrates that
SO3H groups were well distributed into the surfaces of S-
IRMOF-3.

In order to further observe the morphology of S-IRMOF-3,
TEM images were obtained. It can be seen from the contrast
TEM image of S-IRMOF-3 (Fig. 6A) that it presents a cube like
RSC Adv., 2019, 9, 15749–15762 | 15751
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Fig. 4 SEM images of (a) IRMOF-3 and (b) the synthesized catalyst (S-IRMOF-3) at different magnifications.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:2

1:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
structure that corresponds to the fact that IRMOF-3 was not
altered during functionalization of IRMOF-3. The dark shades
that are observed in the TEM images of S-IRMOF-3 are
Fig. 5 (a) EDX analysis of S-IRMOF-3. (b) Elemental mapping of S-IRMO

15752 | RSC Adv., 2019, 9, 15749–15762
attributed to sulfonic acid system homogeneously dispersed on
the surfaces of IRMOF-3 composite. There is no further change
in the TEM image of recycled S-IRMOF-3 (Fig. 6B).
F-3.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 TEM images of fresh catalyst (A) and recycled catalyst (B).

Fig. 7 TG/DT analysis of the catalyst.

Fig. 8 Effect of SO3H content on thermal stability of catalyst.

This journal is © The Royal Society of Chemistry 2019
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The TG curve (Fig. 7) of catalyst S-IRMOF-3 recorded a rst
weight loss at 231 �C caused by the removal of DMF and
a second weight loss at 524 �C due to removal of SO3H
group.49 S-IRMOF-3 with different weight percentages
showed high thermal stability up to 550 �C while that of pure
IRMOF-3 was up to 440 �C.50 The catalyst then did not show
any further weight loss up to 550 �C. This conrmed that the
catalyst was stable up to this temperature as shown also by
DT analysis. In addition, the DT analysis curve showed
a sharp peak at around 590 �C which conrmed the
exothermic nature of the catalyst (Fig. 7). Thus, TG and DT
analyses showed that the catalyst can tolerate a wide range of
temperature. Furthermore, the thermal stability of the cata-
lyst was also conrmed by varying the SO3H content. It was
observed that thermal stability of the catalyst was reduced on
increasing the concentration of SO3H from 0.40 mL g�1 to
055 mL g�1 as shown in Fig. 8. At the same time, the activity
of the catalyst was enhanced due to an increase in acidity of
the catalyst (Table S1†).

The specic surface area and pore volume of IRMOF-3 and
S-IRMOF-3 were calculated using the Brunauer–Emmett–
Teller (BET) method. The surface area of IRMOF-3 was
reduced from 1342 m2 g�1 to 1299 m2 g�1 (Fig. 9a and b) and
pore volume reduced from 0.061 cm3 g�1 to 0.050 cm3 g�1

(Fig. 9c and d). The reduction of surface area and pore
volume may be due to sulfonic acid functionalization of
IRMOF-3.

The acidic sites of IRMOF-3 and S-IRMOF-3 were compared
using NH3-TPD measurement (Fig. 10). The NH3 desorption
peaks for IRMOF-3 indicated different adsorption sites for the
ammonia species with different thermal stabilities. The low-
temperature (188 �C) desorption peak was attributed to
ammonium species adsorbed at Lewis acid sites, while the high-
temperature (336 �C) desorption peak was assigned to high
thermal adsorption of ammonium species on Brønsted acid
sites.51 It was observed that aer the sulfonic acid
RSC Adv., 2019, 9, 15749–15762 | 15753
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Fig. 9 N2 adsorption isotherms of (a) IRMOF-3 and (b) S-IRMOF-3. PSD of (c) IRMOF-3 and (d) S-IRMOF-3.

Fig. 10 NH3-TPD curves of (a) IRMOF-3 and (b) S-IRMOF-3.

Table 1 Effect of different catalysts for the synthesis of 3aa

Entry Catalyst Timeb Yieldc (%)

1 — 12 h Traces
2 PTSA 5.5 h 58
3 Acetic acid 4.6 h 50
4 Chlorosulfonic acid 3.5 h 62
5 Piperidine 4.5 h 60 (impure)
6 Sodium methoxide 8 h 56 (impure)
7 Cl–SiO2 2 h 88
8 MOF-5(T) 1.5 h 78
9 IRMOF-3 1.5 h 80
10 S-IRMOF-3 30 min 96

a Reaction conditions: 5-methyl-2-thiophenecarboxaldehyde (1a, 1
mmol), p-nitrophenylacetonitrile (1 mmol), different catalysts
(2.5 mol%), EtOH (10 mL). b Reaction progress monitored by TLC.
c Isolated yield of products.
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functionalization, an additional peak at 281 �C appeared in
NH3-TPD measurements of S-IRMOF-3 which may be due to
SO3H groups on the IRMOF-3 framework.52
15754 | RSC Adv., 2019, 9, 15749–15762 This journal is © The Royal Society of Chemistry 2019
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Table 2 Effect of various solvents on the model reactiona

Entry Solvent Timeb Yieldc (%)

1 Solvent freed — Traces
2 Ethanol 30 min 96
3 Methanol 2 h 74
4 Acetonitrile 3 h 68
5 Water 6 h 60
6 Chloroform 4 h 58
7 Isopropanol 5 h 55
8 DMF 6 h 52
9 Acetic acid 7 h 70
10 PEG-200 8 h 48
11 PEG-400 7 h 46
12 PEG-600 7 h 46

a Reaction conditions: 5-methyl-2-thiophenecarboxaldehyde (1a, 1
mmol), p-nitrophenylacetonitrile (1 mmol), catalyst (2.5 mol%),
different solvents (10 mL). b Reaction progress monitored by TLC.
c Isolated yield of products. d Solvent-free by grinding method.

Table 3 Effect of catalyst amount on the synthesis of 3aa

Entry
Catalyst
(mg) Timeb Yieldc (%)

1 50 1.5 h 80
2 100 1.0 h 88
3 150 50 min 92
4 200 30 min 96
5 250 30 min 96

a Reaction conditions: 5-methyl-2-thiophenecarboxaldehyde (1a, 1
mmol), p-nitrophenylacetonitrile (1 mmol), EtOH solvent. b Reaction
progress monitored by TLC. c Isolated yield of products.

Scheme 2 General scheme for the formation of acrylonitrile derivatives

This journal is © The Royal Society of Chemistry 2019
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Optimization of reaction conditions

To investigate the viability of our protocol for the synthesis of
various acrylonitrile derivatives, a sequence of experiments were
carried out using 3-methyl-2-thiophenecarboxaldehyde and
p-nitrophenylacetonitrile as model substrates. Several
controlled experiments were performed, rst without any cata-
lyst and subsequently using PTSA, acetic acid, and chlor-
osulfonic acid as catalysts in ethanol at ambient temperature,
the results being found to be unsatisfactory (Table 1, entries 1 to
4). Use of basic catalyst such as piperidine and NaOMe also did
not work (Table 1, entries 5 and 6). Application of MOFs
(including IRMOF-3), however, showed encouraging results
(Table 1, entries 8 and 9). Finally when S-IRMOF-3 was used
(Table 1, entry 10) the reaction proceeded smoothly affording
excellent yield of the product. The reaction conditions were
further optimized by examining the solvent effect on the reac-
tion. The reaction was rst tested under solvent-free conditions
by the grinding method; however only traces of product were
obtained (Table 2, entry 1). When the reaction was carried out in
different protic and aprotic solvents, the best results in terms of
yield (96%) and time period (30 min) were obtained with
ethanol (Table 2, entry 2). In order to nd the optimized amount
of the catalyst, the reaction was carried out by varying the
amount of the catalyst in the model reaction (Table 3). It was
found that the yield of the acrylonitrile derivatives increased
linearly with an increase in the amount of catalyst from 50 to
200 mg (Table 3, entries 1–4). Further increase in the amount of
catalyst did not have any profound effect on the reaction (Table
3, entry 5). Therefore, 200 mg of S-IRMOF-3 was used for the
synthesis of acrylonitriles.

Catalytic reaction

Aer optimization of reaction conditions, the substrate scope of
the S-IRMOF-3-catalyzed synthesis of acrylonitrile derivatives
(Scheme 2) was examined (Table 4). The results showed that the
reaction proceeded efficiently with both aromatic as well as
hetero-aromatic aldehydes bearing both electron-releasing and
electron-withdrawing groups.

Reaction mechanism

A plausible mechanism for the synthesis of acrylonitrile deriv-
ative 3a is outlined in Scheme 3. Among the two possible
isomers (E and Z), the (Z)-isomer was obtained as the sole
product (Scheme 3). This Z-selectivity can be inferred as a way to
.

RSC Adv., 2019, 9, 15749–15762 | 15755
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Table 4 Scope of different substrates for the synthesis of acrylonitrile derivativesa

Entry Substrate (1a–o) Product Timeb (min) Yieldc (%)

1 30 96

2 30 96

3 35 94

4 32 96

5 32 94

6 40 92

7 38 90

15756 | RSC Adv., 2019, 9, 15749–15762 This journal is © The Royal Society of Chemistry 2019
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Table 4 (Contd. )

Entry Substrate (1a–o) Product Timeb (min) Yieldc (%)

8 36 92

9 30 96

10 30 96

11 30 96

12 32 96

13 35 94

14 35 94

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 15749–15762 | 15757
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Table 4 (Contd. )

Entry Substrate (1a–o) Product Timeb (min) Yieldc (%)

15 32 94

a Reaction progress monitored by TLC. b Isolated yield. c Compounds characterized by their melting points.
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minimize steric interactions between the approaching nucleo-
phile (imide form of p-nitrophenylacetonitrile), the bulky aryl
substituent and catalyst-bound electron-decient carbonyl
carbon. It favors back-side attack of the nucleophile in such
a way that the phenyl ring of the approaching nucleophile is
pushed away, thus facilitating the formation of the (Z)-isomer.
Steric interactions seem to have an inuence on the control of
the Z-congurational isomers. This is further supported by DFT
calculations.
Scheme 3 Proposed reaction mechanism.

15758 | RSC Adv., 2019, 9, 15749–15762
Catalyst recycling

The reusability of the S-IRMOF-3 catalyst was also examined in
a model reaction. The catalyst was reused ve times and the
results show that the catalyst can be reused without a signicant
drop in product yield (Table 5). The reusability of the catalyst
reduces the cost of the reaction. Aer the rst fresh run with
96% yield (Table 5, entry 1), the catalyst was removed by ltra-
tion. The recovered catalyst was dried under vacuum at 120 �C
for 10 h and tested for ve more reaction cycles. Recycling and
reuse of the catalyst showed minimal decreases in product
This journal is © The Royal Society of Chemistry 2019
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Table 5 Reusability of the S-IRMOF-3 catalyst in the synthesis of
compound 3a

Entry Reaction cycle Isolated yield (%)

1 1st cycle (fresh run) 96
2 2nd cycle 94
3 3rd cycle 93
4 4th cycle 91
5 5th cycle 90
6 6th cycle 90

Fig. 11 Recycling data of S-IRMOF-3 catalyst.
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yields. The product 3a was obtained in 94%, 93%, 91%, 91%
and 90% yields aer successive cycles (Table 5, entries 2–6),
thus proving the catalyst's reusability (Fig. 11).
Results of DFT calculations

DFT calculations were performed on two isomers (Z and E) of
compound 3a using Gaussian 09 soware.53 Optimized geom-
etry and IR frequencies of these two isomers were obtained at
Fig. 12 Ground state optimized structures of the (a) (Z)-isomer and (b)

This journal is © The Royal Society of Chemistry 2019
B3LYP/6-31G(d,p) level of theory. Optimized geometries of (Z)-
and (E)-isomer are shown in Fig. 12. The minimum molecular
energies of (Z)- and (E)-isomer were found to be �751470.2065
and�751468.5656 kcal mol�1 respectively. It was found that the
(Z)-isomer was stabilized by 1.64 kcal mol�1 more than the (E)-
isomer. The dipole moment value for the (Z)-isomer was esti-
mated to be 7.86 D and the dipole moment vector pointed
towards the ve-membered ring. The simulated IR spectrum
(scaled by uniform scaling factor of 0.961) along with some
assignments for the (Z)-isomer are shown in Fig. 13. The
dominant line at 1363 cm�1 corresponded to the stretching
frequency of the nitro group. The 1000–1500 cm�1 region rep-
resented the combined skeletal vibrations of the molecule, and
the lines at 1604 cm�1 and 1615 cm�1 were dominated by the
C]C stretching vibration. The CN stretching vibrational mode
was observed at 2312 cm�1. The results were nearly in accor-
dance with the experimentally obtained IR spectrum of the
molecule. Spatial plots of HOMO and LUMO along with corre-
sponding energy values and HOMO–LUMO gap are illustrated
in Fig. 14. The gure depicts localized HOMO and LUMO over
the whole molecule. HOMO–LUMO transition showed the
charge delocalization within the molecule.
Conclusion

In summary the present work reports a new, simple, convenient
and eco-friendly functionalized MOF-assisted synthesis of (Z)-
acrylonitrile derivatives. The products were obtained in excel-
lent yield (90–96%) with high purity. The prominent features of
this procedure are mild reaction conditions, operational
simplicity, enhanced reaction rates, cleaner reaction proles
and simple experimental and product separation procedures,
which make this method attractive. Furthermore, these features
will enable this method to nd extensive applications in the
eld of organic synthesis.
Experimental section
Synthesis of IRMOF-3

IRMOF-3 was synthesized according to a reported procedure,54

with slight modications. Aminoterephthalic acid (2 g) and
trimethylamine (4.5 mL) were dissolved in 100 mL of DMF to
which was added Zn(OAc)2$2H2O (6 g) dissolved in 150 mL of
DMF. The reaction mixture was stirred for 2.5 h. The precipitate
(E)-isomer of compound 3a.

RSC Adv., 2019, 9, 15749–15762 | 15759
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Fig. 13 Theoretically obtained infrared (IR) spectrum of the (Z)-isomer by DFT calculations.

Fig. 14 Electron density distributions in the (a) HOMO and (b) LUMO of the (Z)-isomer.
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as obtained was ltered and immersed in DMF (100 mL) and
kept overnight. It was then ltered again and immersed in
CHCl3 (100 mL, HPLC grade). The solvent was exchanged 3
times over 7 days: aer 2 days, 3 days, and 7 days. The bulk of
the solvent was decanted; the product was evacuated overnight
and activated at 150 �C for 24 h.
Synthesis of S-IRMOF-3

To a magnetically stirred mixture of IRMOF-3 (1 g) in CHCl3 (20
mL), chlorosulfonic acid (0.5 mL) was added dropwise at 0 �C.
Aer the addition was complete, the mixture was stirred for 2 h
until all HCl was removed from the reaction vessel. The mixture
was then ltered, washed with methanol (20 mL) and dried at
room temperature to give S-IRMOF-3 as white ne powder.
Determination of H+ ion concentration of S-IRMOF-3

The H+ ion concentration of the catalyst was determined by
neutralization titration. 100 mg of S-IRMOF-3 was stirred in
20 mL of 0.1 N NaOH solution for 30 min in an Erlenmeyer
ask. The excess amount of base was then neutralized by the
addition of 0.1 N HCl solution to the equivalence point of
titration. The H+ ion concentration was found to be 0.33 meq.
g�1.
General procedure for the synthesis of acrylonitrile derivatives

To a mixture of substituted aromatic and hetero-aromatic
aldehydes (1a–o) (1 mmol) and p-nitrophenylacetonitrile (2) (1
mmol) in ethanol (5 mL) was added S-IRMOF-3 (200 mg). The
reaction mixture was reuxed at 90 �C for 30 min. Aer
completion of the reaction, as evident from TLC, the formed
solid was ltered and washed with hot methanol to recover the
catalyst. The ltrate containing a soluble product was evapo-
rated under reduced pressure to obtain a crude product. The
crude product obtained was washed with appropriate solvents,
ltered, dried and crystallized from appropriate solvents. The
catalyst was reused without a signicant reduction of product
yield.
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R. Pleixats and A. Roglans, Synthesis, 2002, 1903–1911.

43 G. Thirupathi, M. Venkatanarayana, P. K. Dubey and
K. Y. Bharathi, Der Pharma Chem., 2012, 4, 1897–1901.

44 (a) R. A. Rather and Z. N. Siddiqui, J. Org. Chem., 2018, 868,
164–174; (b) S. Siddiqui, M. U. Khan and Z. N. Siddiqui, ACS
Sustainable Chem. Eng., 2017, 5(9), 7932–7941; (c) M. U. Khan
and Z. N. Siddiqui, ACS Omega, 2018, 3(8), 10357–10364; (d)
S. Siddiqui and Z. N. Siddiqui, Catal. Lett., 2018, 148(12),
3628–3645; (e) M. U. Khan and Z. N. Siddiqui, ACS Omega,
2019, 4, 7586–7595.

45 M. Zhao, K. Deng, L. He, Y. Liu, G. Li, H. Zhao and Z. Tang, J.
Am. Chem. Soc., 2014, 136, 1738–1741.

46 (a) L. Lili, Z. Xin, G. Jinsen and X. Chunming, Green Chem.,
2012, 14, 1710–1720; (b) J. A. Greathouse and M. D. Allendorf,
J. Phys. Chem. C, 2008, 112, 5795–5802.

47 H. Sun, H. Su, X. Ma, P. Zhang, X. Zhang, X. Dai, J. Gao,
C. Chen and S. G. Sun, Electrochim. Acta, 2016, 205, 53–61.

48 R. M. Abdelhameed, L. D. Carlos, A. M. Silva and J. Rocha,
Chem. Commun., 2013, 49, 5019–5021.

49 D. Elhamifar, M. Nasr-Esfahani, B. Karimi, R. Moshkelgosha
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