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Synthesis and structural analysis of a ZIF-9/GO
composite for green catalytic C—-C bond formation
and N-formylation: a spectroscopic study

Lalita Kumari, © Rupali Mittal, © Mehak Khurana and Satish Kumar Awasthi ® *

We report a new synthetic approach for a ZIF-9/GO composite material at room temperature and its
comprehensive characterization using a variety of techniques, including PXRD, FT-IR, Raman, UV-vis,
DRS, TGA, SEM, FE-SEM, EDX, TEM, ICP-MS, XPS, and BET. The material exhibited a moderate surface
area and good thermal stability, as indicated by BET and TGA results. DRS revealed a band gap of 3.4 eV,
which indicates slight semiconductor nature of the material. The crystalline nature of the ZIF-9/GO
composite was confirmed by PXRD. The ZIF-9/GO composite exhibited excellent catalytic efficiency as
a heterogeneous catalyst in Knoevenagel condensation and N-formylation, achieving yields of up to 98%
under green reaction conditions with a wide range of substrate tolerance. The E-factor (0.10) and atom
economy (91.7%) values were very close to ideal green chemistry parameters. In situ and UV-vis studies
revealed reaction intermediates. The practical utility of this protocol was demonstrated by the gram
scale synthesis of the value-added compounds 2-imino-2H-1-benzopyran-3-carbonitrile and
paracetamol. Single-crystal XRD analysis of three of the compounds confirmed their structural integrity.
The catalyst was easily separated via filtration and reused for up to six catalytic cycles without significant

loss of activity, which is a crucial component of green synthesis, and hot-filtration experiments

rsc.li/rsc-advances

Introduction

Over the years, heterogeneous catalysis coalesced with
sustainable approaches has become as a vital methodology for
producing a wide range of chemicals, playing a crucial role in
promoting environmentally friendly chemical processes.
Compared with homogeneous catalysts, heterogeneous cata-
lysts offer advantages such as ease of product separation, effi-
cient catalyst recycling, and reduced chemical waste
generation."” Furthermore, to address concerns pertaining to
the recovery and recyclability of catalytic systems, it is possible
to immobilize them on a solid insoluble support. This approach
offers several advantages, including improved stability, selec-
tivity, and catalyst activity.?
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confirmed its heterogeneity. The probable mechanisms for both reactions are also well presented.

Metal-organic frameworks (MOFs) are crystalline porous
materials composed via self-assembly of metal atoms and
organic ligands through coordination bonds possessing prop-
erties such as a large surface area, controllable pore structures,
multiple functionalities, high chemical and thermal resistance,
and organic-inorganic hybrid nature**® and have been used for
many applications such as heterogeneous catalysis,”® energy
storage,”' sensors,'>** drug delivery® and gas separation.™ One
subtype of MOFs is zeolitic imidazolate frameworks (ZIFs),
which possess a permanent porous structure and exhibit
remarkable stability under thermal and chemical conditions.
These properties, such as their high specific area and chemi-
cally versatile frameworks, make them highly suitable for use in
catalytic applications. Therefore, ZIFs have been widely used for
this purpose.”® Among various ZIFs, ZIF-9 possesses high
chemical and thermal stability and includes a network of
corner-sharing tetrahedral CoN,, where the most stable N-
donor ligand is present between the Co(u) bond and the ben-
zimidazolate anion.'*"”

Materials composed of graphene oxide (GO) have demon-
strated intriguing physical, optical, and mechanical character-
istics. Additionally, they have been successfully used as support
materials for organic transformations owing to their substantial
specific surface area, high surface-to-volume ratio, thermal
stability, and chemical stability.’**' GO is a single-layered
substance, an oxidized derivative of graphene, and because of
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its intriguing characteristics, including hydrophilicity, high
biocompatibility, and cost-effectiveness, graphene oxide is
a desirable candidate as a support material.**

The combination of ZIF-9 and GO creates a unique class of
composites with improved functionality and a large surface area
in addition to the inherent properties of both the starting
materials. The surface oxygenated groups and defects on GO
sheets provide nucleation sites for Co>" ions for the growth of
the ZIF-9 framework through coordination bonds.*® These
oxygenated groups and defects stabilizing and anchoring
actions on GO may be able to stop ZIF-9 from aggregating and
leaking.”* The use of MOFs or ZIFs with various organic ligands
and metals as heterogeneous catalysts for various organic
transformations is one of the most diverse fields of research,
and from a view of sustainability has attracted considerable
attention.>>*®

The Knoevenagel condensation reaction is the widely used
reaction for producing o, B-unsaturated compounds,
substituted alkenes and carbon-carbon bonds,***” which are
valuable precursors for the synthesis of fine chemicals in the
pharmaceuticals industry®®* such as nitrendipine, entacapone,
lumefantrine and other pharmacological products of calcium
channel blockers and antihypertensive, anticancer, antitumor,
antimalarial, and antiviral drugs (Fig. 1).**** Knoevenagel
condensation can be catalyzed by organic bases,* MOFs,*3*
zeolites,*® solid-supported materials,***” alkali metal hydroxide
and metal oxides,*®*' and MOFs.**** Interestingly, ZIFs, one of
the most promising heterogeneous catalysts, are used in the
Knoevenagel condensation reaction.

In addition, the N-formylation of amines is an important
reaction. In addition to being useful reagents in Vilsmeier for-
mylation,* formamides are important intermediates in the
synthesis of pharmaceutically valuable compounds like oxazo-
lidinones,* and cancer chemotherapeutic agents.*” Addition-
ally, formamides have been widely used as Lewis base catalysts
in reactions like the synthesis of acid chlorides, hydrosilyation,
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allylation of carbonyl derivatives,***” isocyanides,*® and as
important amino-protecting groups in peptide synthesis.*
Chloral,* formic acid-DCC,** formic acid esters,”> (chlor-
odimethoxytriazine) CDMT,” ammonium formate,* formic
acid in sodium formate, and in polyethylene glycol***® are few
reported examples of formylating agents.”” Formic acid
(HCOOH), one of many formylating agents, has recently
attracted much attention due to its affordability and availability
from renewable biomass-derived sources. One of the most
recent developments in N-formylation reactions is the catalytic
reaction using HCOOH and several different catalysts, such as
acidic catalysts (ZnCl,, AlCl;, NiCl,, etc.), transition metal/metal
oxide catalysts (ZnO, NiO, etc.), and inorganic solid oxides
(alumina, silica gel, zeolite), oaryloxide-N-heterocyclic carbene
ruthenium(u) ([Ru-NHC] complex), molybdate sulfuric acid,
sulfated tungstate catalyst, indium nano-cerium oxide, K3POy,
heteropoly anion-based ionic liquids (HPAILS), and many
others.’®* However, these approaches possess several draw-
backs, including being expensive and toxic, susceptible to
moisture, thermal instability of the reagent/catalyst involved,
lack of generality, long reaction time and the need for solvent,
anhydrous conditions and elevated temperature.®*** According
to statistical calculations, amide bonds are present in almost
one-fourth of all pharmaceutical medications, including para-
cetamol, formoterol and phenacetin (Fig. 1).%

Thus, in this study, we report ZIF-9/GO as an effective
heterogeneous catalyst with high reusability for low-
temperature liquid-phase Knoevenagel condensation reaction
using malononitrile or ethyl cyanoacetate as the active methy-
lene group and N-formylation of amine using formic acid for
the synthesis of benzylidene malononitrile or ethyl-3-
cyanoacrylate and formamide derivatives, respectively. The
catalytic system works well under greener reaction conditions
and demonstrates high substrate applicability, scalability, easy
recoverability, and great recyclability.
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Fig. 1 Knoevenagel condensation-derived (A—C) and amide bond containing (D—F) commercially available therapeutic drugs.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 19500-19514 | 19501


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02165k

Open Access Article. Published on 09 June 2025. Downloaded on 1/20/2026 12:01:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Experimental section
Catalyst synthesis

Synthesis of ZIF-9. The ZIF-9 synthesis was conducted using
a new method. In this method Solution A was prepared by dis-
solving cobalt nitrate hexahydrate Co (NOs),-6H,O (0.674 g, 2.31
mmol) in 70 mL anhydrous N, N-dimethylformamide (DMF).
Separately, Solution B was prepared by dissolving benzimidazole
(3 g,25.31 mmol) in 35 mL DMF at room temperature. Solution B
was then added to solution A, and the mixture was shaken at
room temperature until the precipitate was observed (approxi-
mately after 1 h). The reaction mixture was then aged for 24 hours
at room temperature. The settled precipitate was collected via
centrifugation at 6000 rpm and subsequently washed three times
with ethanol. Finally, the purple ZIF-9 precipitate was dried
overnight at 70 °C in an air oven.

Synthesis of graphene oxide (GO). Graphene oxide (GO) was
prepared according to Hummer's method with slight modifi-
cations.®*® 2.5 g of graphite powder and 1.25 g of sodium
nitrate (NaNO;) were added to 57.5 mL of concentrated sulfuric
acid in an ice bath, and then 7.5 g of KMnO, was added slowly to
the reaction mixture after 10 minutes. After stirring for another
15 minutes, the ice bath was removed, and the reaction mixture
was vigorously agitated for 30 minutes at 35 °C. Subsequently,
the temperature was increased to 80 °C-85 °C and 115 mL of
deionized water was added, and the mixture was agitated for
another 15 minutes. The temperature was then reduced to 60 °C
with the addition of 350 mL of deionized water followed by the
addition of 25 mL of 30% H,O, while stirring. The reaction
mixture was then continuously stirred for 2 hours. The precip-
itates were obtained via centrifugation and were then rinsed
three times with ethanol, 30% HCI, and water.

Synthesis of ZIF-9/GO composition. Solution A was prepared
by mixing Co (NOj3),-6H,0 (0.674 g, 2.31 mmol) and graphene
oxide (0.05 g) in 70 mL dry DMF, followed by sonication till
complete dispersion of particles (approximately 30 min). Another
solution B was prepared by dissolving benzimidazole (PhIM) (3 g,
25.3 mmol) in 35 mL of DMF. After adding solution B to solution
A, the mixture was constantly agitated for 1 hour at room
temperature and aged for 24 hours to settle down the precipitates.
The precipitates were obtained via centrifugation at 6000 rpm
and washed with ethanol 3 times. The black precipitate of ZIF-9/
GO was then left to dry overnight at 70 °C in an air oven.

General procedure for the ZIF-9/GO catalyzed Knoevenagel
condensation. In a 25 mL round-bottom flask, aldehyde (1
mmol), ZIF-9/GO catalyst (10 mg) and ethanol (2 mL) were
dissolved and mixed at room temperature. Then, after 5 min,
malononitrile (2 mmol) or ethyl cyanoacetate (1 mmol) was
added to the reaction mixture. The reaction progress was
monitored by thin-layer chromatography. After the completion
of the reaction, the catalyst was separated by filtration, and the
resulting filtrate was washed at least three times with ethyl
acetate and water. The organic layer was concentrated by
solvent evaporation, and a product was obtained, which was
confirmed by 'H and *C NMR.
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General procedure for the N-formylation of amines using
ZIF-9/GO as a catalyst. 1 mmol of amine or aniline was added to
3 mmol of formic acid in an oven-dried 25 mL round bottom-
flask consisting of catalyst (10 mg) under neat condition and
agitated at room temperature for an appropriate period. Using
TLC, the reaction progress was monitored until completion.
After completion of the reaction, the catalyst was segregated by
filtration, and the filtrate of the reaction was washed at least
three times with ethyl acetate and water. The organic layer was
washed with sodium bicarbonate solution and dried over
anhydrous Na,SO,. Finally, the organic layer was concentrated
via evaporation to obtain the desired product, which was char-
acterized by 'H and "*C NMR and HR-MS analysis.

Results and discussion

In this study, a ZIF-9/GO composite material was synthesized by
integrating ZIF-9 and GO materials to achieve their inherent
propetties as a single material. After successful synthesis, the ZIF-
9/GO composite material was subjected to several sophisticated
characterizations to gain insight into its structure, composition,
and morphology. An illustration of the synthesis procedure of the
ZIF-9/GO composite material is provided in Scheme 1.

Evaluation of crystallinity, surface and structural properties,
morphology, thermal stability and composition of ZIF-9/GO
material

Fig. 2a shows the FT-IR spectra of ZIF-9, GO and ZIF-9/GO. The
FT-IR spectrum of ZIF-9 shows peaks at 3020 and 2965 cm ™"
belonging to aromatic C-H stretching vibrations. The peaks at
1738, 1608 and 1465, 1365, 1235,1277 and 1118 and 745 cm ™ *
correspond to C=N stretching, C=C stretching, C-N stretch-
ing, C-C stretching, C-H bending, and C=C/C-H bending,
respectively, in the benzimidazole ring, while the peak at
464 cm* could be correspond to Co-N stretching.'*® For GO,
four characteristic peaks at 3300, 1720, 1615 and 1035 cm ™
correspond to the stretching modes of O-H, C=0 (carbonyl or
carboxylic acid group), C=C (aromatic structure) and C-O
(epoxy groups), respectively.'®*> Some of the GO peaks vanished/
reduced in intensity because they were converted to reduced GO
during the process. In the FT-IR spectra of ZIF-9/GO, there was
a slight shift in some peaks for ZIF-9/GO after the integration of
both materials. These attributed peaks of ZIF-9 and GO were
noted in the FT-IR spectrum of the composite material ZIF-9/
GO, demonstrating that the interaction of the benzimidazole
ligand with the cobalt(i) was unaffected by GO immobilization.

Raman spectroscopy is the most significant characterization
tool for carbon materials. To understand the crystalline struc-
ture and the aberrations, the Raman spectra of GO and ZIF-9/
GO were obtained, as shown in Fig. 2b. In the Raman spec-
trum of GO, two characteristic peaks of carbon materials cor-
responding to the D band (vibration of sp® carbon atoms of
disorder in graphitic hexagonal lattice) and G band (vibration of
sp® carbon atoms in graphitic hexagonal lattice) at 1356 and
1599 cm ™', respectively, were observed.'®?>% For the ZIF-9/GO
composite material, the peaks were observed at 1357 and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Graphical illustration of the synthesis of the ZIF-9/GO composite.

1601 cm ™. In composite materials comprising carbon compo-
nents, the disorder in the structure can be predicted by deter-
mining the intensity ratio of the D band and G band (Ip/Ig). In
the case of GO and ZIF-9/GO, the I,/I; ratios were 0.82 and 0.91,
respectively. The higher I,/I; ratio value in the case of ZIF-9/GO
in comparison to pristine GO is related to the increase in the
disorder of the GO structure after the immobilization of ZIF-9
MOF on its surface.'>***

Brunauer-Emmett-Teller (BET) surface analysis was per-
formed to obtain insights into the textural and surface charac-
teristics of GO, ZIF-9 and ZIF-9/GO via nitrogen adsorption-
desorption experiment and presented in Fig. 2c. The BET
surface analysis of GO and ZIF-9 revealed surface areas of 14.31
and 18.11 m”® g~ (Fig. S41). The pore radius of GO and ZIF-9
were 15.32 and 17.06 A respectively. The pore volumes of GO
and ZIF-9 were 0.032 and 0.019 cc/g, respectively (Fig. S41). The
nitrogen adsorption-desorption isotherm of the ZIF-9/GO
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(a) FT-IR spectra of ZIF-9, GO, and ZIF-9/GO; (b) Raman spectra of GO and ZIF-9/GO; (c) BET surface analysis with the pore size

distribution curve of ZIF-9/GO; (d) PXRD patterns of ZIF-9, GO, and ZIF-9/GO.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 19500-19514 | 19503


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02165k

Open Access Article. Published on 09 June 2025. Downloaded on 1/20/2026 12:01:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

composite material displays a type IV isotherm with a hysteresis
loop. ZIF-9/GO was found to have a BET surface area of 29.18 m”
g~ '. Using the Barrett-Joyner-Halenda (BJH) method, the pore
size and pore volume were 8.04 nm and 0.0507 cm® g 7,
respectively. The hysteresis loop in nitrogen adsorption-
desorption isotherm and the pore size indicate the mesoporous
nature of the ZIF-9/GO composite material.

The crystallinity and phase purity of the synthesized mate-
rials were studied using their powder XRD patterns, which are
presented in Fig. 2d. The XRD patterns of the ZIF-9 and GO
samples were in good agreement with the previous literature.
The sharp peaks around 26 = 9.1°, 16.51°, 17.40°, 19.87°,
21.55°, 23.03°, 27.47°, 31.51°, 33.39°, 35.27°, and 37.73° repre-
sent the crystalline nature of the ZIF-9 material.” For GO,
a broad diffraction peak at 26 = 11.2° (d = 0.79 nm) indicated
the presence of (001) plane of the hexagonal system in addition
to a minor peak at 26 = 42.5° (d = 0.21 nm) related to (100)
plane related to the hexagonal structure of carbon. The XRD
diffraction pattern of ZIF-9/GO composite material displays
peaks corresponding to both ZIF-9 and GO, indicating the
successful immobilization of ZIF-9 onto the surface of GO.

To evaluate the morphological characteristics of the
synthesized samples, SEM and TEM techniques were used. The
obtained SEM images for ZIF-9, GO and ZIF-9/GO establish the
formation of rhombic dodecahedron-shaped particles, charac-
teristic sheet-like structures, and sheets embedded with
rhombic dodecahedron particles, respectively (Fig. 3a-c).
Fig. S11 shows the SEM-EDX spectra of ZIF-9/GO, which indi-
cates that elements C, O, N, and Co were found in the sample.
The TEM images in Fig. 3d and e show the rhombic dodeca-
hedron and sheet-type morphology of ZIF-9 and GO, respec-
tively. The TEM image of ZIF-9/GO shows the successful growth
of ZIF-9 rhombic dodecahedron particles on the sheet-like
structure of graphene oxide (Fig. 3f).
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Furthermore, to understand the spatial distribution of
elements in ZIF-9/GO, FESEM-EDS elemental mapping was
performed, as shown in Fig. S3a-S3ff. The images show the
uniform dispersion of C, N, O, and Co elements in the ZIF-9/GO
composite material.

The thermogravimetric analysis results of ZIF-9, GO and ZIF-
9/GO are shown in Fig. S2a.f The ZIF-9 thermogram shows two
weight loss stages. The initial minor weight loss of 5% from
100-50 °C was due to the elimination of solvents such as DMF
and H,O present in the Co-ZIF-9 framework. The second sharp
weight loss of ~20% in the range of 560-680 °C was observed
along with a weight loss of a total of 46% until 900 °C, indi-
cating the decomposition of the zeolitic imidazolate frame-
work.'7%%7%7t For GO, a cumulative weight loss of 58% was
observed across the three phases. First, at approximately 110 °C,
a weight loss of 12% occurred because of the evaporation of
adsorbed water molecules. Then, in the temperature range of
160-220 °C, a rapid weight loss of 22% occurred due to the
disintegration of groups containing oxygen. Finally, in the
temperature range of 220-900 °C, the carbon skeleton of GO
undergoes pyrolysis, resulting in a weight loss of 28%.'® The
TGA curve of ZIF-9/GO shows a first weight loss step of 10% up
to150 °C because of moisture loss, a second weight loss of 12%
up to 212 °C due to the loss of organic solvent, a third weight
loss of 16% from 215-400 °C due to degradation of organic
moieties, and finally the fourth weight loss of almost 42%, in
the temperature range 400-700 °C is observed due to the
pyrolysis of the carbon backbone of GO. At last, 20% of the
initial weight of ZIF-9/GO remained, indicating the high
thermal stability of the material across a broad temperature
range. In addition, the cobalt metal content calculated by
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) was
approximately 16.52%, which was similar to the TGA result.

X-ray photoelectron spectroscopy (XPS) measurements
provide information about the elemental composition,

x4300  5pm

0001 09 Nov 2021

Fig. 3 SEM images of (a) ZIF-9, (b) GO, and (c) ZIF-9/GO, and TEM images of (d) ZIF-9, (e) GO, and (f) ZIF-9/GO.
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chemical environment of the elements, and oxidation states of
the metals contained in the ZIF-9/GO sample. The survey
spectrum of ZIF-9/GO obtained using XPS is shown in Fig. S2b,
which confirms the existence of O, C, N, and Co elements in the
sample, as seen in the elemental mapping and EDS character-
izations. The high-resolution spectrum of the O 1s state can be
deconvoluted into two bands at 530 eV and 531 €V, as shown in
Fig. 4a. The peak at 530 eV is caused by the existence of O-C=0
or C-OH groups remaining in the sample, while the peak at
531 eV is indicative of the C-O-C of the epoxy group or the C=0
bond of the carboxyl group in the GO sheet.”” Three peaks can
be distinguished in the high-resolution C 1s XPS spectra
(Fig. 4b). The peak at 283.4 eV corresponds to the occurrence of
adventitious hydrocarbons (C-C/C=C) on the sample's surface.
The presence of C-N=C bonds in ZIF-9 and O-C=0 bonds
from the COOH group of GO, respectively, can be ascribed to the
peaks at 285.3 and 286.9 eV. However, in contrast to those of
GO, other functional groups (C-C/C-H, C-O, and O-C-O)
disappear, which is explained by the chemical interaction
between GO and ZIF-9.>’The deconvoluted N 1s spectrum shows
two bands at 397.4 and 399 eV, which is explained by the exis-
tence of C-NH/C=N bonds and Co-N bonds, respectively
(Fig. 4c). The Co2p XPS spectrum shown in Fig. 4d can be
deconvoluted into four peaks. The peaks at 780.50 eV and
795.54 eV can be assigned to the spin-orbit splitting doublets
Co2p;, and Co2p;,, in their Co>" state, respectively, while the
peaks at 784.7 eV and 801 eV represent the corresponding
satellite that arises from the Co>" ion as well.>”>7*

Using the UV-vis absorption spectra, the coordination of ZIF-9
and GO was examined. The UV-vis absorption spectra of GO, ZIF-
9, and ZIF-9/GO dispersed in ethanol are shown in Fig. S5.7 The
GO absorption peaks at 233 or 243 nm and the shoulder peak at
approximately 288 nm can be attributed to the w — 7 transition
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of the aromatic C=C bond and n — = transition of the C=0
bond, respectively. These peak placements are in good agreement
with the findings of numerous other investigations.?”® The pris-
tine ZIF-9 absorption spectrum includes a broad absorption band
in a range of 400-500 nm and three absorption bands at 243, 272
and 278 nm, corresponding to T — 7* transition,”® while the UV-
vis absorption spectra of ZIF-9/GO composites exhibit a little shift
in the absorption bands at approximately 332 nm relative to the
pristine ZIF-9 absorption spectrum. This shift in the absorption
band may be caused by the charge or energy transfer interaction
between the polyaromatic scaffold in GO and ZIF-9, suggesting
the possibility of a coordination connection between the two.**

The UV-vis diffuse reflectance spectra (DRS), as shown in
Fig. 4e, were examined for the coordination geometry and band
gap estimation in the ZIF-9/GO composite material. As shown in
Fig. 4e, the detection of the absorption band in the range of 480~
620 nm with two maxima at 435 and 585 nm can be attributed to
tetrahedrally coordinated Co”>* ions."””* The absorption band at
255 nm with a shoulder peak at 305 nm is due to 7w—m* and n-m*
transitions in graphene oxide. The band gap was calculated using
Tauc's relation (Fig. 4f) by plotting the graph between (ahv) and
energy (hv)", where, « is the absorption coefficient, % is Plank's
constant, 7 is the number for direct or indirect allowed transition,
and &w is the energy of the photon, found to be 3.42 eV for direct
allowed transition, which shows slight semiconductor nature of
the material.”” The increased band gap energy may be due to the
presence of insulating graphene oxide in the material.

Catalytic activity studies of ZIF-9/GO in the Knoevenagel
condensation reaction

To demonstrate the merits of the ZIF-9/GO composite as
a catalytic material in organic synthesis, we applied it to the

2481015 @ |2 [Cls coce B |2 IN1s (c)
X x 4.5 X

% e n 2151

E 3.64 C-0-C/C=0 E E

g - =

& §3.0- §1 2

2241 z z

) 7] ‘?

5 5 1.5 g

- E - 0.9.

= 1.2 = =

532 530 528 288 285 282 400 398 39
Binding energy (eV) 20 Binding energy (eV) 400 Binding energy (eV)
: 255

%wmhw) Corp, o A (e) ()

p ' ~ 300

£ 1.8 aatellite o 1.64 -

5 \zllcl]ilrco 2/’, 2 p‘:\:ll\lm E E

S 2 14 > 200

- - J

z 1.6 e o

z a >

g < 1.24 =

= 141 1001

= 1.0- Eq=342¢V

804 798 792 786 780 200 400 600 800 25 30 35 40 45

Binding energy (eV)

Wavelength (nm)

Energy (eV)

Fig. 4 High-resolution deconvoluted XPS spectra of O 1s (a), C 1s (b), N 1s (c) and Co2p (d). (e) Diffuse reflectance UV-vis spectra and (f)

corresponding Tauc plot of ZIF-9/GO.
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Knoevenagel condensation reaction of diversified aldehyde
substrates with malononitrile and ethyl cyanoacetate. Initial
optimization studies were conducted by reacting 4-nitro-
benzaldehyde 1c and malononitrile 2 as model substrates. First,
the reaction was performed in polar solvents such as ethanol
and water without any catalyst, which, after 6 and 12 hours of
reaction, resulted in poor yield (30-50%) of the desired product,
respectively (Table 1, entries 1 and 2). The catalytic activity of
ZIF-9/GO (5 mg) was examined in the absence of a solvent and in
the presence of a variety of solvents such as toluene, water, and
ethanol at various temperatures (Table 1, entries 3-7). From this
optimization, the highest yield of 4-nitrobenzylidine malono-
nitrile 3¢ was obtained using ethanol as solvent at room
temperature (Table 1, entry 7). Furthermore, the amount of ZIF-
9/GO (5-20 mg) was optimized in ethanol solvent at room
temperature (Table 1, entries 8-10). There was no increment in
the product yield upon increasing the amount of catalyst. It was
determined that using ZIF-9/GO (10 mg) as a catalyst in ethanol
(2 mL) produced the optimal reaction conditions at room
temperature (Table 1, entry 8). Under the optimized conditions,
the product4-nitrobenzylidene malononitrile was isolated in
98% yield after 10 min of reaction. The gram scale synthesis of
2-imino-2H-1-benzopyran-3-carbonitrile 7 was also carried out
with excellent yield, as shown in Scheme S1.f

Substrate scope of the ZIF-9/GO-catalyzed Knoevenagel
condensation reaction using benzaldehyde and malononitrile

The substrate scope of the ZIF-9/GO catalysed the Knoevenagel
condensation reaction was assessed following the optimisation
of reaction conditions. The substrate scope findings are sum-
marised in Table 2. The benzylidene malononitrile derivatives
were produced in good to excellent yields (85-98%).

High yields of condensation products were obtained from
aromatic aldehydes with electron-withdrawing groups at the
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ortho/para position than from those substituted with electron-
donating groups. The substrate scope was extended to alde-
hydes with heterocyclic rings, which also produced the
condensation product in excellent yields (Table 2, entries 3b, 3q
and 3t). Among all heterocycles, the pyridine-substituted alde-
hyde produced the highest yield (Table 2, entry 3t). The gram
scale synthesis of compound 2-imino-2H-1-benzopyran-3-
carbonitrile was performed, and the obtained yield was 94%
(Table 2, entry 7), as shown in the ESL{ All products were
characterized by "H NMR and **C NMR (Fig. S9-S30 and S407).

Substrate scope of the Knoevenagel condensation reaction
using benzaldehydes and ethyl cyanoacetate

To extend the scope of the Knoevenagel condensation reaction,
the reaction of aldehydes with ethyl cyanoacetate acting as an
active methylene compound was also performed under similar
circumstances for the reaction (Table 3). However, the reaction
of ethyl cyanoacetate 4 with 4-nitrobenzaldehyde 1c required an
elevated temperature (60 °C). The reaction proceeded smoothly,
giving an excellent yield of the Knoevenagel condensation
product (E)-ethyl 2-cyano-3-(4-nitrophenyl) acrylate 5c¢ in
a slightly longer period than the benzylidene malononitrile
derivatives (Table 2).

Table 3 summarizes the substrate scope results of the
Knoevenagel condensation reaction between aldehydes and
ethyl cyanoacetate derivatives, displaying good to excellent
yields (85-96%). Higher yields of condensation products were
obtained when aromatic aldehydes were substituted at the
ortho/para position with groups that donated electrons
compared to those that withdrew electrons. Aldehydes with
heterocyclic rings also produced condensation products in
excellent yields (Table 3, entries 5a and 5j). The high yield of (E)-
ethyl 2-cyano-3-(pyridin-4-yl) acrylate (Table 3, entry 5j) is due to
the high reactivity of pyridine towards electrophilic substitution

Table 1 Optimization of the reaction conditions for the synthesis of benzylidene malononitrile derivatives®

CN

CHO 2

_ Catalyst N

CN Solvent, Temperature
2 NO,
3c
Entry Catalyst amount (mg) Solvent Time (h) Temp. (°C) Yield ?(%)

1 No catalyst Ethanol 6 60 50
2 No catalyst Water 6 80 30
3 5 Solvent-free 4 80 70
4 5 Toluene 4 80 10
5 5 Water 4 80 50
6 5 Ethanol 2 60 80
7 5 Ethanol 2 RT 80
8 10 Ethanol 0.10 RT 98
9 15 Ethanol 0.10 RT 98
10 20 Ethanol 0.10 RT 96

“ Reaction conditions: aromatic aldehyde (1 mmol), malononitrile (2 mmol), solvent (2 mL), and catalyst (mg). ?

19506 | RSC Adv, 2025, 15, 19500-19514
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Table 2 Substrate scope of the ZIF-9/GO-catalyzed Knoevenagel condensation reaction using malononitrile”

<CN ZIF-9/GO R_CN
RCHO + _—
CN Ethanol,RT H CN
1a-1v 2 3a-3v
Yield (%), Time (min)®
CN AN ,N H,CO
%‘Sz 3b 3d
85 %, 20 min 95 %, 15 min 98 %, 10 min 87 %, 15 min
3g 3h
98 %,10 min 96 % 10 min 94 %, 15 min 98 %, 10 min
©/\r H,CO Me,N CN
3l
98 /o, 10 min 96 %, 10 min 86 %, 20 min 85 %, 20 min
Br CN
Br. CN CN ~CN =
B < H.CO CN
CN CN CN 3
3m 3n 30 3p
90 %, 15 min 94 %, 10 min 85 %, 25 min 87 %, 20 min

F
FNFSeN ciN

q r
94 %, 15 min 95 %, 10 min

PhN
PH —©_\5-CN
NC
3u
96 %, 20 min

CN
N

N CN
CN

S
98 %, 15 min

Z2=
%
K
0/

98 %, 15 min

Seas -

3

(0)

3v 7°
96 %, 20 min

94 %, 30 min

“ Reaction conditions: aldehyde (1 mmol), malononitrile (2 mmol), catalyst (10 mg), ethanol (2 mL), room temperature, and time (h). ? Isolated
yield. ¢ Salicylaldehyde 6 (10 mmol), malononitrile (10 mmol), ZIF-9/GO (100 mg), ethanol (200 mL), and RT.

reaction. All products were characterized by "H NMR and **C
NMR (Fig. S31-5407).

Green chemistry parameters

The parameters of green chemistry for the conversion of 4-
nitrobenzaldehyde 1c and 4-fluorobenzaldehyde 1d to (4-nitro-
benzylidine) malononitrile 3¢ and (E)-ethyl 2-cyano-3-(4- fluo-
rophenyl) acrylate 5d were also calculated (Table S1 and S27).
The results of the calculations shown as radar maps in Fig. Séa
and S6bf show how closely the values computed using this
methodology align with the optimal values of the parameters
related to green chemistry. Our green chemistry metrics values
show better results than the previously reported ones as shown
in Table 4.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Single-crystal X-ray analysis of compound 3q and 5i

The of compounds 2-(thiophen-2-
ylmethylene) malononitrile 3q and (E)-ethyl 2-cyano-3-(4-
cyanophenyl) acrylate 5i was confirmed by single-crystal X-ray
analysis, which is one of the most thorough methods for
determining the chemical structure of compounds. X-ray-grade
crystals were formed through the slow solution evaporation
growth method in ethanol. The crystal structures (CCDC No.
2236687 and 2233222, respectively) of compounds 3q and 5i are
shown in Table S3.1 They crystallized in a monoclinic cell (P24/c
space group; Z value = 4) and a triclinic cell (P1 space group; Z
2). The ESIf contains additional single-crystal X-ray
crystallographic data for compounds 3q and 5i (Table S31).

molecular structure

value =
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Table 3 Substrate scope of the ZIF-9/GO-catalyzed Knoevenagel condensation from aldehyde to cyano acrylate derivatives®

CN ZIF-9/GO
RCHO + {

COOEt
1a-1j 4

R_CN

—

Ethanol, 60%c H COOEt

5a-5j
Yield (%), time (h)®

5a
92%,1h 85%,2h
o o
OzN BN 0/\ RS
CN Br CN
5e 5f
87 %,1h 92%,0.5h
o
X o
CN N
OCH; NC CN
5h 5i
84%,2h 92%,1h

0 e i Q
WO A~ /©/\)LO/\ /@/ﬁo/\ m{o/\
NS/ CN O,N F CN

5b 5c 5d

95 %, 0.5 h 96 %, 0.5 h
0
o™ HiCO Xy o™
H4CO CN
59
89%, 2 h

CN
N0
o\ N 0j
P
N
5j

94%,1h

“ Reaction conditions: aldehyde (1 mmol), ethylcyanoacetate (1 mmol), catalyst (10 mg), 60 °C, time (h), ethanol (2 mL). ? Isolated yield.

Probable reaction pathway for the Knoevenagel condensation
reaction

The possible mechanism for the Knoevenagel condensation
reaction between benzaldehyde and the active methylene
compound (malononitrile) is illustrated in Fig. 5a. First, the
aldehyde group's carbonyl oxygen makes an electrostatic bond
with the exposed Co(u) site (Lewis's acid) of the ZIF-9/GO catalyst,
turning the carbonyl carbon atom into the electrophilic carbon
center (Intermediate I). To produce a carbanion intermediate (II),
an uncoordinated benzimidazole (Lewis's base) site adsorbed on
ZIF-9/GO acts as a substrate to encourage the deprotonation of
methylene. The formed carbanions attack the electrophilic
carbonyl carbon. After protonation and dehydration, the addition
intermediate (III) can be rapidly transformed into benzylidene
malononitrile following the release of the used catalyst.>>*3*%
The UV-visible spectra for the reaction progress from 4-
nitrobenzaldehyde (4-NBA) to 4-nitrobenzylidine malononitrile
using malononitrile (MN) in the presence of ZIF-9/GO are
shown in Fig. 5b. The absorbance peak at 268 nm for 4-nitro-
benzaldehyde disappeared and a new absorbance peak at
305 nm for 4-nitrobenzylidine malononitrile appeared, which

Table 4 Comparison of green chemistry metrics with other work

confirmed the formation of the pure desired product. The
absorbance peaks at 272 and 280 nm for the intermediate can
be attributed to the malononitrile present in the reaction
mixture. All 4-nitrobenzaldehyde was converted into 4-nitro-
benzylidine malononitrile within 10 min.

In situ IR study of Knoevenagel condensation

3D in situ time-dependent IR spectra of the Knoevenagel
condensation reaction were collected to investigate the reaction
progress using 4-bromo benzaldehyde and malononitrile as
substrates. As shown in Fig. 6, the bands observed in
a frequency range of 1550-1750 cm ™ * were found for the parent
benzaldehyde group (Fig. 6a).

Meanwhile, the bands observed after some time in the
frequency range of 1350-1550 cm " were found to be for alkene
and nitrile groups present in the product, and the intensity of these
bands increased linearly and reached a maximum in 10 min
(Fig. 6b). A strong band at 1720 ecm ™" and a medium band at
1596 cm™ ! were assigned to the stretching frequency of C=0 and
C=C of the aromatic group, respectively, and a weak band at
1390 cm ™' assigned to C-H bending of aldehyde, which

Atom economy

Process mass

Reaction mass

Catalysts E-factor (AE) intensity (PMI) efficiency (RME %) Yield (%) Reference
NH,-GCN 0.18 — 1.31 84.50 92 78
CoFe,0,@Si0, @NH,@BG 0.15 88.10 1.15 87.07 99 79
ZIF-9/GO 0.10 91.7 1.10 90.8 98 This work
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Fig. 5 (a) Probable reaction pathway for the Knoevenagel condensation reaction, and (b) UV-visible spectra for the reaction progress from 4-

nitrobenzaldehyde (4-NBA) to 4-nitrobenzylidine malononitrile using malononitrile (MN) in the presence of ZIF-9/GO. The inset shows the
percentage conversion of 4-nitrobenzaldehyde (4-NBA) to 4-nitrobenzylidine malononitrile over time.

diminished completely within 10 min, respectively.** The other
bands at 1520 and 1410 cm ™" were assigned to vc— of the aromatic
ring and vc— of the alkene. The medium absorption bands at 1150
and 1080 cm ' were attributed to the C-O bond present in the
intermediate, which disappeared after reaction completion.

Catalytic activity of ZIF-9/GO towards N-formylation and of
amines

The versatility of the catalytic behavior of ZIF-9/GO was exam-
ined for the N-formylation of amines with formic acid (9) under

various reaction conditions (Table 5). Aniline 8r (1 mmol) and
formic acid (3.0 mmol) were used as model substrates for the
optimization of reaction parameters, including catalyst quan-
tity, solvent effect, and temperature. Thin-layer chromatography
(TLC) was used to carefully monitor the reaction completion.
We began our research by examining the role of the
synthesized ZIF-9/GO catalyst in the synthesis of a substituted
formamide to optimize the reaction conditions. Without the aid
of a catalyst, 1 mmol of aniline 8r and 3 mmol of formic acid 9
were used as substrates to achieve the above reaction. There was
no product formed when the reaction was conducted without

1150 cm!

(©0) 080 met

(c-0)

00520100
Time

0O0: 1 O.'OO

Fig. 6 3D spectra of in situ time-dependent infra-red for the Knoevenagel condensation reaction. Zoomed in situ IR spectra of the absorption

bands of the (a) reactant and (b) product.
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a catalyst, demonstrating the need for a catalyst to produce the
required formamide product. The selected reaction of aniline
and formic acid was then conducted by varying the amount of
synthesized ZIF-9/GO catalyst to examine the impact of catalyst
quantity on the reaction. When the catalyst loading was
increased from 5 mg to 20 mg, a striking increase in the yield
with a decrease in time for the synthesis of the formamide 10r
product was observed, which can be explained by the increase in
the number of catalytically active sites. When the amount of
catalyst was further increased, no discernible drop in the reac-
tion time or increment in the yield of the desired product was
noticed. To achieve the highest conversion rate and for subse-
quent trials, 10 mg of catalyst was fixed.

Furthermore, the formation of the product was significantly
influenced by the solvent used. By modifying the polarity,
solubility, and dispersion of the catalyst, solvents have the
power to change the reaction environment. Hence, to examine
the effect of solvent in formamide synthesis, we optimized the
reaction with different types of solvents, including water,
ethanol, and toluene, as well as solvent-free conditions. No such
increase in the product's % yield was noticed. However, the
above experiments show that a polar solvent such as ethanol
somehow increases the yield of the desired product compared
to a non-polar solvent such as toluene. The highest yield of
acetanilide was obtained under solvent-free conditions. Despite
this, the reaction proceeded smoothly when water was used as
the solvent, but a longer time was required to complete the
reaction.

Substrate scope of the synthesis of formamide derivatives
using ZIF-9/GO as a catalyst

The synthesized ZIF-9/GO catalyst was employed to produce
different substituted formamide derivatives by condensation
between different aliphatic, aromatic, and heterocyclic amines
substituted with electron-withdrawing or electron-donating

View Article Online
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groups and formic acid under the optimized reaction condi-
tions. Aniline 8a-8w (1.0 mmol), formic acid 9 (3.0 mmol), and
catalyst (10 mg) were placed in an RB and allowed to react for
a predetermined amount of time at room temperature without
the presence of any solvent. From various substituted aromatic
amines and formic acids, a wide variety of useful substituted
formamide derivatives can be produced in good to excellent
yields. The electronic environment of the substituted amines
affects the yield of the desired product and the time taken for
the completion of the reaction. Aromatic amines containing
ortho- or para-substituted electron-donating groups, such as
CH; and OCHj;, produced better product yields in slightly less
time as compared to meta-substituted amines and amines with
electron-withdrawing groups. The formylation reaction of
secondary, aliphatic or heterocyclic amines required slightly
more time than aromatic primary amines (Table 6, entries 10l,
10m, and 10t) under optimized conditions to produce a good
yield of the desired product. Aliphatic and alicyclic amines
(Table 6, entry 10u and 10v) like morpholine and piperidine
were also investigated for the formylation reaction and proved
to be effective substrates producing the corresponding products
in good to excellent yields. The chemoselectivity of the reaction
was also investigated in the formylation of amines in bifunc-
tional compounds (Table 6, entries 10n and 10t). The gram-
scale synthesis of compound 10w (Paracetamol) was carried
out with excellent yield (Table 6, entry 10w), with the reaction
shown in the ESL{ All compounds were characterized by 'H-
NMR, *C-NMR (Fig. $43-565T) and HRMS analysis.

Single-crystal X-ray analysis of compound 100

Single-crystal X-ray analysis of compound N-(2,5-difluor-
ophenyl) formamide 100 was used to confirm the validity of the
present method for the synthesis of formamide derivatives. X-
ray-grade crystals were formed through slow solution evapora-
tion growth in ethanol. The crystal structure (CCDC No.

Table 5 Optimization of the reaction conditions for the N-formylation of amines®

(o}
NH, HNJLH
0 Catalyst
+ w'on > @
Solvent, Temp.
8r 9 10r
Entry Catalyst amount (mg) Solvent Time (h) Temp. (°C) Yield *(%)
1 No catalyst Ethanol 120 60 N.R.
2 No catalyst Water 150 80 N.R.
3 5 Ethanol 90 60 50
4 5 Toluene 120 80 10
5 5 Water 120 80 30
6 5 SF 60 60 60
7 5 SF 45 RT 70
8 10 SF 5 RT 98
9 15 SF 5 RT 98
10 20 SF 10 RT 98

“ Reaction conditions: aniline (1 mmol), formic acid (3 mmol), solvent (2 mL), and catalyst (mg). © Isolated yields.
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2341900) of compound 100 is presented in Table S3.t It crys-
tallized in a monoclinic cell, Pn space group, Z value of 2. The
ESI} contains additional single-crystal X-ray crystallographic
data for compound 100 (Table S37).

Recyclability and post-catalytic characterization of the ZIF-9/
GO sample

The recyclability of the ZIF-9/GO catalyst was also tested in the
Knoevenagel and N-formylation reactions under optimized

View Article Online
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conditions. After completion of the reaction, the catalyst was
extracted from the reaction mixture by filtration. The separated
catalyst was rinsed with ethanol and acetone three to four times
to remove any organic substances deposited on its surface,
followed by drying in an air oven and finally using for further
catalytic run under the optimized reaction conditions. The ZIF-
9/GO catalyst was reused for six successive runs without
a considerable decrease in its catalytic efficiency for both reac-
tions, as shown in Fig. S7a.t

Table 6 Substrate scope of the N-formylation reaction of amines using formic acid®

e
Ny +

R™ R H” “OH
8a-8w 9

R'=H, alkyl, aryl, substituted aryl ring, cyclic ring

ZIFIGO

> N<
Solvent-free, rt

10a-10w
Time (min), Yield (%)

R=alkyl, aryl, substituted aryl ring, cyclic ring

0O 0 o] (o) (o]
HJLNH HN’U‘H HJLNH HJLNH HJLNH
BNCHN > G e
H,CO
F Br
10a 10b 10c 10d 10e
45min, 88% 30 min, 95% 15min,96% 20 min, 98% 30 min, 92%
o)
0 Q 0 0 hit
HONH HYINH HANH HNH H™"H
& ¢ e
Cl OPh OCH;,
10f 10g 10h 10i 10j
15 min, 97% 40 min, 89%  15min, 98% 10 min, 93% 10 min, 98%
0
a2 N o H O 2 2
Br N A H” NH H™"NH
i | @,SH @F
F @ N"Cl F
10k 101 10m 10n 100
45 min, 90% 15min, 92% 30min,95%  30min, 90% 30 min, 94%
o)
(o] 0 (0] JL
H M HANH HENH H™"NH GHO
oL Q Cht
F (CHM,
10p 10q 10r 10s 10t
30 min, 88% 10 min, 95% 5min, 98% 10 min, 98% 30 min, 86%
[6)
P
H_O NH
O [N] 10 mmol
0 OH
10u 10v 10W°
20 min, 89% 10 min, 87% | 30 min, 96%

“ Reaction conditions: amine (1 mmol), formic acid (3 mmol), S-F., ZIF-9/GO (10 mg), and RT. ? Yield (%). ¢ 4-Hydroxy aniline (10 mmol), acetic acid

(20 mmol), S-F., ZIF-9/GO (100 mg), and RT.
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The reused ZIF-9/GO was again characterized by SEM, XRD,
and FT-IR spectroscopy (Fig. S7b and S7dt) to investigate its
stability, morphology, and phase, which showed similar char-
acteristics to those of the original ZIF-9/GO composite material.
The observed changes in the XRD peaks of fresh and reused ZIF-
9/GO may be due to the presence of reactant or product mole-
cules that may remain adsorbed in the recovered catalyst.

Hot filtration test of the catalyst

Additionally, the “hot filtration method” was used for the
synthesis of 3e as the substrate to study the heterogeneity of ZIF-
9/GO. The catalyst was separated from the reaction mixture via
filtration after 4 minutes, and a 40% conversion of the substrate
was observed. Subsequently, the filtrate (without catalyst) was
maintained under similar conditions for further reaction. Even
after 1 hour, no additional conversion of 3e was observed
(Fig. 7). According to this investigation, the filtrate contained
almost no soluble catalytically active species, demonstrating the
applicability and heterogeneity of the catalyst.

Probable mechanism for N-formylation of amines using ZIF-9/
GO

The exact mechanism of how formylation processes occur using
the catalyst remains unclear. However, a putative mechanism in
Fig. S8t has been proposed, indicating that the carbonyl group
of formic acid is activated by the acidic cobalt ion of the ZIF-9/
GO catalyst through a coordination bond, which makes it more
electrophilic. The reactive nucleophilic nitrogen atom of the
amine group attacks the activated electrophilic carbonyl group
to yield the corresponding formylated products.®>*

Comparison of catalytic activity of ZIF-9/GO composite
material with those reported in previous literature for the
Knoevenagel condensation reaction and N-formylation of
amine

The importance of this study is shown by comparing the results
with previously published work (Tables S4 and S5%). From the
comparison table, the present composite material ZIF-9/GO
exhibited excellent catalytic activity for the Knoevenagel
condensation reaction and synthesis of formamide derivatives
with benefits such as easy preparation of the catalyst, mild

1004 —m Presence of catalyst
—@— After removal of catalyst
~_
$ 80
-’
A
© 60-
=]
=
.© 40 Hot Filteration
&
2
z 20
=]
o
0-

0 2 4 6 8 10 12
Time (min)

Fig. 7 Hot filtration test of ZIF-9/GO for the synthesis of 3e.
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reaction conditions, high yield of the product, and good recy-
clability at low catalyst loading.

Conclusions

In conclusion, we report a new synthetic approach for the ZIF-9/
GO composite using a straightforward and economical process
that combines the conductive and dispersive properties of
graphene oxide with the large surface area and stability of ZIF-9.
Physiochemical, spectroscopic, and microscopic characteriza-
tions confirmed the composition, good crystallinity, thermal
stability, structural features, and surface properties of the ZIF-9/
GO composite material. ZIF-9/GO was used as a heterogeneous
catalyst in Knoevenagel condensation and N-formylation of
amines, delivering excellent yields with wide substrate scopes.
In situ IR study validated the proposed protocol for Knoevenagel
condensation. The plausible mechanisms of both reactions
were explained in detail. The salient features of this study are
outstanding catalytic performance and reusability, easy catalyst
recovery, green reaction conditions, low catalyst loading, gram-
scale applicability and tolerance to various sensitive substrates
in both reactions, highlighting the durability and commercial
potential of ZIF-9/GO as a reusable, environmentally benign
heterogeneous catalyst.
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parameters for 3q, 5i and 100; UV-visible spectra; radar plot
displays green-chemistry metrics of 3¢ and 5d; post-catalytic
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