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ABSTRACT: Designing efficient, economical heterogeneous catalysts for the Knoevenagel condensation reaction is highly
significant owing to the importance of reaction products in industries as well as pharmaceutics. Herein, we have designed and
synthesized biguanidine-functionalized basic magnetically retrievable cobalt ferrite nanoparticles (CFNPs) for the synthesis of
Knoevenagel condensation products using benzaldehydes and active methylene compounds (malononitrile/ethyl cyanoacetate/
cyanoacetamide). Several advanced techniques, such as Fourier transform infrared (FT-IR), thermogravimetric analysis (TGA),
powder X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and vibration
sample magnetometry (VSM), were utilized to precisely characterize the catalyst. The robust features of the current approach
involve outstanding catalytic performance, solvent-free reaction conditions, ease of catalyst retrievability, easy workup procedure,
large substrate tolerance, high turnover frequency (TOF) values (up to 486.88 h−1), values of green chemistry metrics such as E-
factor (0.15), reaction mass efficiency (RME) value (87.07%), carbon efficiency (93.4%), and atom economy (AE) value (88.10%)
close to their ideal values, and recyclability up to eight runs without a considerable reduction in activity, boosting the appeal of this
approach from a commercial and ecological point of view.
KEYWORDS: green approach, magnetic nanocatalyst, reusable, Knoevenagel condensation, solvent-free

1. INTRODUCTION
The Knoevenagel condensation, a well-known reaction
involving aldehydes and activated methylene group-containing
molecules, has gained immense significance and widespread
adoption as a highly influential and beneficial approach in
organic chemistry for the synthesis of C−C bond formation to
generate substituted electrophilic alkenes.1,2 The alkenes thus
formed act as versatile intermediates in various organic
synthesis applications. These applications encompass a wide
range of fields, including the production of fine chemicals,
formation of heterocyclic compounds, carbohydrates, and
synthesis of drug intermediates, natural products, fluorescent
dyes, and functional polymers.3−8

Moreover, the applicability of Knoevenagel condensation in
various industries such as polymers and pharmaceutical
synthesis of various products and intermediates has been
well documented.4 This type of condensation reaction turned

out to be a key step for producing numerous clinical drugs.9

Some of the commercially available drugs involving the
Knoevenagel condensation reaction are shown in Figure 1.
Besides their enzyme inhibiting properties, the substituted
alkene compounds exhibit a vast array of biological studies
such as anticancer, antioxidant, antimalarial, antihypertensive,
and antiviral properties.6,10 Furthermore, the Knoevenagel
condensation is extensively employed in industries for various
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synthetic organic methods as this type of condensation
reaction is devoid of any waste and byproducts.11

Benzylidenemalononitrile (BMN) derivatives formed by the
Knoevenagel condensation involving benzaldehydes and
malononitrile also have gained the attention of many research
groups owing to their exceptional properties such as
anticancer, antifungal, antibacterial, and anticorrosive.12 The
benzylidenemalononitrile derivatives are also used for enhanc-
ing cellular resistance to oxidative stress and prostaglandin
production, for designing photoconductive cells, and for the
activation/inhibition of certain types of enzymes.13−16

Taking into consideration the desirability and applicability of
these derivatives, there is an urgent need for a simple and
employable synthetic procedure for Knoevenagel condensation
which is cost-effective as well as energy-saving.
This condensation reaction is frequently carried out using a

basic catalyst, as the basic sites present over the catalyst attract
protons from the adsorbed active methylene molecules such as
malononitrile in order to generate carbanion intermediates. In
order to catalyze this Knoevenagel condensation reaction,
several homogeneous and heterogeneous (several different
types of) catalysts such as zeolites, ionic liquids, Lewis acids,
basic catalysts (urea, thiourea, and piperidine), ammonium
salts, amino acids, aliphatic amines, metal oxides, metal−
organic frameworks (MOFs), carbon materials, graphene-
supported Pd and Ni nanoparticles, and covalent organic
frameworks (COFs) have been employed.1,3,5,6,9,11 However,
the applicability of these catalysts is limited owing to various
environmental issues, such as post-treatment of the generated
waste liquid, severe reaction conditions, elevated temperature,
use of additives, costly metals, insufficient yields, extensive
reaction period, harmful solvents, corrosion of equipment, and
tedious workup procedure.5,11 Also, some of these reported
procedures suffer from various other serious problems
including the formation of unwanted side products and the

production of waste due to self-condensation, addition, and
polymerization reactions.6

Thus, keeping in mind these restrictions, the aspects of
green chemistry, and process sustainability, efforts have been
made to develop efficient and reusable heterogeneous catalysts,
which can efficiently catalyze this condensation reaction.
Transition metal oxides with the following formula MFe2O4,

where M = nickel, copper, cobalt, zinc, and manganese, have
gained tremendous attention owing to their exceptional
physical as well as chemical properties. Among these, cobalt
ferrite nanocomposites are a steady magnetic material, which is
well-thought-out as the most prominent support due to its
substantial magnetic properties such as higher saturation
magnetization (Ms) value, relatively high permeability, high
intrinsic coercivity, high Curie temperature, biocompatibility,
nontoxicity, and chemical stability.17−20 Several chemical
procedures have been developed to synthesize CoFe2O4
nanoparticles including electrospinning, Co precipitation,
sol−gel, sonochemical, combustion, and hydrothermal−
solvothermal−hydrothermal methods.18−20
These properties have led to their widespread adoption in a

wide range of fields, including but not limited to sensors,
ferrofluid technology, nanobiotechnology, microwave absorb-
ers, anticancer agent, MRI,21 biosensors, reduced-toxicity drug
delivery, magnetic energy storage, photocatalysis, environ-
mental remediation, catalysis, antimicrobials, and
more.19,20,22−25

Building on our current protocol to establish synthetic
routes that are sustainable for a variety of organic trans-
formations, we have been utilizing a range of advanced
materials;26−29 we have designed this solid biguanidine-
functionalized base catalyst (CFNP) as a Lewis basic catalyst
having abundant N atoms due to the presence of two imine-
like functions over the biguanidine group. The Knoevenagel
condensation reaction was studied and used to evaluate the

Figure 1. Some of the commercially available drugs derived using the Knoevenagel condensation reaction.

ACS Organic & Inorganic Au pubs.acs.org/orginorgau Article

https://doi.org/10.1021/acsorginorgau.3c00002
ACS Org. Inorg. Au 2023, 3, 254−265

255

https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00002?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00002?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00002?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00002?fig=fig1&ref=pdf
pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.3c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


more effective material’s catalytic activity. This reaction was
carried out under solvent-less conditions, lesser reaction time
(4−10 min), and high yields.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation
2.1.1. Experimental Procedure for the Synthesis of

CoFe2O4. One-pot solvothermal synthesis (Scheme 1)
30 was used

to produce magnetic nanoparticles of cobalt ferrite (CoFe2O4). To
make a uniform solution, we added CoCl2.6H2O (148 mg, 0.625
mmol) and FeCl3.6H2O (337 mg, 1.25 mmol) to 10 mL of ethane-
1,2-diol and agitated the mixture constantly at 50 °C. After obtaining
a homogenous reaction mixture, 900 mg of NaOAc and 500 mg of
PEG-6000 were added and agitated for an additional 30 min. The
resulting liquid was transported to an autoclave and heated to 160 °C
for 16 h. The resulting black-colored material was separated
magnetically and rinsed repeatedly in double-deionized water.
Nanoparticles of cobalt ferrite (CoFe2O4) were produced and dried
at 60 °C for 6 h.
2.1.2. Experimental Procedure for the Synthesis of

CoFe2O4@SiO2. The Stöber sol−gel process was then used to
cover the cobalt ferrite nanoparticles (CoFe2O4) with silica.

28−31 To
achieve this, 200 mg of CoFe2O4 nanoparticles (0.852 mmol) was

sonicated in 200 mL of a solution made up of 160 mL of EtOH and
40 mL of double-deionized water. Then, 1.5 mL of 25% NH3 solution
and 1 mL of tetraethyl orthosilicate were added dropwise. The
resultant dispersed solution was then constantly stirred at 60 °C for 6
h. The final silica-coated nanoparticles were magnetically separated
using an external magnet, washed numerous times with ethanol, and
then dried under vacuum.
2.1.3. Experimental Procedure for the Synthesis of (CFNA)

CoFe2O4@SiO2@NH2. By using our prior method,
29 which included

adding 1 mL of (3-aminopropyl)triethoxysilane (APTES) to 0.5 g of
CoFe2O4@SiO2 nanoparticles dispersed in 100 mL of EtOH, we were
able to introduce amine groups onto the surface of silica-coated cobalt
ferrite nanoparticles. The final mixture was agitated at 80 °C for 6 h.
After that, the synthesized CFNA nanocomposites were collected
using an extrinsic magnet, washed with Et2O to get rid of the silylating
agent that had not been reacted, and dried till vacuum.
2.1.4. Synthesis of CFNPs. Biguanidine was added to the surface

of the nanocomposite (CoFe2O4@SiO2@NH2) in order to enhance
the catalytic sites (NH sites). For this surface modification, 10 mL of
EtOH was mixed with 0.5 g of CFNA nanoparticles, 125 mg of
dicyandiamide, and 0.3 mL of Et3N and refluxed for 6 h. The end
product, CoFe2O4@SiO2@NH2@BG (CFNP) nanoparticles
(Scheme 1), was collected by using an external magnet, washed
repeatedly with EtOH, and then dried in an oven for 24 h at 100 °C.

Scheme 1. Pictorial Representation of the Synthesis of the CFNP Nanocatalyst

Figure 2. (A) FT-IR spectra of (a) CoFe2O4, (b) silica-coated CoFe2O4 (CoFe2O4@SiO2), (c) CoFe2O4@SiO2@NH2, and (d) CFNP. (B)
Powder XRD analysis of (a) CoFe2O4 and (b) CFNPs.
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2.2. General Procedure for Knoevenagel Condensation
Using CFNP as a Catalyst
All the benzaldehydes (1, 4, 7) used during the experiment were
purchased from Fluka, Sigma-Aldrich, Merck, Spectrochem, and
malononitrile (2), ethyl cyanoacetate (4), and cyanoacetamide (8)
were bought from Spectrochem and utilized without undergoing any
further purification before being used.
Benzaldehyde (1.0 mmol), an active methylene compound

(malononitrile/ethyl cyanoacetate/cyanoacetamide), and 10 mg of
the nanocatalyst (CFNP) were placed in a 25 mL oven-dried round-
bottom flask. The reaction mixture was stirred constantly at 60 °C.
The completion of the condensation process was carefully monitored
using TLC with 20% ethyl acetate in hexane as the mobile phase.
Ethanol was then added when the reaction was complete, and the
catalyst was separated using an external magnet and washed in
ethanol. The solvent was evaporated using a rotatory evaporator, and
the resultant solid was recrystallized using ethanol.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization

To validate the structural attributes of the synthesized
nanocatalyst, multiple characterization techniques were used,
which are discussed below.
3.1.1. Fourier Transform Infrared (FT-IR) Spectrosco-

py. FT-IR spectra of CoFe2O4, CoFe2O4 @SiO2, CFNA, and
CFNPs were obtained at room temperature using a Perkin
Elmer Spectrum 2000 utilizing the KBr pellet method (400−
4000 cm−1), as shown in Figure 2A. Absorption bands at 881
and 547 cm−1 in the FT-IR spectra of CoFe2O4 nanoparticles
provide evidence for the existence of inverted spinal cobalt
ferrite structures.32 Peaks at 881 and 547 cm−1 correspond to
the stretching vibration of the tetrahedral site (Fe3+, O2−) and
octahedral site (Co2+, O2−) in the spinel structure, respectively.
Figure 2A(a) shows the stretching and bending vibrations of
the surface OH groups present at 3404 and 1648 cm−1,
respectively.30 In addition, the presence of silica over the
surface of cobalt ferrite nanoparticles is confirmed by the bands
seen at 792, 950, and 1068 cm−1 in Figure 2A(b),33 which
could be attributed to the Si−O−Si symmetric, Si−O
symmetric, and Si−O−Si asymmetric stretching modes,
respectively. Two additional bands, at 2920 (CH2) and 1642
(NH2) cm−1, occur in the spectrum of APTES-functionalized

CoFe2O4@SiO2 nanoparticles, indicating the surface function-
alization of CoFe2O4@SiO2 with NH2 groups (Figure
2A(c)).34 Furthermore, Figure 2A(d) represents the FT-IR
spectra of CFNPs, which are reported earlier.35 Thus, the
findings showed that CFNA nanoparticles were successfully
functionalized with the required biguanidine moiety.
3.1.2. XRD Analysis. X-ray diffraction (XRD) was analyzed

by the structural integrity and crystalline phase structure of the
synthesized CoFe2O4 and CFNPs. XRD patterns were
acquired at room temperature in the 2θ range of 5−80°
(Figure 2(B)) using the parameters 0.15406 nm, 40 kV, 40
mA, and scanning rate = 2°/min.
Nanoparticles of inverse cubic spinel cobalt ferrite exhibit

characteristic diffraction peaks at 30.24, 35.62, 43.33, 53.60,
57.27, and 62.79°, which correspond to the (220), (311),
(400), (422), (511), and (440) planes, respectively, with the
space group fd-3m36 (JCPDS card no. 22-1086, Figure
2B(a)).28,30 Figure 2B(a) shows that the XRD structure of
the sample is consistent with that reported in the previous
literature37 for CoCl2.6H2O (JCPDS file (no. 01-0173)), with
the exception of a slight shift in the peaks caused by the
presence of bimetallic nature (Co and Fe). Additionally, the
Bragg diffraction peaks for CFNP were similar and matched
with characteristics peaks of cobalt ferrite nanoparticles,
confirming that the spinel structure of CoFe2O4 nanoparticles
remains even after chemical transformations (Figure 2B(b)).
The XRD pattern showed intense peaks, which is consistent
with increased CoFe2O4 crystallization.
3.1.3. SEM and TEM Analysis. In order to derive

information about the shape and morphology of the
synthesized nanoparticles (CoFe2O4, CoFe2O4@SiO2, and
CFNP), scanning electron microscopy (SEM) images were
collected through using a Carl Zeiss, India (Jeol Japan Mode:
JSM 6610LV), and transmission electron microscopy (TEM)
images of the synthesized nanoparticles were acquired using an
FEI TECHNAI (model number G2 T20) operated at 200 kV
by casting their dispersed ethanolic solution over carbon-
coated copper grids. The morphology and their texture
illustration were attained using scanning electron microscopy
and transmission electron microscopy analysis (Figure 3). The
SEM pictures collected for CoFe2O4 nanoparticles substanti-

Figure 3. SEM images of (a) CoFe2O4, (b) CoFe2O4@SiO2, and (c) CFNP and TEM images of (d) CoFe2O4, (e) CoFe2O4@SiO2, and (f) CFNP.
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ated the formation of the monodispersed spherical shape
without agglomeration despite the dipolar interaction between
the particles.38 (Figure 3a). The SEM analysis of silica-coated
nanoparticles (CoFe2O4@SiO2) and after surface modification
by the biguanidine group (CFNP) depicted the intactness of
their spherical shape (Figure 3b−c). Furthermore, the TEM
analysis confirmed that the spherical shape of CoFe2O4
nanoparticles is monodisperse and the size is about 200 nm
(Figure 3d). TEM imaging (Figure 3e) confirms the existence
of a uniform silica covering of roughly 30 nm around the
CoFe2O4 core, which prevents agglomeration. The TEM
picture of CFNPs further supported the preservation of the
same spherical shape and the expanded size of these
nanoparticles (Figure 3f). Figure S1b (Supporting informa-
tion) represents the SAED pattern of CoFe2O4 nanoparticles,
which confirmed the polycrystalline nature of the synthesized
nanoparticles due to the existence of diffraction rings with
white spots.39

Furthermore, to understand the elemental composition of
the CFNP nanocatalyst, the SEM-coupled EDX spectrum was
collected, and it confirms the presence of expected elements
such as cobalt (Co, 1.45%), iron (Fe, 9.40%), silicon (Si,
6.72%), carbon (C, 18.54%), nitrogen (N, 25.27%), and
oxygen (O, 38.61%), indicating the successful conjugation of
biguanidine with CoFe2O4@SiO2@NH2 nanoparticles (Figure
4).
3.1.4. VSM Analysis. The magnetic properties of the

synthesized CoFe2O4, CoFe2O4@SiO2, CoFe2O4@SiO2@
NH2, and CFNPs were evaluated using a vibration sample
magnetometer (VSM), model number EV-9, Microsense at
room temperature (Figure 5). As it can be seen clearly from
Figure 5, there is the absence of the hysteresis phenomenon,
remanent magnetization, and coercivity, implying the super
paramagnetic behavior of bare as well as surface-modified
nanoparticles.40 The values of saturation magnetization (Ms)
for CoFe2O4, silica-coated CoFe2O4, CFNA, and CFNP were
determined to be 63, 53, 48, and 34 emu/g, respectively. The

monolayer covering of APTES on the surface caused a very
slight drop in the Ms value of CoFe2O4 after APTES
functionalization.39 This difference in Ms values of CoFe2O4
and CFNP showed that a great number of biguanidine
moieties were bonded to Co2Fe2O4 nanoparticles.32 The
addition of nonmagnetic silica and other functional groups
may reduce the surface moments for distinct particles, which
contributes to the overall drop in magnetism. Despite the
lower Ms value for the CFNP in comparison to bare CoFe2O4,
it is still sufficient to perform magnetic separation more quickly
from the crude solution by introducing an extrinsic magnetic
field. The Ms value for the recovered catalyst was 26 emu/g at
rt, which is more than adequate for the efficient and rapid
recovery utilizing an external magnet (Figure 5e).
3.1.5. Thermogravimetric Analysis (TGA). Thermogra-

vimetric analysis26 (TGA) of the sample was carried out on a

Figure 4. SEM-coupled EDX spectrum of CFNP.

Figure 5. VSM analysis of (a) CoFe2O4, (b) CoFe2O4@SiO2, (c)
CoFe2O4@SiO2@NH2, (d) CFNP, and (e) reused CFNP after eight
consecutive cycles.
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Shimadzu TG/DTA simultaneous measuring instrument
(Model: DTG-60) from ambient temperature (rt) to 800 °C
at a steady 10 °C per min heating rate and 100 mL per min
nitrogen gas flow to determine the thermal stability of CFNPs.
The results indicated that the synthesized CFNPs were stable
up to 300 °C in a N2 environment (Figure 6). Evaporation of

the entrapped water and organic solvents causes a minor loss in
weight between 230 and 300 °C, but the significant weight loss
above 400 °C is due to the disintegration of organic layers. A
total weight loss of up to 75% shows that a large portion of the
catalyst was composed of organic layers. After 400 °C, the
CFNPs start decomposing at 400 °C, which is completed at
650 °C. A further increase in the temperature did not show any
decomposition of CFNPs.
3.1.6. Basicity of Catalysis. The quantification of basic

sites over the present CFNA and CFNP nanocatalysts was
carried out using the conductometric titration method as
reported elsewhere.27 The experimental results showed that
the number of basic sites as calculated using conductometric
titration was found to be 1.4 mmol/g for CFNA and 3.05
mmol/g for CFNP.
3.1.7. X-ray Crystallographic Structure of Compound

6b. Data were collected using graphite-monochromated Mo
Kα radiation (λ = 0.71073 Å) on an XtaLAB Synergy, Dualflex,
HyPix3000 diffractometer running at 50 kV and 30 mA. The
crystal was analyzed at 293(2) K while the data were being
recorded. Using Olex2,41 the structure was analyzed and

refined using the SHELXL42 refinement package involving
least squares minimization. For crystal growth, the Knoevena-
gel adduct 6b was added in a 50 mL beaker, dissolved in 10 mL
of DCM, and kept for few days. The structure analysis of one
of the synthesized compound 6b is done by using X-ray single-
crystal diffraction (CCDC-2210747, Figure 7). The detailed
crystallographic studies of compound 6b43 C12H10ClNO2 (M =
235.66 g/mol) indicated that the compound has a monoclinic
structure in the crystal lattice, space group P21/n, and the Z
value is 4.
From crystal structure, it is clear that for the given organic

molecule 6b and its derivatives, the configuration is E, by using
IUPAC convention. Important bond length and bond angle
can be seen in Tables S8 and S9, respectively, as mentioned in
the Supporting Information.
3.2. Catalytic Potential Analysis of the
Biguanidine-Functionalized Cobalt Ferrite Nanocatalyst
for the Knoevenagel Condensation

The catalytic potential in the Knoevenagel condensation with
benzaldehydes and malononitrile was investigated using the
synthesized CFNP nanocatalyst. The reaction conditions were
optimized by taking 4-bromobenzaldehyde and malononitrile
as test substrates under solvent-free conditions. To accomplish
the optimal reaction conditions, effects of the quantity of the
catalyst, solvent, temperature, and reaction completion time
were studied and optimized (Table 1).

Primarily, the impact of the quantity of the catalyst on the
product yield was investigated. The catalytic amount selected
for the reaction varies from 0 mg to 15 mg (Table 1, entry 1−4
and 10) at 60 °C, and it was observed that the best results were
obtained when 10 mg of CFNP was utilized to perform the
reaction (Table 1, entry 4). Using the lower amount of the
catalyst, i.e., 5 mg and 7 mg, the yield of the product was found
to be less with 70 and 90% yield, respectively (Table 1, entry
2−3), whereas no noticeable change in the isolated yield of the
product even after increasing the quantity of the catalyst is
observed. When performing the reaction at 60 °C and varying
the quantity of the catalyst CFNP from 0 to 15 mg (Table 1,
entries 1−4 and 10), it was found that 10 mg of CFNP
produced the finest results (Table 1, entry 4). Using a lower
quantity of the catalyst, i.e., 5 mg and 7 mg, resulted in a lesser
product yield of 70 and 90%, respectively (Table 1, entries 2−
3), while increasing the catalyst amount had no noticeable

Figure 6. TGA analysis of CFNPs.

Figure 7. Single-crystal XRD of compound 6b (CCDC- 2210747). The displacement ellipsoid contour is drawn at the 50% probability level.
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effect on the isolated yield. Therefore, using a catalyst amount
of 10 mg yielded the optimum outcomes. Furthermore, on
varying the solvents such as EtOH, DCM, CH3CN, THF,
H2O, and toluene, we did not observe any significant increase
in the overall yield of the product (Figure 8, entry 5−9 and
Table 1).

Subsequently, the impact of temperature on the reaction’s
progression was also studied. The yield of the product at rt was
found to be 72% only, whereas the increase of temperature
from 40 to 60 °C leads to an increase in the isolated yield of
the product. One possible explanation for the higher yield is
that increasing the temperature also increases the reactant
solubility, which ultimately improves the catalytic performance.
In addition, neither the pace of the reaction nor the isolated
yield of the product was significantly changed by an increase in
temperature from 60 to 80 °C (entry 12, Table 1). Along with
the present catalyst CFNP, the model reaction was also carried
out using our previously reported magnetic basic nanocatalyst
(ASMNPs),27 which is (Fe3O4@SiO2@NH2), and a note-
worthy yield (88%) of the model reaction product was found
at 40 °C within 5 min. However, the current magnetic
nanocatalyst (CFNP) has a great number of catalytic active
sites compared to ASMNPs; the reaction proceeded more
efficiently and smoothly. Additionally, we used the catalyst
CFNAf (CoFe2O4@SiO2@NH2) and CFNP to compare the
model reaction’s notable yield, which we found to be 88 and

99%, respectively. Considering this, CFNPs show superior
catalytic activity compared to CFNA and ASMNPs.
3.2.1. Green Chemistry Parameters. For the synthesis of

the Knoevenagel condensation product (3a), the green
chemistry metrics for the condensation process between 4-
bromobenzaldehyde and malononitrile were also analyzed.
Table 2 shows some of the variables considered when

analyzing the cost effectiveness of green organic synthesis
under ideal circumstances. The radar chart (Figure 9) showed

the harmonious relationship between reaction mass efficiency,
carbon efficiency, atom economy, and the E-factor, which
shows that this approach is environmentally friendly. The
supplementary file explains every calculation used to determine
green chemistry parameters.
3.3. Knoevenagel Condensation of Aldehydes with an
Active Methylene Molecule (Malononitrile, Ethyl
Cyanoacetate, or Cyanoacetamide) and the Catalytic Role
of CFNPs
After optimizing the reaction conditions for the aforesaid
Knoevenagel condensation, the capability of the synthesized
nanocatalyst (CFNP) toward the synthesis of the condensation
product (benzylidene) was extended and investigated by taking
a diverse range of aromatic aldehydes/benzaldehydes and
malononitrile (Schemes 2 and 3). Briefly, this condensation
reaction was achieved by heating aldehyde (1.0 mmol),
malononitrile (1.2 mmol), and the catalyst (10 mg) in an oil
bath to 60 °C for a suitable amount of time. Using
malononitrile and several aromatic aldehydes containing either
electron-withdrawing or electron-donating groups, we were
able to generate a wide variety of useful Knoevenagel
condensation products in good to great yield, as illustrated
in Scheme 2. In addition, the outcomes demonstrated that the
electronic environment of the benzylidene utilized affects how
quickly benzylidene converts and how much is produced.
Electron-withdrawing benzaldehyde derivatives, such as Br, Cl,

Table 1. Optimization of Reaction Conditionsa

entry
catalyst
amountb solvent

temp
(°C)

timec
(min)

yield
(%)d

1. 0 60 30 NR
2. 5 60 10 70
3. 7 60 10 90
4. 10 60 5 99
5. 10 EtOH 60 10 95
6. 10 DCM 60 10 70
7. 10 CH3CN 60 10 78
7. 10 THF 60 10 85
8. 10 H2O 60 10 90
9. 10 toluene 60 10 80
10. 15 60 5 99
11 10 rt 10 72
12. 10 80 5 98
13. 10e 40 5 88
14. 10f 60 8 88

aReaction Conditions: 4-bromobenzaldehyde (1.0 mmol) and
malononitrile (1.2 mmol). bcatalyst (mg). ctime (min). d(%) isolated
yield. ecatalyst27 (ASMNPs),. fcatalyst (CFNA).

Figure 8. Solvents effect on the yield of the Knoevenagel
condensation product [SF corresponds to solvent-free conditions].

Table 2. Calculation of Green Chemistry Metrics

yield

atom
economy
(AE)

reaction mass
efficiency (RME) E-factor

carbon
efficiency (CE)

99% 88.10% 87.07% 0.15 93.4%

Figure 9. Green chemistry metrics for the synthetic ″3a″ from a
model Knoevenagel condensation process shown on a radar chart
plot.
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NO2, CHO, F, and COOH (entry 1a, 1b, 1h, 1l, 1d. 1k),
showed superior conversion and better yield as compared to
benzaldehydes having electron-donating groups including
OMe or CH3 (entry 1c, 1i).
Additionally, broadening of the use of the Knoevenagel

condensation reaction between aldehydes with ethyl cyanoa-
cetate and cyanoacetamide acting as an active methylene
compound was also carried out under similar reaction
conditions (Schemes 3 and 4). When compared to Scheme
2, it was seen that the reaction proceeds efficiently, which
produced an excellent amount of the product.

Additionally, from an industrial perspective, gram-scale
synthesis of 2-(4-nitrobenzylidene)malononitrile (3h) was
performed. To accomplish this, 1.51 g of p-nitrobenzaldehyde
(10 mmol), 0.6 mL of malononitrile (12 mmol), and 100 mg
of the catalyst CFNP were heated in an oil bath with
continuous stirring. After completion of the reaction for

compound 3 h, it was found that the reaction proceeded
smoothly within 35 min with an excellent yield of 1.49 g
(99%). In addition, the current catalytic system was found to
be suitable for the conversion involving moderate reaction
conditions and an easier workup procedure.
3.4. Probable Reaction Mechanism

A plausible mechanism for the Knoevenagel reaction involving
the reactants benzaldehyde and malononitrile using CFNPs as
a nanocatalyst for the formation of benzylidene by the
condensation method is illustrated in Figure 10. In the
beginning, the hydrogen bonds on the catalyst surface were
responsible for absorbing the substrates (A). Then, the imine
group of the biguanidine moiety (CFNP) abstracts the active
α-H of malononitrile and the carbanion formed, which attack
the carbonyl carbon of the benzaldehyde to generate an
oxyanion (B). After that, the oxyanion thus obtained reacts
with the proton of amino cation (C) to form the
corresponding Knoevenagel condensation product (benzyli-
dene malononitrile) by removal of a water molecule (D), and
the catalyst (CFNPs) is concurrently generated back. Hence,
the basic sites of the nanocatalyst played a very vital role in
attaining superior performance of the present Knoevenagel
condensation reaction.
3.5. Analysis of the Recyclability of the Magnetic
Biguanidine-Functionalized Cobalt Ferrite (CFNPs)

Several criteria of green chemistry, including excellent recovery
and reusability of the catalyst, are extremely critical and desired
features that point in the direction of its commercial
implementation. In this regard, 4-bromobenzaldehyde and
malononitrile were used as model substrates at the appropriate
condensation conditions for the assay of the operational
stability and recyclability of the CFNP nanocatalyst. The
catalyst was removed magnetically from the reaction mixture
when the condensation reaction was complete, washed with
ethanol (4−5 times), and then dried at 60 °C under vacuum.
After recovering the catalyst, an identical model reaction with
benzaldehyde and malononitrile was repeated. The recycling
results indicated no appreciable loss in the catalytic activity of
the nanocatalyst up to eight consecutive cycles (Figure 11),
revealing its exceptional long-term stability and reusability. The
CFNP nanocatalyst’s activity may have dropped somewhat
because the pores were blocked by reactants or products. To
further examine the amine group leaching into the reaction
mixture, the CFNP was removed from the reaction medium
after 3 min using an extrinsic magnet. Now, the residual
reaction mixture was reacted under similar circumstances, and
no further progress in the reaction was observed even after 40
min, which confirmed the heterogeneous nature as well as
stability of the CFNP nanocatalyst. The obtained outcomes
were further supported by the FT-IR, powder XRD, and SEM
analyses of the recovered catalyst (obtained after the 8th run in
the Supporting Information (SI)) and VSM analyses of the
recovered catalyst (Figure 5e). The basic nanocatalyst’s
structure and shape remained unaltered even after eight runs,
proving its stability and durability, when the findings of fresh
and recovered catalysts were compared.
3.6. Comparison of the CFNP-Catalyzed Knoevenagel
Condensation to Form Benzylidenemalononitrile
Derivatives with the Reported Precedents

Numerous homogeneous and heterogeneous catalysts have
been identified for the Knoevenagel condensation reaction

Scheme 2. Substrate Scope for the Knoevenagel
Condensation Involving Aldehydes and Malononitrile using
CFNP as a Catalysta

aReaction Conditions: Benzaldehyde (1 equiv, 1.0 mmol) and
malononitrile (79.27 mg, 0.66 mL, 1.2 equiv, 1.2 mmol), catalyst (10
mg), and temp (60 °C) under neat reaction conditions.

Scheme 3. Substrate Scope for the Knoevenagel
Condensation Involving Aldehydes and Ethyl Cyanoacetate
using CFNP as a Catalysta

aReaction Conditions: Benzaldehyde (1 equiv, 1.0 mmol) and ethyl
cyanoacetate (135.7 mg, 1.2 equiv, 1.2 mmol), catalyst (10 mg), and
temp (60 °C) under neat reaction conditions

Scheme 4. Substrate Scope for the Knoevenagel
Condensation between Aldehydes and Cyanoacetamide
using CFNP as a Catalysta

aReaction Conditions: Benzaldehyde (1 equiv, 1.0 mmol) and
cyanoacetamide (100.89 mg, 1.2 equiv, 1.2 mmol), catalyst (10 mg),
and temp (60 °C) under neat reaction conditions.
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involving aldehydes and malononitrile, according to a thorough
literature review (Table 3). Our magnetic solid heterogeneous
CFNP nanocatalyst outperformed previous reports in ambient
reaction conditions, catalyst loading, solvent-free conditions,
time, product yield, no need for column chromatography, wide
functional group tolerance, catalyst magnetic retrievability, and
recyclability. The current magnetic nanocatalyst performs well
because it has several basic catalytic sites that support
condensation product formation. Thus, the current catalytic
system offers a clean and green method without a reaction
solvent, simple workup, recyclability, and stability of the
biguanidine-functionalized nanocatalyst by applying an exter-
nal magnetic force.

Figure 10. Plausible reaction mechanism for the Knoevenagel condensation reaction involving aldehydes and malononitrile using a basic CFNP
nanocatalyst.44

Figure 11. Recyclability chart of the synthesized CFNP catalyst.
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4. CONCLUSIONS
In conclusion, a novel biguanidine-functionalized basic
magnetic cobalt ferrite nanocatalyst (CFNP) for the
Knoevenagel condensation reaction involving aldehydes and
an active methylene compound (malononitrile/ethyl cyanoa-
cetate/cyanoacetamide) has been designed, characterized, and
examined for its performance. The current approach’s notable
features are its superiority over the conventional magnetic
core-based nanocatalyst reported previously, which include
ambient reaction conditions, the heterogeneous nature of the
catalyst, a shorter reaction period (4−30 min), low catalyst
loading, a broad substrate scope, high conversion, high TOF
values (52.46−486.88 h−1), and high yield of condensation
products. The produced nanocatalyst also showed recyclability
up to eight successive runs without any notable reduction in its
activity, and its removal from the reaction mixture is as easy as
using magnetic attraction. In addition, the proposed protocol is
green and sustainable to easily synthesize the Knoevenagel
condensation products, with use of nonhazardous chemicals,
cost effectiveness, solvent-free settings, and a straightforward
workup process. We believe that the developed nanocatalyst
can find a wide variety of industrial applications for significant
organic transformation reactions under green and sustainable
conditions due to the presence of a large number of NH
groups, which is enabled by the immobilization of a wide
variety of chemical and metal moieties.
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Table 3. Previously Reported Methods and Catalyst for the Knoevenagel Condensation Reaction

s. no. catalyst solvent temp. (°C) time yield (%) refs

1. NiCu@MW CNT NPs H2O/MeOH (1:1) rt 10−180 min 96 12
2. FeNPs/PPD@rGO toluene 40 3.5 h 100 5
3. Ce0.4Bi0.6O1.7 EtOH 35 6h 100 45
4. Fe3O4@CFR-S-PNIPAM@ Pd/CD H2O 25 24 h 98 46
5. GO-NH2(1.8)−Si (0.2) H2O 40 1 h 99 47
6. PS−NH2 HMOPBs EtOH rt 2 h 98 48
7. Cu-based MOF toluene 100 10 h 99 49
8. Ga4B2O9 N2/DMSO 40 0.5 h 98 9
9. Fe3O4/SiO2/PPI-G3 N2/EtOH rt 0.5 h 93 50
10. [CaZn] NUC-21 60 1 h 97 51
11. UiO-67-diamine DMF 25 2 h 99 52
12. (NUC-42) H2O 60 6 h 99 53
13. CFNP solvent-free 60 5−20 min 99 P.W.
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