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(II) complex attached on 1,3,5-
triazine-immobilized silica-coated Fe3O4 core/shell
magnetic nanoparticles as an environmentally
friendly and recyclable catalyst for the one-pot
synthesis of substituted pyridine derivatives†

Sobhan Rezayati,a Fatemeh Kalantaria and Ali Ramazani *ab

In the current study, an environmentally friendly and facile method was proposed for designing and

constructing a catalyst with Ni(II) attached to a picolylamine complex on 1,3,5-triazine-immobilized Fe3O4

core–shell magnetic nanoparticles (NiII-picolylamine/TCT/APTES@SiO2@Fe3O4) via a stepwise procedure.

The as-synthesized nanocatalyst was identified and characterized via Fourier-transform infrared (FT-IR), X-

ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), vibrating-sample magnetometry

(VSM), transmission electron microscopy (TEM), X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET),

field-emission scanning electron microscopy (FE-SEM), inductively coupled plasma (ICP), and energy-

dispersive X-ray spectrometry (EDX). The obtained results from the BET analysis indicated that the

synthesized nanocatalyst had high specific area (53.61 m2 g−1) and mesoporous structure. TEM

observations confirmed the particle size distribution was in the range 23–33 nm. Moreover, the binding

energy peaks observed at 855.8 and 864.9 eV in the XPS analysis confirmed the successful and stable

attachment of Ni(II) on the surface of the picolylamine/TCT/APTES@SiO2@Fe3O4. The as-fabricated catalyst

was used to produce pyridine derivatives by the one-pot pseudo-four component reaction of

malononitrile, thiophenol, and a variety of aldehyde derivatives under solvent-free conditions or EG at 80 °

C. The highest yield achieved was 97% for compound 4d in EG at 80 °C with a TOF of 823 h−1 and TON

of 107. It was found that the used catalyst was recyclable for eight consecutive cycles. On the basis of ICP

analysis, the results indicated that the Ni leaching was approximately 1%.
Introduction

The focus on sustainable chemistry and green chemistry in
modern organic synthesis has intensied in recent years, and
includes not using dangerous or toxic solvents and reagents, the
avoidance of non-recyclable and expensive catalysts, and the
avoidance of harsh reaction conditions.1–4 Over the past few
decades, there has been increasing interest in the use of eco-
friendly solvents or reagents, good atom economy, and
measures that can save energy consumption in the synthesis of
organic compounds.5–7 The use of clean and green chemical
technologies both in organic transformations and in wider
cience, University of Zanjan, Zanjan
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the Royal Society of Chemistry
industry still faces some signicant challenges to produce
valuable chemicals. One of the important factors in sustainable
chemistry and green chemistry is the use of catalysts. Recently,
research on catalysts, especially heterogeneous catalysts, in
research transformations and in most chemical industrial
processes has gained high signicance. Likewise, for support-
ing the global community, catalysts can help the production of
sustainable fuels and many indispensable chemicals.8–13

Therefore, efficient, green, and suitable catalysts have a great
role to play in promoting sustainability. In this regard, nano-
catalysts have many suitable unique features, including effi-
cient recovery, low cost of production, excellent selectivity, high
activity and stability, and good recyclability.

One of the most important modern science areas is nano-
science. Nanotechnology allows physicians, engineers, scien-
tists, and chemists to do work at the cellular and molecular
levels to make important advances in the healthcare and
science elds, among others. In recent years, due to their elec-
trical characteristics, distinctive magnetic properties, unique
size, and high surface area, the utilization of magnetic nano-
particles (MNPs) has attracted considerable attention. They also
RSC Adv., 2023, 13, 12869–12888 | 12869
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Scheme 1 Some biological pyridine derivatives.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

/2
7/

20
26

 3
:2

5:
53

 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
have particular properties in industrial applications and
biomedical applications, such as drug delivery systems, sepa-
ration of metal ions for environmental remediation, bio-
isolation, saving information, biomolecular sensing, magneto-
heat therapy, targeted gene therapy, and sensors.14–16 A high
biocompatibility and sensitivity to postsynthetic surface func-
tionalization have made magmite (g-Fe2O3) and magnetite
(Fe3O4) among the range of iron oxides, great candidates for
many signicant applications.17–22 One of the important
advantages of MNPs as catalysts is their easy recovery using
a magnetic eld. The two intrinsic properties of paramagnetism
and the insolubility of nanomagnets facilitate the separation of
Scheme 2 (a) Some naturally occurring compounds (I, II, and III) bearing
(IV and V).

12870 | RSC Adv., 2023, 13, 12869–12888
such magnetic catalysts from reaction mixtures. In particular,
silica-modiedMNPs have received widespread attention due to
their various important advantages, such as ease and simplicity
of synthesis, functionalization, and easy separation from the
reaction medium employing a simple magnet, thermal stability,
and low toxicity.

One of the best ways to synthesize new heterocyclic compounds
from available and simple raw materials is through multicompo-
nent reactions (MCRs), which have been widely employed in the
preparation of biologically active molecules, natural products, and
organicmatter.23,24 The development of one-potMCRs is one of the
best methods for the synthesis of desired products due to certain
pyridine groups and (b) some drug molecules with a pyridine skeleton

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Activity of the NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 catalyst for the synthesis of substituted pyridine derivatives.
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salient features of this method, such as high selectivity, facile
automation, simplicity, and high atomic economy.25–27 Other
benets of one-pot MCRs over multistep syntheses include their
short reaction time and high chemical yields, which also leads to
reduced waste generation, manpower, and energy consumption.
Hence, MCRs have become a very powerful tool in combinational
chemistry and drug discovery for the synthesis of biologically
important heterocyclic compounds.

N-Heterocyclic scaffolds are very common in naturally
occurring compounds. Among the heterocyclic compounds, the
2-amino-3,5-dicarbonitrile-6-thio-pyridines ring system has
attracted much attention due to its widespread occurrence in
numerous bioactive natural products. Such compounds have
enjoyed wide applications in diverse pharmacological activities,
such as anti-bacterial,28 anti-prion,29 anticancer agents,30 and
anti-hepatitis B virus.31 (Scheme 1).

Furthermore, they can act as potassium channel openers for
the treatment of urinary incontinence. In addition, some of these
compounds were discovered to be candidates for the develop-
ment of new drugs for the treatment of cancer, Parkinson's
disease, epilepsy, hypoxia/ischemia, kidney disease, and
asthma.32 For example, there are some naturally occurring
compounds I, II, and III that bear a pyridine group as a structural
subunit;33–35 while compounds IV and V are commercially avail-
able drugmolecules that have the pyridine skeleton (Scheme 2).36

Diverse approaches have been developed for preparing
pyridine derivatives with multistep methods.37–39 Recently, the
reaction between aldehyde, malononitrile, and thiol via a one-
pot pseudo-four component reaction was evaluated as an effi-
cient and simple method for the preparation of 2-amino-3,5-
dicarbonitrile-6-thio-pyridines in the presence of a catalyst. In
recent years, more effective catalysts for the preparation of
pyridine derivatives have been reported, such as ZnCl2,40 NAP-
MgO,41 iodoxybenzoic acid (IBX),42 DBU,43 KF/alumina,44 scan-
dium(III) triate,45 [bmIm]OH,46 DABCO,47 WEB,48 Fe2O3@Fe3-
O4@Co3O4,49 NaNH2,50 Cu(I) nanoparticles,51 Zn(II) and Cd(II)
MOFs,52 microporous molecular sieves 4A,53 and phospho-
tungstic acid/CTAB.54 Nevertheless, some previously reported
procedures remain valuable, albeit many of these procedures
have signicant drawbacks, such as low yields, tedious workup
procedures, high temperatures, long reaction times, and the use
of phosphine ligands and copper salts. For example, Evodkimov
et al. developed a new method for the synthesis of pyridines
© 2023 The Author(s). Published by the Royal Society of Chemistry
derivatives using DABCO or Et3N as a base catalyst. One of the
limitations of that method was that the corresponding products
were obtained in yields of only 20–48%.47 Sridhar et al. reported
a new ZnCl2 as a Lewis acid catalyst for the synthesis of pyri-
dines derivatives under exotic reaction conditions (conven-
tional heating or microwave heating). The ZnCl2 catalyst gave
the products in 45–73% and 46–67% yields, respectively.40 It was
further observed that some methods used expensive or toxic
catalysts and reagents.43 Therefore, the development of an
environmentally friendly and green route for the synthesis of
pyridine derivatives is still a desirable goal.

Continuing our endeavors for preparing and designing new
magnetic nanoparticles as nanocatalysts,55–58 herein, for the
rst time, we report the synthesis of NiII-picolylamine/TCT/
APTES@SiO2@Fe3O4 as a heterogeneous nanocatalyst. This
catalyst could be successfully used in the one-pot pseudo-four
component synthesis of substituted pyridine derivatives
(Scheme 3).

Results and discussion
Preparation of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4

NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 was made accord-
ing to a convenient and simple four-step operation process, as
illustrated in Scheme 4. Silica-coated Fe3O4 was initially ob-
tained by attaching Fe3O4 to tetraethyl orthosilicate. In the next
step, the resulting Fe3O4@SiO2 was coated with (3-aminopropyl)
triethoxysilane (APTES), followed by treatment with 2,4,6-
trichloro-1,3,5-triazine (TCT) as a cross-linking agent in THF at
room temperature. The chloride atoms in the cyanuric chloride
agent were alternatively substituted to amine groups in APTES
and 2-picolylamine at diverse temperatures, respectively. Pico-
lylamine/TCT/APTES@SiO2@Fe3O4 was formed through the
reaction between Fe3O4@SiO2@NH2@TCT and 2-picolylamine
under reux conditions in CH3CN. Finally, the reaction with
a solution of nickel(II) chloride hexahydrate and picolylamine/
TCT/APTES@SiO2@Fe3O4 in EtOH at room temperature gave
NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 (Scheme 4).

Characterization of NiII-picolylamine/TCT/
APTES@SiO2@Fe3O4 catalyst

The as-prepared nanocatalyst was characterized using various
techniques, including FT-IR, XPS, TGA, VSM, TEM, XRD, BET,
RSC Adv., 2023, 13, 12869–12888 | 12871
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Scheme 4 Preparation of the NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 catalyst.

Fig. 1 FT-IR spectra of (a) Fe3O4, (b) SiO2@Fe3O4, (c) APTES@SiO2@Fe3O4, (d) TCT/APTES@SiO2@Fe3O4, (e) picolylamine/TCT/
APTES@SiO2@Fe3O4, and (f) NiII-picolylamine/TCT/APTES@SiO2@Fe3O4.

12872 | RSC Adv., 2023, 13, 12869–12888 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDX spectrum of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 catalyst.
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FE-SEM, ICP, and EDX. FT-IR spectra were obtained for
assessing the chemical changes during the synthesis of the NiII-
picolylamine/TCT/APTES@SiO2@Fe3O4 catalyst in the range of
400 to 3900 cm−1, and the results are displayed in Fig. 1. As can
be seen in the FT-IR spectrum of pure magnetic nanoparticles,
the strong absorption at 610 cm−1 was associated with the Fe–O
bond, and conrmed the synthesis of iron oxide (Fig. 1a).57,58

Two absorption peaks at 1109 and 3414 cm−1 were observed,
attributed to the presence of Si–O–Si and OH groups, respec-
tively (Fig. 1b).57,58 Aer immobilizing APTES on the silica-
coated Fe3O4, new bands appeared at 3445 and 1635 cm−1,
which were assigned to N–H stretching vibration and N–H
bending vibration of NH2, respectively. Furthermore, the new
band detected at 2922 cm−1 was due to the C–H(sp3) of a –CH2

group, indicating the APTES coating on the SiO2@Fe3O4

(Fig. 1c).57,58 The absorption peaks about 1300–1600 cm−1 in the
TCT/APTES@SiO2@Fe3O4 spectra were associated with the C–N
and C]N stretching vibrations, proving the TCT presence on
the TCT/APTES@SiO2@Fe3O4 structure. Besides, the absorption
band at 866 cm−1 was related to the unreacted C–Cl bond
(Fig. 1d).57,58 Aer the reaction between TCT/APTES@SiO2@-
Fe3O4 with 2-picolylamine to give picolylamine/TCT/
APTES@SiO2@Fe3O4, as expected, the absorption peak for C–Cl
disappeared (Fig. 1e). Aer the coordination of the Ni(II) metal
ion, the imine peak shied from 1626 to 1639 cm−1. These
obtained result indicated the coordination of Ni(II) metal ion on
the surface of picolylamine/TCT/APTES@SiO2@Fe3O4

(Fig. 1f).57,58

EDX spectroscopy is one of the most signicant elemental
analyses to chemically characterize samples with high accuracy.
The EDX spectrum clearly showed the presence of O, Fe, Si, C, N,
and Ni elements in the catalyst with mass percentages of 36.0,
39.0, 19.71, 2.83, 1.45, and 1.01, respectively, indicating the
catalyst had been successfully prepared. The Ni loading onto
© 2023 The Author(s). Published by the Royal Society of Chemistry
the NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 catalyst was
conrmed by the peak presence of the Ni element in the EDX
spectrum (Fig. 2). Moreover, ICP was used to conrm the exact
amount of Ni loading of the catalyst. The ICP results clearly
showed the presence of Ni (1.77%) in the catalyst.

Further, the presence of O, Fe, Si, C, N, and Ni elements in
the NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 catalyst was
conrmed by another elemental analysis, namely elemental
mapping analysis (Fig. 3). Fig. 3 clearly indicates the presence of
O, Fe, Si, C, N, and Ni elements in the catalyst with a suitable
dispersity. Moreover, the results from the elemental mapping
analysis comrmed the EDX analysis.

XPS was performed from 0 to 1200 eV for the NiII-picolyl-
amine/TCT/APTES@SiO2@Fe3O4 catalyst to obtain the oxida-
tion of the Ni state together with elemental analysis (Fig. 4).
Fig. 4a–f illustrate the spectra for (a) Fe 2p, (b) C 1s, (c) N 1s, (d)
Ni 2p, (e) Si 2p, and (f) O 1s elements in NiII-picolylamine/TCT/
APTES@SiO2@Fe3O4. Fig. 4a demonstrates the high-resolution
spectra of Fe 2p with two peaks at 712.6 and 726.4 eV, attributed
to 2p3/2 and 2p1/2, respectively.58 The peaks at binding energies
of 283.8 and 286.4 eV were attributed to C–C and C–O, respec-
tively (Fig. 4b).58 Fig. 4c depicts the high-resolution spectrum
of N 1s with two peaks at 401.2 and 404.6 eV related to C–N and
C]N, respectively.58 The XPS spectrum for Ni showed doublet
peaks at 855.8 and 864.9 eV related to Ni 2p3/2 and Ni 2p1/2,
respectively (Fig. 4d).59,60 These peaks well conrmed the
oxidation state of Ni(II) in the catalyst. The Si 2p appear at
z102.7 eV and 104.8 eV, respectively related to the Si–C and Si–
O, respectively (Fig. 4e).58 Finally, Fig. 4f reveals the O atoms
contained in as-prepared nanocatalyst. O 1s at 530.2 eV,
534.8 eV and 535.2 eV corresponding to Fe–O, Si–O and O–H,
respectively.58

The crystalline structure of NiII-picolylamine/TCT/
APTES@SiO2@Fe3O4 was investigated by powder X-ray
RSC Adv., 2023, 13, 12869–12888 | 12873
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Fig. 3 Elemental mapping analysis of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 catalyst: (a) C, (b) N, (c) O, (d) Si, (e) Fe, and (f) Ni.
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diffraction (PXRD) (Fig. 5). Fig. 5 displays strong and sharp
peaks at 2q = 30.45°, 35.44°, 35.68°, 43.24°, 53.69°, 57.14°, and
62.86° belonging to NiII-picolylamine/TCT/APTES@SiO2@Fe3O4

which was well consistent with the Fe3O4 nanoparticle crystal
structure. Besides, the obtained result demonstrated that the
designed catalyst had been successfully synthesized and there
was no damage to the crystalline structure of Fe3O4, and the
12874 | RSC Adv., 2023, 13, 12869–12888
crystallographic faces were in good agreement with the XRD
pattern of cubic Fe3O4 NP (JCPDS 88-0866).57,58 The crystallite
average size and interplaner distance of the catalyst were
determined to be 28.7 nm and 0.208 nm from the XRD spectra
according to FWHM calculations using the Scherrer formula
and Bragg equation, respectively (Table S1, ESI†).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 catalyst: (a) Fe 2p, (b) C 1s, (c) N 1s, (d) Ni 2p, (e) Si 2p, and (f) O 1s.
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Themagnetic properties of Fe3O4 and NiII-picolylamine/TCT/
APTES@SiO2@Fe3O4 were studied at ambient temperature by
VSM analysis (Fig. 6). Fig. 6a clearly indicates that these
© 2023 The Author(s). Published by the Royal Society of Chemistry
nanoparticles of (a) Fe3O4 and (b) NiII-picolylamine/TCT/
APTES@SiO2@Fe3O4 had a superparamagnetic nature. The
magnetic saturation value for pure Fe3O4 was observed at 58.74
RSC Adv., 2023, 13, 12869–12888 | 12875
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Fig. 5 XRD patterns of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 catalyst.
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emu g−1. Aer coating various organic compounds on the
surface of pure Fe3O4 to synthesize the NiII-picolylamine/TCT/
APTES@SiO2@Fe3O4, the magnetic saturation value was
observed at 37.02 emu g−1. Nevertheless, this magnetic satu-
ration value was sufficient for the catalyst's easy separation from
the reaction mixture by employing a magnetic bar (Fig. 6b).

The thermal stability of Fe3O4, SiO2@Fe3O4, and NiII-pico-
lylamine/TCT/APTES@SiO2@Fe3O4 were investigated through
TGA analysis in the temperature range of 25–600 °C (Fig. 7).
Both the TGA diagram of Fe3O4 and silica-coated SiO2 indicated
a small weight loss below 100 °C, probably due to the removal of
surface hydroxyl groups and physically adsorbed and trapped
water molecules. For NiII-picolylamine/TCT/APTES@SiO2@Fe3-
O4, there were two mass reductions: (i) below 100 °C, probably
due to the evaporation of surface hydroxyl groups and physically
adsorbed and trapped water molecules in the structure of the
catalyst and (ii) between 180–600 °C, which was themain weight
loss and probably due to the thermal decomposition of the
functional groups and organic compounds supported on the
catalyst surface. This thermal decomposition indicated the
coating of various organic compounds on the iron oxide
support. Moreover, the complete decomposition of the as-
prepared nanocatalyst happened at about 500 °C.

The structural features, morphologies, and particle sizes of
Fe3O4 and NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 were
investigated by FE-SEM, TEM, and size-distributions images
(Fig. 8). The FE-SEM images indicated that Fe3O4 and NiII-
picolylamine/TCT/APTES@SiO2@Fe3O4 had been synthesized
with spherical shapes with the particle sizes in the 20–33 nm
and of 31–42 nm ranges, respectively (Fig. 8a and b). In another
study, the uniformity and morphology of Fe3O4 and NiII-pico-
lylamine/TCT/APTES@SiO2@Fe3O4 were further investigated by
TEM (Fig. 8c and d). Fig. 8d clearly indicates that the particles
had been synthesized with a uniform size and core/shell.
Further, the size distribution of the NiII-picolylamine/TCT/
12876 | RSC Adv., 2023, 13, 12869–12888
APTES@SiO2@Fe3O4 was measured by TEM to be over 28 nm,
which suitably matched with the results obtained from the XRD
analysis (Fig. 8e).

The isotherm type, total pore volume, mean pore diameter,
and surface area of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4

were determined by BET analysis (Fig. 9). As can be seen from
Fig. 9a, the structure of the as-prepared nanocatalyst could be
ascribed to the type IV isotherm with a distinct hysteresis loop
indicating mesoporous structure.57,58 Fig. 9b shows that the as-
prepared nanocatalyst sat in the P/P0 range of 0.006–0.007 with
a strong inection, which may have been because the capillary
condensation of N2 was reected in the mesopores. Further, the
corresponding structural parameters of the as-prepared nano-
catalyst included a total pore volume, mean pore diameter, and
surface area of 0.189 cm3 g−1, 22.31 nm, and 53.61 m2 g−1,
respectively.
Catalytic activity test

Activity tests for the prepared NiII-picolylamine/TCT/
APTES@SiO2@Fe3O4 catalyst were performed for the one-pot
synthesis of substituted pyridine derivatives. For this, a one-pot
pseudo-four component reaction of malononitrile (2 mmol),
thiophenol (1 mmol), and benzaldehyde (1 mmol) was tested
initially as a model reaction for the synthesis of 4a. In this study,
we investigated the effect of various solvents, loadings of catalyst,
and temperatures, and the obtained results are summarized in
Table 1. When the reaction was stirred in the absence of the as-
prepared nanocatalyst under solvent-free conditions at room
temperature, a trace amount of 4a was obtained even aer 24 h
(Table 1, entry 1). Similarly, when the reaction was stirred under
the same condition at 80 °C, only a trace amount of 4a was ob-
tained even aer 24 h (Table 1, entry 2). It was observed that in the
presence of the catalyst, the product was indeed obtained.
Initially, we tried the reaction with 0.005 g of the as-prepared
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) VSM analysis, (b) image of the magnetic separation and redispersion of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4.
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nanocatalyst under solvent-free conditions at 80 °C and a yield of
43% of 4a was obtained (Table 1, entry 3). When the catalyst
loading was increased to 0.01 g and 0.03 g under the same
conditions, 62% and 75% yields of 4a were obtained (Table 1,
entries 4 and 5). The best result was obtained when the reaction
was carried out with 0.05 g of the as-prepared nanocatalyst under
solvent-free conditions, whereby the reaction yield increases to
95% aer 30 min (Table 1, entry 6). On increasing the amount of
catalyst to 0.07–0.1 g of the as-prepared nanocatalyst, 95%, 93%,
and 91% product yields were obtained, respectively (Table 1,
entries 7–9). In the next study, we examined the effect of various
solvents, such as MeOH, H2O, CH2Cl2, CHCl3, H2O : EtOH (1 : 1),
EtOH, and EG on the reaction. The obtained results indicated the
products were obtained inmoderate yield (Table 1, entries 10–14).
© 2023 The Author(s). Published by the Royal Society of Chemistry
In EtOH produced a 92% product yield aer 60 min (Table 1,
entry 15). The screening of various solvents indicated that the EG
as the solvent was more effective than the other solvents. In
addition, in the solvent-free condition, when the reaction was
performed by EG in the presence of 0.05 g of as-prepared nano-
catalyst under reux conditions, 96% product was obtained aer
35 min (Table 1, entry 16).

In the next study, we investigated the one-pot pseudo-four
component reaction of malononitrile (2 mmol), thiophenol (1
mmol), and benzaldehyde (1 mmol), using various catalysts,
such as Fe3O4, SiO2@Fe3O4, APTES@SiO2@Fe3O4, TCT/
APTES@SiO2@Fe3O4, picolylamine/TCT/APTES@SiO2@Fe3O4,
and NiCl2$6H2O for the synthesis of 4a under solvent-free
conditions at 80 °C, and the results are listed in Table 2. As
RSC Adv., 2023, 13, 12869–12888 | 12877
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Fig. 7 TGA analysis of (a) Fe3O4, (b) SiO2@ Fe3O4, and (c) NiII-picolylamine/TCT/APTES@SiO2@Fe3O4.
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can be seen, it was found that NiII-picolylamine/TCT/
APTES@SiO2@Fe3O4 catalyze the reaction with high yield and
short reaction time than the other catalysts.

Knowing the optimized conditions (using 0.05 g of the as-
prepared nanocatalyst under solvent-free conditions or EG at
80 °C), a range of aromatic aldehydes containing electron-
withdrawing and electron-donating groups were reacted with
malononitrile and thiophenol, and afforded the corresponding
products (4a–l), and good results were obtained (Table 3). In
method A, NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 as
a high-performance heterogeneous nanocatalyst was used for
the reaction of malononitrile, thiophenol, and various alde-
hydes under solvent-free conditions at 80 °C and gave satis-
factory yields (91–97%) aer 10–55 min. Moreover, NiII-
picolylamine/TCT/APTES@SiO2@Fe3O4 as a high-performance
heterogeneous nanocatalyst showed excellent activity for the
reaction of malononitrile, thiophenol, and various aldehydes in
EG at 80 °C. The corresponding products were furnished in
short reaction times (8–45 min) and in excellent yields (89–
97%). Generally, NiII-picolylamine/TCT/APTES@SiO2@Fe3O4

displayed remarkable efficiency for the one-pot synthesis of
substituted pyridine derivatives in both methods A and B.

Due to environmental concerns, the catalyst reusability was
tested (Fig. 10). For this, we carried out the reaction between 4-
nitrobenzaldehyde (1 mmol), malononitrile (2 mmol), and thi-
ophenol (1 mmol) in the presence of NiII-picolylamine/TCT/
APTES@SiO2@Fe3O4 in EG at 80 °C. Aer the reaction
completion, the catalyst could be separated easily from the
reaction mixture by using a simple magnet. Then, the recovered
catalyst was washed with EtOH (3 × 10 mL) and dried at room
temperature for reused in the next run. This catalyst was reused
up to eight times with only a slight decrease in activity, whereby
the yields from the reaction smoothly decreased from 97% to
12878 | RSC Adv., 2023, 13, 12869–12888
87% during 25–33 min (Fig. 10a). This slight decrease in the
catalytic activity of the recovered nanocatalyst was due to the
small leaching of Ni (1%) in the reaction aer eight runs. The
nanocatalyst was investigated by various analyses, including
TEM and size distribution aer each run for eight times. The
TEM image was obtained for the recovered nanocatalyst aer
the eight runs (Fig. 10b), and indicated that the recovered
nanocatalyst had a nearly uniform size and spherical shape,
similar to the fresh catalyst. Likewise, the size distribution of
the recovered nanocatalyst was measured by TEM, and was
nearly same as the fresh catalyst (Fig. 10c).

In another study, the effect of leaching of the active species
in the reaction mixture on the stability of the as-prepared
nanocatalyst was investigated. To address this possibility, we
used ICP-AES analysis of the fresh state of the catalyst and also
the recovered catalyst aer eight runs. The reaction on the basis
of ICP-AES analysis showed a leaching of Ni of 1 wt% aer the
eight runs. This result obtained could explain the negligible
decrease in the yield of the product 4b with the increased
recycling.

Large-scale synthesis of the reaction between 4-nitro-
benzaldehyde (7 mmol, 1.05 g), malononitrile (14 mmol, 0.92 g),
and thiophenol (7 mmol, 0.77 g) was performed in the presence
of NiII-picolylamine/TCT/APTES@ SiO2@Fe3O4 in EG (21 mL) at
80 °C to give the corresponding 4b to prove the scalability and
the prospective use of the current method (Scheme 5). The ob-
tained results indicated that when performing the large-scale
synthesis, the desired product was obtained with an 89% yield.

A plausible mechanism for obtaining the substituted pyri-
dine derivatives in the reaction catalyzed by NiII-picolylamine/
TCT/APTES@ SiO2@Fe3O4 is indicated in Scheme 6. The reac-
tion was accelerated via the surface properties, including by
Ni2+ acting as a Lewis acid. Initially, the Lewis acid site of the as-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FE-SEM of (a) Fe3O4, (b) Ni
II-picolylamine/TCT/APTES@SiO2@Fe3O4. TEM of (c) Fe3O4, (d) NiII-picolylamine/TCT/APTES@SiO2@Fe3O4,

and (e) size distribution of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 12869–12888 | 12879
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Fig. 9 (a) BET plot of the nitrogen adsorption–desorption and (b) pore-size distribution curve of the NiII-picolylamine/TCT/APTES@SiO2@Fe3O4.
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prepared nanocatalyst activated the aldehyde A and malonon-
trile B, and produced the 2-arylidene malononitrile C via
a Knoevenagel condensation. In the next step, Ni2+ catalyzed the
thiophenol D and malononitrile B and via a Michael addition to
the intermediate C led to producing the intermediate F. Then,
dihydropyridine G was formed via the tautomerization of the
Michael product F, followed by yielding the desired product H.
Experimental
Materials and methods

All of the used materials were purchased from Fluka (Switzer-
land), Sigma-Aldrich, and Merck (Germany): iron(III) chloride,
25% ammonia, FeSO4$7H2O, (3-aminopropyl)triethoxysilane,
ethanol, tetraethyl orthosilicate, cyanuric chloride, tetrahydro-
furan, 2-picolylamine, NiCl2$6H2O, malononitrile, various
aromatic aldehydes, and thiophenol. 1H and 13C NMR spectra
were obtained applying CDCl3 or DMSO-d6 solvent on a Bruker
DRX-250 AVANCE spectrometer (at 250 and 62.5 MHz). FT-IR
spectra were acquired by employing a PerkinElmer 597 spec-
trophotometer. The EDAX spectra were applied for the
12880 | RSC Adv., 2023, 13, 12869–12888
elemental analysis of NiII-picolylamine/TCT/APTES@SiO2@-
Fe3O4. PXRD analysis was performed on an X'Pert-PRO
advanced diffractometer operated at 40 kV and 40 mA at r.t to
investigate the crystalline structure of the synthesized catalyst.
The surface atomic concentration and chemical composition of
NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 were investigated
using XPS at an energy of 1253.6 eV (Esfahan University, Esfa-
han, Iran). SEM analysis was recorded on a TE-SCAN system
(Brno, Czech Republic). TEM images were recorded using
a Zeiss EM10Cmicroscope operating at 80 kV. VSM analysis was
applied to verify the magnetic properties of NiII-picolylamine/
TCT/APTES@SiO2@Fe3O4 (VSM, Taban, Tehran, Iran).
Fe3O4 synthesis

The coprecipitation procedure was applied for the preparation of
magnetic Fe3O4. First, 0.9 g of FeSO4$7H2O with 0.97 g of FeCl3 in
120 mL of deionized H2O were dissolved at 80 °C under a N2 gas
atmosphere, and then a 25% aqueous ammonia solution (120
mL, 1.5 M) was added dropwise into the solution under stirring.
In the following, the obtained blackmixture was stirred under N2

gas for 30min. The reactionmixture was cooled to 25 °C, and the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Combined effects of the catalyst loading, temperature, and solvents for the synthesis of 4aa

Entry
Catalyst
(g) Solvent (3 mL) Temperature (°C) Time (min) Yieldb (%)

1 None Solvent-free Room temperature 24 (h) Trace
2 None Solvent-free 80 24 (h) Trace
3 0.005 Solvent-free 80 130 43
4 0.01 Solvent-free 80 90 62
5 0.03 Solvent-free 80 60 75
6 0.05 Solvent-free 80 30 95
7 0.07 Solvent-free 80 35 95
8 0.09 Solvent-free 80 40 93
9 0.1 Solvent-free 80 40 91
10 0.05 MeOH Reux 120 45
11 0.05 H2O Reux 90 78
12 0.05 CH2Cl2 Reux 180 51
13 0.05 CHCl3 Reux 180 44
14 0.05 H2O : EtOH (1 : 1) 80 60 83
15 0.05 EtOH Reux 60 92
16 0.05 EG 80 20 96

a Reaction conditions: malononitrile (2 mmol), thiophenol (1 mmol), benzaldehyde (1 mmol), catalyst, and solvent (3 mL). b Isolated yield.

Table 2 Effects of various catalyst for the synthesis of 4aa

Entry Catalyst Time (h) Yieldb (%)

1 Fe3O4 4 41
2 SiO2@Fe3O4 3 55
3 APTES@SiO2@Fe3O4 1 71
4 TCT/APTES@SiO2@Fe3O4 24 10
5 Picolylamine/TCT/APTES@SiO2@Fe3O4 6 25
6 NiCl2$6H2O 6 45
7 NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 30 min 95

a Reaction conditions: malononitrile (2 mmol), thiophenol (1 mmol), benzaldehyde (1 mmol), and catalyst (0.05 g) under solvent-free conditions at
80 °C. b Isolated yield.
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resulting black precipitate was isolated by applying a simple
magnet and washed several times with deionized H2O and EtOH,
and dried at 40 °C for 24 h (yield: 92%).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Synthesis of SiO2@Fe3O4

First, 1 g of Fe3O4 was dispersed in a mixture of EtOH : distilled
H2O (80 : 20; 100 mL) with applying sonication for 30 min.
RSC Adv., 2023, 13, 12869–12888 | 12881
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Table 3 NiII-picolylamine/TCT/APTES@SiO2@Fe3O4-catalyzed reaction of malononitrile, thiophenol, and various aldehydes under solvent-free
conditions or EG at 80 °C

Entry Product

Method Aa Method Bb

Melting point (°C)% Yieldc (reaction time) % Yieldc (reaction time)

1 95 (30 min) 96 (20 min) 217–219 (ref. 51)

2 97 (15 min) 96 (10 min) 285–287 (ref. 51)

3 94 (35 min) 93 (30 min) 220–222 (ref. 51)

4 96 (10 min) 97 (8 min) 271–273 (ref. 51)

5 93 (50 min) 95 (40 min) 209–211 (ref. 51)

12882 | RSC Adv., 2023, 13, 12869–12888 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 (Contd. )

Entry Product

Method Aa Method Bb

Melting point (°C)% Yieldc (reaction time) % Yieldc (reaction time)

6 91 (30 min) 92 (25 min) 224–226 (ref. 53)

8 92 (50 min) 91 (40 min) 238–240 (ref. 51)

9 95 (35 min) 94 (30 min) 256–258 (ref. 51)

10 94 (55 min) 89 (45 min) 314–316 (ref. 51)

11 96 (30 min) 92 (25 min) 183–185 (ref. 51)

12 96 (20 min) 96 (15 min) 217–219 (ref. 51)

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 12869–12888 | 12883
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Table 3 (Contd. )

Entry Product

Method Aa Method Bb

Melting point (°C)% Yieldc (reaction time) % Yieldc (reaction time)

13 93 (20 min) 93 (10 min) —

a Reaction conditions: Malononitrile (2 mmol), thiophenol (1 mmol), various aldehydes (1 mmol), and NiII-picolylamine/TCT/APTES@SiO2@Fe3O4
(0.05 g) under solvent-free conditions at 80 °C. b Reaction conditions: Malononitrile (2 mmol), thiophenol (1 mmol), various aldehydes (1 mmol),
and NiII-picolylamine/TCT/APTES@SiO2@Fe3O4 (0.05 g) in EG (3 mL) at 80 °C. c Isolated yield.
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Then, 2 mL of NH3 solution 25% and 2 mL of TEOS (tetraethyl
orthosilicate) were added and the obtaining solution was stirred
under N2 for 12 h. Finally, the obtained products were collected
by employing a simple magnet and washed ve times with
distilled H2O and once with EtOH. Eventually, SiO2@Fe3O4 was
afforded and dried in an oven at 40 °C for 24 h.
Synthesis of APTES@SiO2@Fe3O4

First, 1 g of SiO2@Fe3O4 in 100mL of EtOHwas suspended under
ultrasonic radiation for 30 min, and then 4 mL of APTES under
a nitrogen gas atmosphere was added to the dispersed solid NPs
at 35 °C. Next, 4 mL of distilled H2O was added to increase the
hydrolysis rate of APTES, and the combination was stirred for
12 h under reux conditions. Finally, the resulting
APTES@SiO2@Fe3O4 was obtained by applying a simple magnet,
washed with several runs of deionized H2O and EtOH, and dried
in a vacuum at ambient temperature for 24 h (yield: 91%).
Synthesis of TCT/APTES@SiO2@Fe3O4

First, 0.79 g of APTES@SiO2@Fe3O4 in 100 mL of dry THF was
suspended, and then 0.35 g of TCT was added and the resulting
mixture was stirred for 16 h at room temperature. The afforded
catalyst was washed three times with EtOH and dried under
vacuum at ambient temperature (yield: 90%).
Synthesis of PA/TCT/APTES@SiO2@Fe3O4

First, 0.5 mL of 2-picolylamine was slowly added to 100 mL of
the ethanolic solution of TCT/APTES@SiO2@Fe3O4 (0.1 g), and
then the obtained mixture was stirred at ambient temperature
12884 | RSC Adv., 2023, 13, 12869–12888
for 24 h. The obtained PA/TCT/APTES@SiO2@Fe3O4 was iso-
lated magnetically and washed several times with EtOH and
dried under vacuum.

Synthesis of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4

First, 1 g of PA/TCT/APTES@SiO2@Fe3O4 in 100 mL of EtOH was
suspended by employing sonication for 30 min. On the other
hand, 2.5 mmol of NiCl2$6H2O in 10 mL of EtOH was dissolved
under vigorous stirring at ambient temperature to obtain a blue
solution. Then, the solution of NiCl2$6H2O in EtOH was quickly
added to the synthesized picolylamine/TCT/APTES@SiO2@Fe3-
O4, which was then stirred under reux conditions for 48 h. The
solvent was evaporated under vacuum, and the NiII-picolylamine/
TCT/APTES@SiO2@Fe3O4 was washed three times with EtOH
and then dried in air at ambient temperature.

Synthesis of pyridine derivatives

A mixture of the as-prepared nanocatalyst (0.05 g), malononi-
trile (2 mmol), thiophenol (1 mmol), and a variety of aldehyde
derivatives (1 mmol) under solvent-free conditions or EG (3 mL)
was heated to 80 °C in an oil bath until reaction completion. To
evaluate the progress of the reaction, the mixture was moni-
tored by thin-layer chromatography (TLC). Aer completion of
the reaction, ethanol (15 mL) was added to the contents of the
reaction container and stirred for 5 min. To reuse the as-
prepared nanocatalyst in the next run, it was conveniently
recovered from the reaction mixture by employing a magnetic
bar and washed three times with ethanol. The synthesized
products were recrystallized from hot ethanol to afford the pure
product.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Reusability results of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4, (b) TEM image, and (c) size distribution of the reused catalyst.

Scheme 5 Gram-scale synthesis for the desired product 4b.
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Scheme 6 Plausible mechanism for the construction of substituted pyridine derivatives catalyzed by NiII-picolylamine/TCT/APTES@
SiO2@Fe3O4.
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Conclusion

The synthesis of NiII-picolylamine/TCT/APTES@SiO2@Fe3O4

was reported according to a convenient and simple four-step
operation process. The as-prepared nanocatalyst was charac-
terized by FT-IR, XPS, TGA, VSM, TEM, XRD, BET, FE-SEM, ICP-
AES, and EDX analyses. The activity of the as-prepared nano-
catalyst was investigated in the one-pot pseudo-four component
reaction of malononitrile, thiophenol, and a variety of aldehyde
derivatives under solvent-free conditions or EG at 80 °C, and the
corresponding products were obtained in excellent yields. This
method is safe and environmentally benign and offers various
advantages, such as no use of column chromatography, easy
workup procedure, multiple carbon–heteroatom and carbon–
carbon bond formation, usage of green solvent, environmental
friendliness, economical processing, high product yield, and
easy separation of the catalyst from the reaction environment.
The as-synthesized nanocatalyst indicated good reusability by
employing a magnetic bar, with only small decreases in the
yields of the reaction from 97% to 87%. Likewise, a negligible
loss of Ni (1% leaching) was observed on the basis of ICP
analysis aer eight runs.
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