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agnetic deep eutectic solvents as
an efficient catalyst in the synthesis of new 1,2,3-
triazole-nicotinonitrile hybrids via a cooperative
vinylogous anomeric-based oxidation†

Monireh Navazeni, Mohammad Ali Zolfigol, * Morteza Torabi and Ardeshir Khazaei*

Magnetic deep eutectic solvents (MDESs) are adjuvants and an emerging subclass of heterogeneous

catalysts in organic transformations. Herein, choline chloride (Ch/Cl) embedded on naphthalene bis-

urea-supported magnetic nanoparticles, namely, Fe3O4@SiO2@DES1, was constructed by a special

approach. This compound was scrutinized and characterized by instrumental techniques such as FTIR,

thermogravimetry and derivative thermogravimetry (TGA/DTG), field emission scanning electron

microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDS), elemental mapping, vibrating sample

magnetometer (VSM) and X-ray diffraction (XRD) analyses. Potential catalytic activity of

Fe3O4@SiO2@DES1 was impressive, facilitating the synthesis of new 1,2,3-triazole-nicotinonitrile hybrids

via a multicomponent method with 65–98% yields. Enhanced rates, high yields, mild reaction conditions,

and recycling and reusability of Fe3O4@SiO2@DES1 are the distinct benefits of this catalytic organic

synthetic methodology.
Introduction

Deep eutectic solvents (DESs), one of the progressive families of
ionic liquids, are composed of binary or ternary mixtures of
compounds that can associate mainly via hydrogen bond
interactions.1–3 Due to the brilliant, useful, and efficient prop-
erties of DESs, these materials are excellent alternatives to
conventional organic solvents and classic ionic liquids.4–6 DESs
have easy synthetic routes, and they are biodegradable, cheap
and non-ammable.7 The applications of these materials,
including catalytic applications,8 separation processes,9

biotechnology,10 material sciences11 and environmental
protection,12 have been signicantly developed. In recent years,
DESs have been widely used in many catalytic
transformations.13–15 Their intrinsic catalytic activity, desig-
nability and excellent stability have a robust partnership in
catalytic oxidations,16 CO2 xation utilities,17 multicomponent
reactions,18 desulfurization19 and coupling reactions.20 Urea
derivatives, as an impactful component of DESs, act as
hydrogen bond donors in these systems.21 Due to the inherent
catalytic activity of urea-based compounds as organocatalysts,
these moieties enhance the catalytic potential of DESs.22,23 Very
recently, a new class of hybrid DESs, namely, eutectogels, was
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reported for the catalytic synthesis of pyridines and
chromenes.24

Recently, the incorporation of magnetic nanoparticles
(MNPs) with DESs to achieve unique heterogeneous catalytic
systems has attracted great attention, which have suitable
properties for various purposes.25 Since the recovery and reus-
ability of DESs are problematic, when these compounds are
decorated on the surface of MNPs, their defects get resolved.26

Considering the substantial research carried out on homoge-
neous DESs, designing and constructing these materials in the
heterogeneous phase will endow them with new properties and
advantages for their effective performance. Furthermore,
heterogeneous DESs will not only retain many of the benets of
homogeneous DESs, but can also be easily separated from the
reaction mixture. Considering these distinctions, magnetic
DESs is a promising approach in various academic and indus-
trial elds.27,28 The modication of MNPs by ionic liquids and
DESs can enhance their catalytic utilities.27 Magnetic DESs
provide more variations and efficiencies to most of the catalysts.
On account of the environmentally friendly nature, high
activity, easy recoverability and reusability as well as good
stability of heterogeneous DESs, these materials can be robust
and fruitful catalysts. In the last years, MNP-decorated DESs
were used as heterogeneous catalysts in many organic reactions
such as coupling reactions,28 reduction of aldehydes,29 and
multicomponent reactions.30,31 Hence, the construction and
applications of magnetic DESs have a developing trend and
deserve more attention. Several catalytic applications of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Several catalytic applications of magnetic DESs in multicomponent reactions.
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magnetic DESs in the multicomponent reactions are observed
in Scheme 1.

According to the literature, pyridine-containing heterocycles
have a brilliant background in many studies such as functional
materials, biology, medicinal, agriculture, pharmaceutical
molecules, and many miscellaneous areas.38–40 In an intensive
approach, pyridines are widely used in supramolecular chem-
istry,41 polymers,42 coordination chemistry,43 chemosensors,44

surfactants,45 catalysts,46 organic dyes,47 etc. In addition, fabu-
lous medicinal properties of pyridine cores such as anticancer,48

anti-inammatory,48 anti-Parkinsonian,49 antidepressant,50

NADP−NADPH coenzymes51 and Alzheimer's diseases52 are
interesting. Particularly, N-heterocyclic compounds with the
nicotinonitrile moiety are one of the prominent families of
pyridines.53,54 These substrates are present in many drugs. For
example, anticancer, antimicrobial, antiproliferative and anti-
histaminic are only a few of the medicinal properties of these
compounds.55–57 Very recently, the chemistry of the pyridine
scaffold and its synthesis and applications as biologically active
compound was comprehensively reviewed.58

Triazole scaffolds, as another type of N-heterocyclic
compound with fundamental and superior applications in
vast domains of chemistry such as metal complexes, energetic
materials, chemo-sensors, pharmaceuticals, and dyes, have
gained signicant importance.59–61 Nevertheless, the most
important use of triazoles is their pharmaceutical utilities such
as antidepressant,62 anticancer,62 antibacterial63 and antiviral
© 2024 The Author(s). Published by the Royal Society of Chemistry
agents.64 Recently, hybrid heterocyclic materials, due to their
extraordinary properties and synergistic effects in medicinal
elds, have been increasingly explored.65 Due to the synergistic
effect of pyridine-triazole hybrids to control the disease agents,
much attention has been paid to these materials and several
papers have reported on pyridine-triazole hybrids.66 Nonethe-
less, the 1,2,3-triazole-nicotinonitrile hybrid deserves more
attention.

Considering that the majority of our focus is on the design
and synthesis of hybrid pyridines,67 herein, the catalytic
synthesis of a new 1,2,3-triazole-nicotinonitrile hybrid using
Fe3O4@DES1 as the magnetic DES was investigated (Scheme 2
and 3). Moreover, the role of a cooperative vinylogous anomeric-
based oxidation (CVABO) as a stereoelectronic effect in the
synthesis of pyridine rings was also studied.68
Results and discussion

To the best of our knowledge, pyridine is one of the most
famous scaffolds that is present as the structural core of various
chemical, biological, and medicinal heterocycles and natural
products. The intrinsic chemical and physical properties of
pyridine make it a suitable core to prepare a wide range of
suitable derivatives, including vitamins, dyes, agrochemicals,
pesticides, adhesives, and biologically active compounds. Singh
has published a book entitled “Recent Developments in the
Synthesis and Application of Pyridines” with the collaboration
RSC Adv., 2024, 14, 34668–34678 | 34669
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Scheme 2 Schematic of Fe3O4@SiO2@DES1 synthesis.
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of other authors such as us.48 In continuation of our pervious
investigation on the synthesis of hybrid pyridines,60,64,65 we
decided to design, synthesize and apply Fe3O4@SiO2@DES1 for
Scheme 3 Illustration of the synthesis of 1,2,3-triazole-nicotinonitrile de

34670 | RSC Adv., 2024, 14, 34668–34678
the catalytic preparation of a new category of pyridine deriva-
tives. At rst, the characterization of the described catalyst will
be discussed.
rivatives.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The synthesized Fe3O4@SiO2@DES1 was precisely charac-
terized by several instrumental methodologies including FTIR,
EDS, mapping, FESEM, VSM and XRD. FTIR spectroscopy were
used to approve the chemical structure of Fe3O4@SiO2@DES1
and its related intermediate. In the FTIR spectrum of Fe3O4@-
SiO2 (Fig. 1), the characteristic peaks of Fe–O, Si]O and free
hydroxy groups are obtained at 586, 1111 and 3378 cm−1,
respectively. In the FTIR spectrum of Ligand 1, strong peaks are
shown at 3306, 1626 and 1576 cm−1 arising from the NH, C]O
and C]C stretching bands, respectively. The C]O and C]C
stretching vibration for Fe3O4@SiO2@Ligand 1 appeared at
1634 and 1540 cm−1, respectively, and these conrm that the
Ligand 1 is successfully supported at the Fe3O4@SiO2 surface.
Similarly, in the FTIR spectrum of Fe3O4@SiO2@DES1, the
characteristic peaks at 1635 and 1534 conrm the successful
synthesis of the catalyst.

EDS/mapping is a key analysis to show the successful
construction of the DES system. The presence of Ch/Cl on the
surface of Fe3O4@SiO2 (Cl as key part of DES) was conrmed by
Fig. 1 FTIR spectra of Fe3O4@SiO2, Ligand 1, Fe3O4@SiO2@Ligand 1 and

Fig. 2 EDS/mapping analyses of Fe3O4@SiO2@DES1

© 2024 The Author(s). Published by the Royal Society of Chemistry
EDS/mapping analyses. Anyway, the presence and uniform
distribution of other expected elements including Fe, Si, O, C
and N related to previous steps of catalyst synthesis were well
conrmed by the EDS signals and mapping images of Fe3-
O4@SiO2@DES1 (Fig. 2).

FESEM images were used to investigate the morphology and
size of the synthesized catalyst. These images revealed that
Fe3O4@SiO2@DES1 has uniform spherical morphology, and
these particles are in the size range of 26–44 nm. The magnetic
nature of the catalyst leads to the creation of interwoven single
spherical particles with sizes smaller than 40 nm (Fig. 3). In
addition, the crystalline structure of Fe3O4@SiO2@DES1 was
investigated by XRD analysis. The characteristic signals at 30,
35, 43, 53, 57 and 62° for the catalyst correspond to the cubic
geometry for Fe3O4. The broad peak at 20–25° is related to the
SiO2 groups Moreover, a decrease in the intensity of peaks for
Fe3O4@SiO2@DES1 compared to Fe3O4 is because of the pres-
ence of the organic and inorganic layers on the surface of Fe3O4.
Fe3O4@SiO2@DES1.

RSC Adv., 2024, 14, 34668–34678 | 34671
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Fig. 3 FESEM images of Fe3O4@SiO2@DES1

Fig. 5 VSM curves of Fe3O4 (a), Fe3O4@SiO2 (b) and Fe3O4@SiO2@-
DES1 (c).
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Nonetheless, aer the decoration of Fe3O4@SiO2 by organic
layers, its geometry is preserved (Fig. 4).

In another study, VSM analysis was achieved from Fe3O4,
Fe3O4@SiO2, and Fe3O4@SiO2@DES1 for the determination of
their magnetic properties. The magnetic value of the described
catalyst is 7.2 emu g−1, which is signicantly less than the
magnetic value of Fe3O4 and Fe3O4@SiO2. Based on the ach-
ieved data, the organic layers are well supported on the surface
of magnetic cores and Fe3O4@SiO2@DES1 has a considerable
magnetic value (Fig. 5). TGA analysis indicates that Fe3O4@-
SiO2@DES1 can be stable up to 325 °C and retain 80% of its
initial mass even at 600 °C under N2. The rst weight loss in the
range of 325–383 °C is related to the removal of Ch/Cl,69 and the
second weight loss at 513 °C is because of the decomposition of
organic layers, which is linked to surface of Fe3O4@SiO2 by
covalent bonds (Fig. 6).

Aer the characterization of Fe3O4@SiO2@DES1, it was used
as a heterogeneous catalyst for the synthesis of new 1,2,3-
triazole-nicotinonitrile hybrids. To improve the methodology of
the synthesis of Fe3O4@SiO2@DES1, the effects of the temper-
ature, solvent and amount of catalyst were explored. For this
goal, the synthesis of 1f molecule was used as a model reaction
(Table 1). With respect to the inuence of the temperature,
several temperatures were applied for the synthesis of 1f.
Fig. 4 XRD patterns of (a) Fe3O4 and (b) Fe3O4@SiO2@DES1

Fig. 6 TGA/DTG curves of Fe3O4@SiO2@DES1.

34672 | RSC Adv., 2024, 14, 34668–34678
According to the obtained results, 120 °C was selected as the
optimum temperature. With respect to the inuence of the
solvent, the model reaction was done under solvent-free and
reux conditions. Several solvents such as CH3OH, CHCl3,
EtOAc, acetone, CH3CN, and EtOH were used, but solvent-free
conditions gave the best result. Finally, the amount of the
catalyst was examined, wherein 10 mg of the catalyst was
selected as the optimum value.

In continuation, we are interested in developing the gener-
ality of catalytic performance of Fe3O4@SiO2@DES1 for the
synthesis of a new library of 1,2,3-triazole-nicotinonitrile
hybrids. Hence, several aromatic aldehydes bearing electron-
withdrawing and electron-releasing substituents were used for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of reaction conditions for the synthesis of 1fa

Entry Solvent Catalyst loading (mg) Temperature (°C) Time (min) Yieldb (%)

1 — 5 130 20 78
2 — 10 120 20 94
3 — 20 120 20 94
4 — — 120 60 52
5 — 10 120 30 54
6 — 10 90 30 46
10 CH3OH 10 Reux 60 88
11 CHCl3 10 Reux 60 64
12 EtOAc 10 Reux 60 72
13 Acetone 10 Reux 60 56
14 CH3CN 10 Reux 60 50
15 EtOH 10 Reux 60 78

a Reaction conditions: 4-chlorobenzaldehyde (1 mmol, 0.14 g), 1-(5-methyl-1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)ethan-1-one (1 mmol, 0.246 g),
malononitrile (1 mmol, 0.066 g); ammonium acetate (1.5 mmol, 0.078 g). b Isolated yield.
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this purpose. The achieved products were synthesized in the
clean reaction and have high yield as well as short reaction
times (Table 2).

To explore the important role of the components of Fe3-
O4@SiO2@DES1, the 1f molecule was synthesized using Fe3O4,
Fe3O4@SiO2, Ch/Cl and Ligand 1 was compared to Fe3O4@-
SiO2@DES1. According to the obtained results, each of these
components can have a catalytic role to some extent. The free
hydroxy groups on the surface of Fe3O4 and Fe3O4@SiO2 have
signicant catalytic activity, and the ionic structure of Ch/Cl
enhances its catalytic performance. Moreover, urea segments
in Ligand 1 can act as a hydrogen-bonding catalyst. Therefore,
the synergistic effects of these parts can improve the catalytic
potential of Fe3O4@SiO2@DES1 (Table 3).

Scheme 4 exhibits the suggested mechanism for the
synthesis of 1,2,3-triazole-nicotinonitrile hybrids using Fe3-
O4@SiO2@DES1 catalyst. The Knoevenagel reaction using acti-
vated benzaldehyde and malononitrile as the starting materials
yields intermediate a. Besides, ammonia, derived from the in
situ dissociation of ammonium acetate, reacts with 1-(5-methyl-
1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)ethan-1-one and interme-
diate b is produced. Hereaer, these intermediates thus formed
undergo condensation reaction to yield intermediate c. Then,
due to the intramolecular nucleophilic attack and tautomeri-
zation processes, intermediate f was performed. Then, the nal
product was achieved via the cooperative vinylogous anomeric-
based oxidation (CVABO)66–68,70 of dihydropyridine intermedi-
ates and their conversion to the corresponding pyridines.

The recycling and reusability of Fe3O4@SiO2@DES1 was
investigated using the model reaction. Aer running the model
© 2024 The Author(s). Published by the Royal Society of Chemistry
reaction each time, the reaction mixture was dissolved in DMF,
and the catalyst was separated by an external magnet and
washed with EtOH three times. The separated catalyst was dried
and used the next time. Finally, it was found that the catalyst
can be recovered and reused up to 5 times, and a slight drop in
yield of the product is observed (Fig. 7). The recovered catalyst
was characterized using several methods such as XRD, EDS/
mapping and FESEM analyses (see in the ESI†).

Experimental section

The required precursors were synthesized according to our
recently reported educational synthetic organic theory.71

Synthesis of Ligand 1

Initially, naphthalene-1,5-diamine (1 mmol, 0.158 g) and
triethoxy(3-isocyanatopropyl)silane (2 mmol, 0.495 g) were
added to a 10 mL round-bottomed ask and stirred under
solvent-free condition at 50 °C for 24 h. Aer that, the white
solid that appeared was washed with a mixture of n-hexane and
EtOAc (5/1, v/v) to give a pure product.

Synthesis of Fe3O4@SiO2@DES1

First and foremost, Fe3O4@SiO2 was prepared according to the
previously reported synthetic method.72 Then, 1 g of Fe3O4@-
SiO2, Ligand 1 (2 mmol, 0.652 g) and 90 mL of dry toluene were
poured into a 100 mL round-bottomed ask and sonicated for
15 min. Then, it was reuxed for 48 h at 110 °C. The remaining
solid was separated by an external magnet and washed with
EtOH. The separated precipitate was dried to yield
RSC Adv., 2024, 14, 34668–34678 | 34673
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Table 2 Synthesis of 1,2,3-triazole-nicotinonitrile hybrids in the presence of Fe3O4@SiO2@DES1 as a catalysta

a Reaction conditions: aldehyde (1 mmol), 1-(5-methyl-1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)ethan-1-one (1 mmol, 0.246 g), malononitrile (1 mmol,
0.066 g), ammonium acetate (1.5 mmol, 0.078 g), solvent-free, 120 °C, catalyst = 10 mg, reported yields refer to the isolated yields.

Table 3 Investigation of the catalytic performance of Fe3O4@-
SiO2@DES1 compared to Fe3O4, Fe3O4@SiO2, Ligand 1 and Ch/Cl
upon the preparation of 1fa

Entry Catalyst Load of catalyst Yield (%)

1 Fe3O4@SiO2@DES1 10 mg 94
2 Fe3O4 10 mg 30
3 Fe3O4@SiO2 10 mg 40
4 Ligand 1 10 mol% 35

Ch/Cl 10 mol% 50

a Reaction conditions: 4-Cl-benzaldehyde (1 mmol, 0.14 g), 1-(5-methyl-
1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)ethan-1-one (1 mmol, 0.246 g),
malononitrile (1 mmol, 0.066 g); ammonium acetate (1.5 mmol, 0.078
g). Solvent-free, 120 °C.

34674 | RSC Adv., 2024, 14, 34668–34678
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Fe3O4@SiO2@Ligand 1. In the next step, 1 g of Fe3O4@SiO2@-
Ligand 1, Ch/Cl (4 mmol, 0.56 g) and 50 mL toluene were mixed
into a 100 mL round-bottomed ask and again reuxed for 12 h.
Finally, Fe3O4@SiO2@DES1 was separated by an external
magnet. The separated solid was washed with EtOH and dried
at 80 °C.
Synthesis of 1,2,3-triazole-nicotinonitrile hybrids in the
presence of Fe3O4@SiO2@DES1

In the rst step, 1-(5-methyl-1-(4-nitrophenyl)-1H-1,2,3-triazol-4-
yl)ethan-1-one was prepared according to the literature.73 Then,
the aryl aldehyde derivatives (1 mmol), 1-(5-methyl-1-(4-nitro-
phenyl)-1H-1,2,3-triazol-4-yl)ethan-1-one (1 mmol, 0.246 g),
malononitrile (1 mmol, 0.066 g) and ammonium acetate
(1.5 mmol, 0.078 g) were mixed into a 10 mL round bottomed
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Suggested mechanistic route for the synthesis of 1,2,3-triazole-nicotinonitrile hybrids.

Fig. 7 Recycling and reusability test of Fe3O4@SiO2@DES1 upon
model reaction.
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ask containing 10 mg Fe3O4@SiO2@DES1 as the catalyst and
stirred vigorously under solvent-free conditions at 120 °C. At the
end of the reaction, the catalyst was separated from the reaction
mixture using DMF. Then, cold water was added to the DMF
solution containing organic compounds, which led to the
appearance of a bulk solid. Finally, the desired products were
puried by recrystallization in 10 mL acetonitrile.
Spectral data

1,10-(Naphthalene-1,5-diyl)bis(3-(3-(triethoxysilyl)propyl)
urea) (Ligand 1). FTIR (KBr, n, cm−1): 3317, 2928, 1633, 1581,
1497, 1103, 1079. 1H NMR (400 MHz, DMSOd6) dppm 8.43 (s, 2H),
8.00 (d, J= 8 Hz, 2H), 7.71 (d, J= 8 Hz, 2H), 7.44 (t, J= 8 Hz, 2H),
6.63 (t, J= 5.8 Hz, 2H), 3.77 (q, J= 7.0 Hz, 12H), 3.12 (q, J= 8 Hz,
4H), 1.56–1.47 (m, 4H), 1.16 (t, J= 8 Hz, 18H), 0.63–0.59 (m, 4H).
© 2024 The Author(s). Published by the Royal Society of Chemistry
2-Amino-6-(5-methyl-1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)-
4-phenylnicotinonitrile (1a). M.p. = 233–235 °C, FTIR (KBr,
n, cm−1): 3495, 3371, 2213, 1625, 1584, 1348. 1H NMR (400 MHz,
DMSOd6) dppm 8.50 (d, J = 8 Hz, 2H), 8.05–8.03 (m, 3H), 7.68–
7.58 (m, 4H), 7.46 (s, 1H), 7.17 (s, 2H), 2.85 (s, 3H). 13C NMR (101
MHz, DMSOd6) dppm 160.9, 154.6, 153.4, 147.7, 141.8, 140.4,
136.8, 135.3, 129.7, 128.9, 128.1, 126.4, 125.1, 116.9, 108.9, 86.1,
10.5. MS (m/z) = calcd for C21H15N7O2: 397.40, found: 398.219.

2-Amino-6-(5-methyl-1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)-
4-(p-tolyl) nicotinonitrile (1b). M.p. = 215–217 °C, FTIR (KBr,
n, cm−1): 3505, 3381, 2209, 1728, 1614, 1590, 1350. 1H NMR (400
MHz, DMSOd6) dppm 8.50 (d, J = 8 Hz, 2H), 8.04 (d, J = 12 Hz,
2H), 7.57 (d, J = 12 Hz, 2H), 7.44 (s, 1H), 7.39 (d, J = 8 Hz, 2H),
7.13 (s, 2H), 2.83 (s, 3H), 2.42 (s, 3H). MS (m/z) = calcd for
C22H17N7O2: 411.42, found: 412.242.

2-Amino-6-(5-methyl-1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)-
4-(4-methoxyphenyl) nicotinonitrile (1c). M.p. = 270–271 °C,
FTIR (KBr, n, cm−1): 3505, 3395, 2209, 1603, 1558, 1345. 1H NMR
(400 MHz, DMSOd6) dppm 8.51 (broad peak, 2H), 8.10–7.96 (m,
2H), 7.65 (s, 2H), 7.45 (s, 1H), 7.25–6.99 (m, 4H), 3.87 (s, 3H),
2.85 (d, J = 8.2 Hz, 3H). 13C NMR (101 MHz, DMSOd6) dppm
161.0, 154.2, 153.2, 147.7, 141.8, 135.1, 131.6, 129.7, 128.9,
126.4, 126.3, 125.1, 117.2, 114.3, 108.7, 85.8, 55.3, 10.5. MS (m/z)
= calcd for C22H17N7O3: 427.42, found: 427.300.

2-Amino-6-(5-methyl-1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)-
4-(naphthalen-1-yl)nicotinonitrile (1d). M.p. = 266–270 °C,
FTIR (KBr, n, cm−1): 3501, 3399, 2209, 1610, 1565, 1523, 1338.
1H NMR (400 MHz, DMSOd6) dppm 8.50 (d, J = 8 Hz, 2H), 8.13–
8.03 (m, 4H), 7.70–7.56 (m, 5H), 7.22 (s, 2H), 2.88 (s, 3H). 13C
NMR (101 MHz, DMSOd6) dppm 160.42, 154.0, 153.1, 147.7,
RSC Adv., 2024, 14, 34668–34678 | 34675
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141.8, 140.3, 135.4, 134.7, 133.1, 129.9, 129.4, 128.6, 127.1,
126.6, 126.5, 126.4, 125.5, 125.1, 124.5, 116.3, 112.4, 110.5, 88.6,
10.5. MS (m/z) = calcd for C25H17N7O2: 447.46, found: 447.000.

2-Amino-4-(1H-indol-3-yl)-6-(5-methyl-1-(4-nitrophenyl)-1H-
1,2,3-triazol-4-yl)nicotinonitrile (1e). M.p. > 300 °C FTIR (KBr,
n, cm−1): 3353, 3205, 2210, 1662, 1590, 1422, 1344. 1H NMR (400
MHz, DMSOd6) dppm 11.88 (s, 1H), 8.53 (broad peak, 4H), 8.30 (s,
1H), 8.11 (broad peak, 4H), 7.57 (s, 1H), 7.28 (s, 2H), 2.88 (s, 3H).
13C NMR (101 MHz, DMSOd6) dppm 158.4, 151.1, 147.6, 145.1,
143.5, 140.6, 137.1, 133.3, 126.6, 126.3, 125.1, 124.6, 122.1,
120.7, 118.9, 116.3, 112.8, 112.6, 86.5, 10.6.

2-Amino-4-(4-chlorophenyl)-6-(5-methyl-1-(4-nitrophenyl)-
1H-1,2,3-triazol-4-yl)nicotinonitrile (1f). M.p. = 294–297 °C,
FTIR (KBr, n, cm−1): 3490, 3358, 2220, 1636, 1590, 1526, 1346.
1H NMR (400 MHz, DMSOd6) dppm 8.50 (d, J= 8 Hz, 2H), 8.03 (d,
J = 8 Hz, 2H), 7.72–7.65 (m, 4H), 7.45 (s, 1H), 7.21 (s, 2H), 2.84
(s, 3H). 13C NMR (101 MHz, DMSOd6) dppm 160.8, 153.5, 153.3,
147.7, 141.7, 140.4, 135.6, 135.3, 134.6, 130.1, 128.9, 126.4,
125.1, 116.7, 108.8, 85.9, 10.5. MS (m/z) = calcd for
C21H14ClN7O2: 431.84, found: 432.200.

2-Amino-4-(4-bromophenyl)-6-(5-methyl-1-(4-nitrophenyl)-
1H-1,2,3-triazol-4-yl)nicotinonitrile (1g). M.p. > 300 °C, FTIR
(KBr, n, cm−1): 3489, 3358, 2219, 1634, 1590, 1524, 1348. 1H
NMR (400 MHz, DMSOd6) dppm 8.50 (d, J= 8 Hz, 2H), 8.04 (d, J=
8 Hz, 2H), 7.80 (d, J = 8 Hz, 2H), 7.64 (d, J = 8 Hz, 2H), 7.45 (s,
1H), 7.21 (s, 2H), 2.84 (s, 3H). 13C NMR (101MHz, DMSOd6) dppm
160.8, 153.5, 153.4, 147.7, 141.7, 140.4, 1356.0, 135.3, 131.9,
130.3, 126.4, 125.1, 123.3, 116.7, 108.7, 85.8, 10.5. MS (m/z) =
calcd for C21H14BrN7O2: 476.29, found: 477.700.

2-Amino-4-(3-bromophenyl)-6-(5-methyl-1-(4-nitrophenyl)-
1H-1,2,3-triazol-4-yl)nicotinonitrile (1h). M.p. = 233–235 °C,
FTIR (KBr, n, cm−1): 3455, 3384, 2209, 1609, 1588, 1502, 1344.
1H NMR (400 MHz, DMSOd6) dppm 8.50 (d, J= 8 Hz, 2H), 8.04 (d,
J= 8 Hz, 2H), 7.87 (s, 1H), 7.78 (d, J= 8 Hz, 1H), 7.68 (d, J= 8 Hz,
1H), 7.55 (t, J = 8 Hz, 1H), 7.45 (s, 1H), 7.23 (s, 2H), 2.84 (s, 3H).
13C NMR (101 MHz, DMSOd6) dppm 160.8, 153.5, 152.9, 147.7,
141.7, 140.4, 139.1, 135.3, 132.5, 131.0, 130.7, 127.4, 126.4,
125.1, 121.9, 116.6, 108.9, 86.0, 10.5. MS (m/z) = calcd for
C21H14BrN7O2: 476.29, found: 477.100.

2-Amino-4-(4-chloro-3-nitrophenyl)-6-(5-methyl-1-(4-nitro-
phenyl)-1H-1,2,3-triazol-4-yl)nicotinonitrile (1i). M.p. > 300 °C,
1H NMR (400 MHz, DMSOd6) dppm 8.50 (d, J = 12 Hz, 2H), 8.41
(s, 1H), 8.05–8.01 (m, 4H), 7.53 (s, 1H), 7.31 (s, 2H), 2.84 (s, 3H).
13C NMR (101 MHz, DMSOd6) dppm 160.7, 153.8, 151.2, 147.8,
147.7, 141.6, 140.3, 136.9, 135.5, 133.5, 132.1, 126.4, 126.1,
126.0, 125.4, 125.1, 116.4, 108.8, 85.8, 40.0, 39.9, 39.6, 39.4, 39.2,
39.0, 38.8, 10.5. MS (m/z) = calcd for C21H13ClN8O4: 476.84,
found: 477.400.

2-Amino-4-(4-orophenyl)-6-(5-methyl-1-(4-nitrophenyl)-1H-
1,2,3-triazol-4-yl)nicotinonitrile (1j). M.p. = 251–255 °C, FTIR
(KBr, n, cm−1): 3496, 3377, 2213, 1632, 1588, 1561, 1347. 1H
NMR (400 MHz, DMSOd6) dppm 8.50 (d, J= 8 Hz, 2H), 8.04 (d, J=
8 Hz, 2H), 7.76–7.73 (m, 2H), 7.45–7.41 (m, 3H), 7.19 (s, 2H),
2.84 (s, 3H). 13C NMR (101 MHz, DMSOd6) dppm 160.8, 153.6,
153.4, 147.7, 141.8, 140.4, 138.0, 135.3, 130.6, 130.5, 126.4,
125.1, 117.9, 116.0, 115.8, 108.9, 95.3, 10.4. MS (m/z) = calcd for
C21H14FN7O2: 415.39, found: 415.900.
34676 | RSC Adv., 2024, 14, 34668–34678
2-Amino-4-(2-orophenyl)-6-(5-methyl-1-(4-nitrophenyl)-1H-
1,2,3-triazol-4-yl)nicotinonitrile (1k). M.p. = 206–209 °C, FTIR
(KBr, n, cm−1): 3494, 3358, 2222, 1628, 1584, 1520, 1257. 1H
NMR (400 MHz, DMSOd6) dppm 8.50 (d, J= 8 Hz, 2H), 8.04 (d, J=
8 Hz, 2H), 7.65–7.58 (m, 2H), 7.48–7.40 (m, 3H), 7.21 (s, 2H),
2.84 (s, 3H). 13C NMR (101 MHz, DMSOd6) dppm 160.3, 159.7,
157.3, 153.5, 149.3, 147.7, 141.6, 140.3, 135.4, 132.0, 131.9,
130.7, 126.4, 125.1, 124.6, 124.4, 116.2, 116.0, 109.7, 87.6, 10.4.
MS (m/z) = calcd for C21H14FN7O2: 415.39, found: 416.031.

2-Amino-6-(5-methyl-1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)-
4-(4-nitrophenyl)nicotinonitrile (1l). M.p. = 266–268 °C, FTIR
(KBr, n, cm−1): 3482, 3367, 2208, 1613, 1562, 1527, 1347. 1H
NMR (400 MHz, DMSOd6) dppm 8.52–8.41 (m, 4H), 8.16–7.90 (m,
4H), 7.54 (s, 1H), 7.30 (s, 2H), 2.85 (s, 3H). 13C NMR (101 MHz,
DMSOd6) dppm 160.8, 153.8, 152.3, 147.9, 147.7, 140.3, 138.2,
135.4, 134.9, 130.6, 126.4, 125.1, 123.0, 116.5, 108.9, 85.9, 10.5.
MS (m/z) = calcd for C21H14N8O4: 442.40, found: 442.000.

2-Amino-4-(4-cyanophenyl)-6-(5-methyl-1-(4-nitrophenyl)-
1H-1,2,3-triazol-4-yl)nicotinonitrile (1m). M.p. > 300 °C, FTIR
(KBr, n, cm−1): 3482, 3368, 2229, 2219, 1636, 1589, 1527, 1503,
1406, 1311. 1H NMR (400 MHz, DMSOd6) dppm 8.53 (broad peak,
2H), 8.08–7.92 (m, 6H), 7.49–7.12 (m, 3H), 2.87 (s, 3H). 13C NMR
(101MHz, DMSOd6) dppm 160.8, 153.9, 152.9, 147.7, 141.3, 140.3,
135.4, 132.8, 129.7, 129.3, 126.4, 126.0, 125.1, 118.4, 112.3,
108.8, 85.8, 10.5.

Conclusion

In conclusion, we were able to construct Fe3O4@SiO2@DES1 using
a straightforward methodology. Instrumental characterization
conrmed the successful synthesis and determination of the
physicochemical properties of the presented catalyst. The
proposed catalyst was used for the synthesis of 1,2,3-triazole-
nicotinonitrile hybrids. The free hydroxy groups on the surface
of Fe3O4@SiO2 have catalytic activity, and the ionic structure of Ch/
Cl can act like an ionic liquid catalyst. Moreover, urea segments act
as hydrogen bonding catalysts. Thesemoieties activate the starting
materials and intermediates through hydrogen bonding interac-
tions and facilitate the pyridine synthesis reaction. Therefore, the
synergistic effects of these parts signicantly improve the catalytic
potential of Fe3O4@SiO2@DES1, and this hybrid and versatile
systems can lead to the activation of different starting materials
and intermediates during pyridine synthesis. Besides, due to the
heterogeneous nature of Fe3O4@SiO2@DES1, it can be easily
separated from the reaction mixture. Thus, desired products were
obtained under mild conditions and with high yields. In future
studies, this approach can be extended to other catalytic trans-
formations and can be inspiring in chemical studies.
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26 M. Á. Aguirre and A. Canals, Trends Anal. Chem., 2022, 146,
11650.

27 (a) M. Bakhtiarian andM.M. Khodaei, Colloids Surf., A, 2022,
641, 128569; (b) M. Zhang, Y. H. Liu, Z. R. Shang, H. C. Hu
and Z. H. Zhang, Catal. Commun., 2017, 88, 39–44.

28 (a) M. Niakan, M. Masteri-Farahani, H. Shekaari and
S. Karimi, Carbohydr. Polym., 2021, 251, 117109; (b)
M. H. Zainal-Abidin, M. Hayyan, J. Matmin, A. M. Al-Fakih,
N. Jamaluddin, W. M. A. W. Mahmood, R. A. Vahab and
F. Abdullah, J. Ind. Eng. Chem., 2023, 124, 1–16; (c)
P. Makoś-Chełstowska, M. Kaykhaii, J. Płotka-Wasylka and
M. de la Guardia, J. Mol. Liq., 2022, 365, 120158.

29 N. Azizi, Z. Rahimi and M. Alipour, RSC Adv., 2015, 5, 61191.
30 P. H. Tran, RSC Adv., 2020, 10, 9663.
31 S. Alavinia and R. Ghorbani-Vaghei, J. Mol. Struct., 2022,

1270, 133860.
32 R. Manujyothi, T. Aneeja and G. Anilkumar, RSC Adv., 2021,

11, 19433.
33 N. Zarei, M. A. Zolgol, M. Torabi and M. Yarie, Sci. Rep.,

2023, 13, 9486.
34 B. Saavedra, J. M. Pérez, M. J. Rodŕıguez-Álvarez, J. Garćıa-
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