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ickel complex based on
salicylamide and L-proline ligands as an efficient
heterogeneous catalyst for synthesis of tetrazoles

Chou-Yi Hsu, a Ghusoon Faidhi Hameed,b Irfan Ahmad,c Abhinav Kumar, *dij

Subbulakshmi Ganesan,e Aman Shankhyan,f S. Sunithag and Rajashree Panigrahih

A novel salicylamide–L-proline–nickel(II) complex, supported on magnetic iron oxide

[Fe3O4@salicylamide–L-proline–Ni(II)], was synthesized through a three-step procedure. This included

the functionalization of Fe3O4 with amine groups using glycine as a linker, followed by direct amidation

of salicylic acid and its subsequent coordination with Ni(II) and L-proline as a co-ligand to form the

nanomagnetic Ni(II) complex. The resulting catalyst was comprehensively characterized by several

techniques. The catalyst exhibited outstanding catalytic performance in the homoselective synthesis of

5-substituted-1H-tetrazoles from benzonitriles. Notably, it demonstrated excellent recyclability,

maintaining high efficiency over eight reaction cycles. The use of a low-cost linker, ligand, and complex

catalyst, combined with easy magnetic separation, minimal leaching, and scalability, renders this

approach both environmentally sustainable and economically advantageous compared to traditional Ni-

based methods.
1. Introduction

Azoles, a class of ve-membered, nitrogen-containing hetero-
cyclic compounds, represent a signicant area of study within
heterocyclic organic chemistry.1 These aromatic parent struc-
tures, characterized by two double bonds, encompass a range of
derivatives, including reduced analogs such as azolines and
azolidines, which possess fewer nitrogen atoms. The number of
nitrogen atoms within these heterocycles profoundly inuences
their chemical properties and diverse applications.2–4 Ranging
from one to ve nitrogen atoms, these structures give rise to
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a variety of scaffolds, including pyrrole,5 imidazole,6 pyrazole,7

triazole,8 tetrazole, and pentazole.9 Although pyrrole, imidazole,
and pyrazole (containing one or two nitrogen atoms, respec-
tively) occur naturally, azoles with more than two nitrogen
atoms are predominantly synthetic and require laboratory
synthesis.10

Tetrazole stands out among these as the aromatic ve-
membered organoheterocyclic compound with the highest
nitrogen content (four nitrogen atoms and one carbon atom),
making it a particularly noteworthy moiety in organic chem-
istry.10 Pentazole, while possessing a higher nitrogen content, is
not considered an organic molecule in the same way due to its
lack of a carbon atom within the ring system.9 Tetrazoles are
versatile building blocks with diverse applications, notably in
medicinal chemistry, but also in other elds like materials
science and high-energy applications.11–13 Due to the impor-
tance of these structures several synthetic procedures were
provided for preparation of these materials from various syn-
thons including nitriles, isocyanides, aldehydes, amines, and
aryldiazonium salts.10,14–19

The synthesis of substituted tetrazoles from nitriles via [3 +
2] cycloaddition mechanism has garnered signicant attention,
evolving from traditional, metal-free approaches to more
modern, metal-catalyzed methodologies.20–26 While older
methods oen relied on elevated temperatures and solvents like
DMF or toluene, sometimes incorporating catalysts such as
triethylamine hydrochloride, iodine, or sulfamic acid, current
research increasingly focuses on metal-catalyzed reactions.
These modern methods, employing catalysts like palladium,27
Nanoscale Adv., 2025, 7, 2663–2676 | 2663
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copper, indium,28 silver,29 neodymium,30 erbium,31 gadoli-
nium,32 samarium33 and zinc, offer advantages such as milder
reaction conditions including lower temperatures and shorter
times. However, most of the reported methodologies use toxic
solvents, expensive catalysts, high temperature and pressure,
and harsh reaction conditions. As a result, these processes
generate signicant toxic waste, harming the environment and
human health. This has led to stricter regulations and a push
for green chemistry, which reduces waste and improves effi-
ciency, but further catalyst development is still needed.

In accordance with the green chemistry principles, hetero-
geneous supported catalysts offer a compelling strategy for
enhancing catalytic activity, promoting recyclability, and mini-
mizing waste generation.34–36 The integration of such catalysts
with magnetic nanoparticles (MNPs) presents a particularly
attractive avenue, affording not only improved catalytic perfor-
mance but also facile separation and recovery.37–41 MNPs have
attracted considerable interest due to their inherent stability
and the ease of manipulation via external magnetic elds.37,42–44

The judicious combination of MNPs with catalytically active
complexes, particularly those derived from sustainable and
cost-effective precursors, results in a robust heterogeneous
catalytic system.45–47 This synergistic approach confers several
distinct advantages, including a high surface area, excellent
catalytic activity, simplied separation, and demonstrable
reusability.44,48 Consequently, such hybrid materials provide
a promising platform for diverse applications in catalysis and
chemical synthesis.49

To date, various nanomagnetic catalysts have been utilized
for the synthesis of 5-substituted-1H-tetrazoles. However,
many of these catalysts rely on toxic and expensive linkers,
ligands, and metals, oen requiring multi-step immobiliza-
tion processes and harsh reaction conditions, Therefore,
a greener approach is needed. To address this challenge, we
explore a novel approach using glycine as a safe and affordable
amine linker, salicylic acid and L-proline as green ligands, and
nickel as an inexpensive and environmentally friendly metal
center. The resulting nanocomposite effectively immobilizes
the nickel catalytic species, and the supported Ni complex
demonstrates high catalytic efficiency for the synthesis of 5-
substituted-1H-tetrazoles under environmentally benign
conditions.

2. Experimental
2.1. Materials and instruments

All chemicals and solvents were purchased from Merck Mil-
lipore and Sigma-Aldrich and used as received. Reactions were
monitored by thin-layer chromatography (TLC) on commer-
cial glass-backed plates, with spot visualization under UV light
at 254 nm. Fourier transform infrared (FT-IR) spectra were
recorded using a PerkinElmer 597 spectrophotometer with
KBr plates. X-ray powder diffraction (XRD) analysis was
carried out using a PHILIPS PW1730 powder diffractometer
with Cu Ka radiation (l = 1.54056 Å). Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) was per-
formed using a Varian Vista Pro Analyzer. Energy-dispersive X-
2664 | Nanoscale Adv., 2025, 7, 2663–2676
ray (EDX) and EDX mapping analyses were performed using
a TESCAN VEGA 3 scanning electron microscope (SEM).
Transmission electron microscopy (TEM) images were ob-
tained using a CM120 microscope. The magnetic properties of
the sample were analyzed using Vibrating Sample Magne-
tometry (VSM) analysis via a VSM-250 (YP, Jilin, China). Bru-
nauer–Emmett–Teller (BET) analysis was performed using
a TriStar 3020 analyzer.

2.2. Typical procedure for synthesis of
[Fe3O4@salicylamide–L-proline–Ni(II)] nanocomposite

Fe3O4 MNPs were prepared according to a previously reported
procedure.50 Subsequently, 10 g of Fe3O4 MNPs were dispersed
in 200mL of a 1 : 1 (v/v) ethanol/water mixture and sonicated for
60 minutes. Then 50 mL aqueous solution of 0.5 M glycine (1.88
g) was then added dropwise to the suspension under vigorous
stirring. The resulting mixture was reuxed under a nitrogen
atmosphere with vigorous stirring for 48 hours. Aer the
completion of reaction, the obtained Fe3O4@Gly MNPs were
magnetically separated, washed sequentially with hot water and
ethanol, and dried in vacuum oven at 80 °C for 24 h. In the
subsequent modication step, 5 g of the Fe3O4@Gly MNPs were
dispersed in 100 mL of dry toluene through sonication for 1 h to
form a uniform suspension. Then a mixture of 2.06 g dicyclo-
hexylcarbodiimide (DCC) (10 mmol), 1.38 g salicylic acid (10
mmol), and 5mL of pyridine was then added to this suspension.
The reaction mixture was rst stirred at room temperature for 2
hours, followed by reux under a nitrogen atmosphere for 48 h.
The resulting Fe3O4@salicylamide product was then isolated
magnetically, washed sequentially with hot ethanol and water,
and dried at 80 °C for 4 h. Finally, 5 g of Fe3O4@salicylamide
was dispersed in a 1 : 1 water–ethanol mixture (150 mL) for 30
minutes. To this suspension, 2.488 g Ni(OAc)2$4H2O (10 mmol),
1.15 g L-proline (10 mmol) and ve drops of triethylamine were
introduced. The reaction mixture was reuxed for 24 hours. The
[Fe3O4@salicylamide–L-proline–Ni(II)] nanocomposite was then
magnetically separated, washed with hot water and ethanol,
and dried at 80 °C for 6 hours.

2.3. General procedure for synthesis of 5-substituted-1H-
tetrazoles catalyzed by [Fe3O4@salicylamide–L-proline–Ni(II)]
nanocomposite

A mixture of aryl nitrile (1.0 mmol), sodium azide (1.3 mmol),
and the [Fe3O4@salicylamide–L-proline–Ni(II)] nanocomposite
catalyst (5 mg) was added to a round-bottom ask containing
3 mL of PEG-400. The reaction mixture was stirred at 120 °C
until completion, as determined by thin-layer chromatography
(TLC). Upon completion, the reaction mixture was diluted with
hot water, and the catalyst was magnetically separated. The
resulting aqueous solution was acidied to pH ∼ 1 with 2 N
hydrochloric acid and subsequently extracted with ethyl acetate.
The combined organic extracts were dried over anhydrous
sodium sulfate, ltered, and concentrated under reduced
pressure. The crude product was puried by column chroma-
tography on silica gel using a petroleum ether/ethyl acetate
mixture as the eluent.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussions

In this study, a novel nickel complex was successfully immo-
bilized on Fe3O3 MNPs through an initial amine functionali-
zation step using glycine as an inexpensive and environmentally
friendly linker. Salicylic acid, a cost-effective ligand compared to
aldehydes and ketones, was then graed onto the MNPs surface
through direct amidation with the surface amine groups. This
heterostructure was subsequently used to coordinate with
nickel(II) acetate tetrahydrate and L-proline as an efficient co-
ligand, resulting in the formation of a six-coordinated nick-
el(II) complex. This strategy provides an effective nanomagnetic
electron donor environment for nickel complexation (Scheme
1). The synthesis and immobilization of the targeted complex
were thoroughly monitored and conrmed through various
techniques, including FT-IR, XRD, TGA, EDX, ICP-OES,
elemental mapping, FE-SEM, TEM, and VSM, to assess their
structural and magnetic properties.
Fig. 1 FT-IR analysis of (a) Fe3O4, (b) Fe3O4@Gly (c) Fe3O4@-
salicylamide and (d) [Fe3O4@salicylamide–L-proline–Ni(II)]
nanocomposite.
3.1. Catalyst characterization

The FTIR spectra of pristine Fe3O4, Fe3O4@Gly, Fe3O4@-
salicylamide, and the [Fe3O4@salicylamide–L-proline–Ni(II)]
nanocomposite are presented in Fig. 1. The FTIR spectrum of
pristine Fe3O4 displays an Fe–O stretching band at 564 cm−1,
while the functionalized samples show this band shied to the
range of 555–558 cm cm−1. The broad peaks observed between
3200 and 3600 cm cm−1 and at 1624 cm cm−1 correspond to the
O–H bond vibrations of hydroxyl groups on the Fe3O4 surface.
In the FTIR spectrum of Fe3O4@Gly, additional peaks are
observed at 3488, 3434, 2973, 2920, 1629, 1303, and 1100 cm−1.
These peaks are attributed to the stretching vibrations of NH2,
aliphatic C–H, and carboxylate groups, respectively, providing
clear evidence of successful functionalization with glycine. The
FTIR spectrum of Fe3O4@salicylamide displays new peaks at
3132 and 3044 cm−1, which are assigned to the N–H stretching
vibration of the amide group and the aromatic C–H stretching
Scheme 1 Stepwise synthesis of [Fe3O4@salicylamide–L-proline–Ni(II)] n

© 2025 The Author(s). Published by the Royal Society of Chemistry
vibration. The band at 1705 cm−1 corresponds to the carbonyl
stretching vibration, while aromatic C–C stretching vibrations
are observed at 1595 and 1487 cm−1. An Ar–O stretching
vibration is observed at 1250 cm−1, further supporting
successful modication of the Fe3O4 surface with salicylamide.
The FTIR spectrum of the [Fe3O4@salicylamide–L-proline–Ni(II)]
anocomposite.

Nanoscale Adv., 2025, 7, 2663–2676 | 2665
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Fig. 3 TGA analysis of [Fe3O4@salicylamide–L-proline–Ni(II)]
nanocomposite.
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nanocomposite reveals a peak at 1154 cm−1, indicating the
presence of L-proline in the complex.51 The incorporation of
Ni(II) was conrmed through EDX, ICP, and elemental mapping
analyses, providing additional validation of the successful
synthesis of the complex and the presence of Ni.

Powder X-ray diffraction (P-XRD) analysis was used to
examine the crystalline structure of the [Fe3O4@salicylamide–L-
proline–Ni(II)] nanocomposite. The resulting diffraction pattern
displayed sharp peaks at 2q values of 30.34°, 35.64°, 43.24°,
53.79°, 57.14°, and 62.94°, corresponding to the (220), (311),
(400), (422), (511) and (440) lattice planes of Fe3O4. The
observed diffraction pattern closely matched the characteristic
peaks of Fe3O4 MNPs (JCPDS 88-0866),52 further verifying that
the Fe3O4 crystalline phase was maintained throughout the
functionalization process Fig. 2.

The thermal stability of the [Fe3O4@salicylamide–L-proline–
Ni(II)] nanocomposite was assessed using TGA analysis (Fig. 3).
A weight loss of approximately 4.2% observed below 200 °C is
attributed to the removal of physisorbed moisture and solvents.
A second, more substantial weight loss of about 14% occurs
between 200 and 600 °C, corresponding to the degradation of
the salicylamide and L-proline organic components on the
catalyst surface throught the pyrolysis reaction. These ndings
conrm the presence of organic moieties on the catalyst surface
and indicate its thermal stability up to 200 °C, suggesting its
suitability for reactions conducted at temperatures below this
limit.

The chemical composition of the synthesized [Fe3O4@-
salicylamide–L-proline–Ni(II)] nanocomposite was examined
using energy dispersive spectroscopy (EDS) (Fig. 4). The analysis
revealed peaks corresponding to iron (55.21 wt%, 26.23 at%)
and oxygen (22.63 wt%, 37.51 at%), conrming their presence
as integral components of the Fe3O4 structure. Additionally, the
detection of carbon (11.97 wt%, 26.47 at%) and nitrogen
(3.57 wt%, 6.77 at%) peaks indicates the successful incorpora-
tion of organic linkers and ligands on the surface of Fe3O4. The
observed nickel (6.62 wt%, 2.98 at%) peak further conrms the
presence of nickel complexed with the ligands on the surface of
Fig. 2 XRD analysis of [Fe3O4@salicylamide–L-proline–Ni(II)]
nanocomposite.

2666 | Nanoscale Adv., 2025, 7, 2663–2676
the magnetic nanoparticles (MNPs). Additionally, ICP-OES
analysis revealed that the nickel content in the [Fe3O4@-
salicylamide–L-proline–Ni(II)] nanocomposite was approxi-
mately 1.17 × 10−3 mol g−1.

The elemental mapping images (Fig. 5) show that the surface
of the [Fe3O4@salicylamide–L-proline–Ni(II)] nanocomposite is
predominantly made up of iron and oxygen, which originate
from the magnetic support. Additionally, carbon, nitrogen, and
nickel are present in lower amounts but are evenly distributed
across the surface. This indicates that the ligands and
complexes are securely attached to the surface, ensuring that
guest reactants can easily access the active sites.

The morphology of the synthesized [Fe3O4@salicylamide–L-
proline–Ni(II)] nanocomposite was investigated using scanning
electron microscopy (SEM) analysis (Fig. 6). The SEM images
show spherical shape crystallites arranged in a well-dispersed
Fig. 4 EDAX analysis of [Fe3O4@salicylamide–L-proline–Ni(II)]
nanocomposite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EDX elemental mapping images of [Fe3O4@salicylamide–L-
proline–Ni(II)] nanocomposite.
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manner. The overall surface morphology exhibits the charac-
teristic features of iron oxide nanoparticles, conrming their
stability throughout the post-synthetic modication process.53
Fig. 6 SEM images of [Fe3O4@salicylamide–L-proline–Ni(II)] nanocompo

© 2025 The Author(s). Published by the Royal Society of Chemistry
While some degree of agglomeration is observed, it is likely
attributed to the surface modication, which further supports
the successful synthesis of the target catalyst.

The TEM micrographs of the [Fe3O4@salicylamide–L-
proline–Ni(II)] nanocomposite clearly depict a spherical
morphology, with particle sizes ranging from 14 to 25 nm and
a uniform dispersion. These images reveal distinct surface
characteristics, further conrming the successful immobiliza-
tion of the targeted complex onto the MNPs support (Fig. 7).

Fig. 8 displays the magnetization curves of the prepared
samples at room temperature. The saturation magnetization
(Ms) values for bare Fe3O4, as well as for the synthesized Fe3-
O4@Gly, Fe3O4@salicylamide, and [Fe3O4@salicylamide–L-
proline–Ni(II)] nanocomposite, were approximately 60.97, 47.31,
41.02, and 29.96 emu g−1, respectively. The reduction in Ms for
each functionalized MNPs can be attributed to the increased
sample mass caused by the incorporation of diamagnetic
organic ligands, which weaken the magnetic properties of the
Fe3O4 core. Nevertheless, the complex still retains notable
magnetic properties, making it well-suited for various magnet-
ically guided applications.

To analyze the porous structure of the [Fe3O4@salicylamide–
L-proline–Ni(II)] nanocomposite, N2 physisorption was used.
site.

Nanoscale Adv., 2025, 7, 2663–2676 | 2667
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Fig. 7 TEM images of [Fe3O4@salicylamide–L-proline–Ni(II)] nanocomposite.

Fig. 8 VSM analysis of (a) Fe3O4, (b) Fe3O4@Gly, (c) Fe3O4@-
salicylamide and (d) [Fe3O4@salicylamide–L-proline–Ni(II)]
nanocomposite.
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The resulting type IV isotherms with a noticeable hysteresis
loop suggest a mesoporous character, which was further sup-
ported by a pore diameter of about 42.168 nm and a total pore
volume of 0.098 cm3 g−1. The calculated specic surface area of
47.55 m2 g−1 is lower than that of pure Fe3O4 (72.148 m2 g−1),54

likely due to pore obstruction and cavity lling during the
functionalization process (Fig. 9).
Fig. 9 N2 adsorption–desorption isotherm of [Fe3O4@salicylamide–L-
proline–Ni(II)] nanocomposite.
3.2. Catalytic study

Aer thoroughly characterizing the [Fe3O4@salicylamide–L-
proline–Ni(II)] nanocomposite, we investigated its catalytic
activity in various organic reactions, including the synthesis of
tetrazoles. In the rst stage, we optimized key reaction param-
eters such as catalyst loading, solvent, and temperature (Table
1). The optimization was carried out using the [Fe3O4@-
salicylamide–L-proline–Ni(II)] nanocomposite as the catalyst in
a model reaction involving 1 mmol of benzonitrile and
1.3 mmol of sodium azide. Initially, the reaction was conducted
without a catalyst, yielding no conversion (Table 1, entry 1).
When the reaction was performed in PEG-400 under reux,
2668 | Nanoscale Adv., 2025, 7, 2663–2676
varying amounts of catalyst were tested, and a signicant
improvement in yield was observed (Table 1, entries 2–5). A
catalyst loading of 1 mg resulted in a low yield (Table 1, entry 2),
while increasing the catalyst amount to 5 mg led to an excellent
product yield (Table 1, entry 5). However, further increasing the
catalyst loading to 7 mg did not enhance the yield or reduce the
reaction time (Table 1, entry 6). Subsequently, various green
solvents, including water, ethanol and their mixture (1 : 1), were
also tested, but none produced satisfactory results (Table 1,
entries 7 and 8). Furthermore, reducing the reaction tempera-
ture to 80 °C or room temperature resulted in only moderate or
negligible product formation, respectively (Table 1, entries 10
and 11). The inuence of sodium azide stoichiometry on reac-
tion efficacy was subsequently examined (Table 1, entries 12
and 13). Quantication of product yields revealed that an
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00168d


Table 1 Optimization of synthesis of 5-phenyl-1H-tetrazol in the presence of [Fe3O4@salicylamide–L-proline–Ni(II)] complex

Entry Catalyst
Catalyst amount
(mol%) Solvent

Temperature
(°C)

Time
(min)

Yielda,b

(%)

1 [Fe3O4@salicylamide–L-proline–Ni(II)] — PEG-400 120 1 day NR
2 [Fe3O4@salicylamide–L-proline–Ni(II)] 1 PEG-400 120 90 36
3 [Fe3O4@salicylamide–L-proline–Ni(II)] 2 PEG-400 120 50 69
4 [Fe3O4@salicylamide–L-proline–Ni(II)] 4 PEG-400 120 30 92
5 [Fe3O4@salicylamide–L-proline–Ni(II)] 5 PEG-400 120 25 97
6 [Fe3O4@salicylamide–L-proline–Ni(II)] 7 PEG-400 120 25 97
7 [Fe3O4@salicylamide–L-proline–Ni(II)] 5 Water Reux 180 45
8 [Fe3O4@salicylamide–L-proline–Ni(II)] 5 Ethanol Reux 135 73
9 [Fe3O4@salicylamide–L-proline–Ni(II)] 5 Water : ethanol (1 : 1) Reux 30 64
10 [Fe3O4@salicylamide–L-proline–Ni(II)] 5 PEG-400 80 2 h 51
11 [Fe3O4@salicylamide–L-proline–Ni(II)] 5 PEG-400 r.t. 6 h Trace
12 [Fe3O4@salicylamide–L-proline–Ni(II)] 5 PEG-400 120 25 97c

13 [Fe3O4@salicylamide–L-proline–Ni(II)] 5 PEG-400 120 25 94d

14 Fe3O4 5 PEG-400 120 120 Trace
15 Fe3O4@Gly 5 PEG-400 120 120 Trace
16 Fe3O4@salicylamide 5 PEG-400 120 120 Trace

a Isolated yield. b Conditions: benzonitrile (1 mmol), sodium azide (1.2 mmol), [Fe3O4@salicylamide–L-proline–Ni(II)] catalyst (mg) and solvent
(3 mL). c The reaction was carried out with 1.4 mmol of NaN3.

d The reaction was carried out with 1 mmol of NaN3.
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increase in NaN3 from 1.2 mmol to 1.4 mmol did not signi-
cantly enhance reaction performance. Conversely, a reduction
to 1.0 mmol resulted in a demonstrable decrease in yield.
Furthermore, to elucidate the catalytic role of the Ni species,
a comparative study was conducted utilizing various catalyst
intermediates: bare Fe3O4, Fe3O4@Gly, and Fe3O4@-
salicylamide (Table 1, entries 14–16). These intermediates-
yielded only trace amounts of the desired product, under-
scoring the indispensable contribution of the nickel(II)
component in achieving optimal catalytic activity for the [Fe3-
O4@salicylamide–L-proline–Ni(II)] catalyst.

Overall, the optimal conditions were found to be 5 mg of the
[Fe3O4@salicylamide–L-proline–Ni(II)] catalyst in PEG-400 at
120 °C, which yielded the best results for the synthesis of 5-
substituted 1H-tetrazoles.

The scope and efficiency of the optimized methodology was
evaluated in various substrates including substituted benzoni-
triles, as well as different aliphatic cyano compounds (Table 2).
The results revealed that all substrates reacted effectively,
yielding the desired tetrazoles in good to excellent amounts.
The electron-withdrawing groups on the aryl ring increased
reactivity, while electron-donating groups had the opposite
effect. Moreover, the reaction was successfully applied to
aliphatic nitriles, leading to the formation of the desired tetra-
zoles with yields reaching up to 90%. Additionally, the reaction
of dicyanoarenes including; phthalonitrile, isophthalonitrile,
and terephthalonitrile derivatives (Table 2 entries 5–7), with
a stoichiometric equivalent of azide reagent afforded the
desired 2-(1H-tetrazol-5-yl)benzonitrile derivative as the sole
product. The observed retention of the second cyano
© 2025 The Author(s). Published by the Royal Society of Chemistry
substituent demonstrates the remarkable homoselectivity of
this catalytic methodology for the synthesis of 5-substituted
tetrazoles. Finally, a 10-fold scale-up of the reaction, using
benzonitrile as a model reaction maintaining stoichiometric
ratios, yielded 94% of the desired product in 35 min, demon-
strating the method's feasibility for gram-scale production. This
efficient and rapid transformation conrms the method's
potential for industrial application in 5-substituted 1H-tetrazole
synthesis.

The plausible mechanism for the catalytic cycle in the
synthesis of 5-aryl-1H-tetrazoles, facilitated by the [Fe3O4@-
salicylamide–L-proline–Ni(II)] nanocomposite, is outlined in
Scheme 2. In the rst step, the Ni(II) center interacts with the
sodium azide salt (NaN3), generating a reactive nitrogen
species. This intermediate then reacts with an organic nitrile
(R–CN) on the catalyst surface. The interaction between the
intermediate and the Ni complex induces the subsequent ring
closure, resulting in the formation of the tetrazole structure.
The cycle concludes with the regeneration of the catalyst,
making it ready for the next catalytic iteration.65
3.3. Reusability of catalyst

The ability to recycle a catalyst from the reaction medium is
a powerful characteristic that makes it particularly valuable for
catalysis applications, especially from an environmental
perspective.66 In this regard, we investigated the model reaction
under optimized conditions for the synthesis of 5-phenyl-1H-
tetrazole derivatives. Aer the reaction reached completion, as
indicated in Table 2, the reaction was stopped, and the catalyst
was separated following the procedure outlined in the
Nanoscale Adv., 2025, 7, 2663–2676 | 2669
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Table 2 The scope of synthesis of 5-substituted 1H-tetrazoles catalyzed by [Fe3O4@salicylamide–L-proline–Ni(II)] nanocomposite

Entry Aryl nitrile Product Time (min) Yielda,b (%) TON TOF (min−1) Melting point [ref.]

1 25 97 16 440 657 218–220 (ref. 55)

2 20 95 16 101 805 159–161 (ref. 56)

3 25 97 16 440 657 155–156 (ref. 55)

4 15 99 16 779 1118 219–221 (ref. 55)

5 20 92 15 593 779 209–212 (ref. 57)

6 27 96 16 271 602 210–212 (ref. 57)

7 18 98 16 610 922 251–254 (ref. 57)

8 30 88 14 915 497 295–296 (ref. 58)

9 40 93 15 762 394 152–154 (ref. 59)

10 28 96 16 271 581 249–251 (ref. 55)

2670 | Nanoscale Adv., 2025, 7, 2663–2676 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Entry Aryl nitrile Product Time (min) Yielda,b (%) TON TOF (min−1) Melting point [ref.]

11 85 88 14 915 175 222–224 (ref. 60)

12 45 95 16 101 537 200–204 (ref. 61)

13 80 91 15 423 192 266–269 (ref. 55)

14 80 89 15 084 188 225–227 (ref. 62)

15 37 95 16 101 435 244–246 (ref. 63)

16 80 92 15 593 194 231–234 (ref. 55)

17 30 97 16 440 548 140–143 (ref. 64)

18 25 97 16 440 657 154–155 (ref. 55)

a Isolated yield. b Conditions: aryl nitrile (1.0 mmol), sodium azide (1.2 mmol) and [Fe3O4@salicylamide–L-proline–Ni(II)] complex (5 mol%) in PEG-
400 (2 mL) at 120 °C.
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Experimental section. It was then washed several times with
ethyl acetate (EtOAc), water, and ethanol, before being dried in
an oven at 80 °C. The recovered catalyst was subsequently
reused in the next reaction cycle. The results demonstrate
excellent reusability, with only a negligible loss in efficiency over
eight consecutive reaction cycles (Fig. 10). These ndings
© 2025 The Author(s). Published by the Royal Society of Chemistry
conrm the reusability and recyclability of the prepared catalyst
under the optimized conditions.

To evaluate the stability of the [Fe3O4@salicylamide–L-
proline–Ni(II)] nanocomposite following recyclability experi-
ments, FT-IR, VSM and ICP-OES analyses were performed. The
consistent FT-IR pattern observed aer eight cycles (Fig. 11)
Nanoscale Adv., 2025, 7, 2663–2676 | 2671
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Scheme 2 Possible mechanism for synthesis of 5-substituted-1H-
tetrazoles over the catalysis of [Fe3O4@salicylamide–L-proline–Ni(II)]
nanocomposite.

Fig. 10 The reusability of [Fe3O4@salicylamide–L-proline–Ni(II)]
nanocomposite in the model reaction of 5-phenyl-1H-tetrazole
synthesis.

Fig. 11 FT-IR analysis of recovered [Fe3O4@salicylamide–L-proline–
Ni(II)] nanocomposite.

Fig. 12 VSM analysis of recovered [Fe3O4@salicylamide–L-proline–
Ni(II)] nanocomposite.
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demonstrates the exceptional chemostability and recyclability
of the catalyst. Additionally, the Ms value of the recycled [Fe3-
O4@salicylamide–L-proline–Ni(II)] catalyst was determined to be
26.37 emu g−1 (Fig. 12). A comparative analysis with the fresh
catalyst demonstrated only a modest reduction of 3.59 emu g−1

in theMs value following eight recycling cycles. This observation
indicates a high degree of magnetic stability, conrming that
the material maintains sufficient magnetic responsiveness for
effective separation via neodymium magnets. Finally, the ICP-
OES results show that the Ni content in the recycled catalyst
is nearly identical to that of the fresh catalyst (1.16 × 10−3 mol
g−1), indicating no signicant metal leaching from the catalyst
surface during the reaction cycles.

3.4. Leaching and hot ltration test

The nature of the catalytic species and their potential leaching
into the reaction medium was examined using a hot ltration
test and instrumental analysis. For this investigation, the model
2672 | Nanoscale Adv., 2025, 7, 2663–2676
reaction for synthesizing 5-phenyl-1H-tetrazole was selected. At
the halfway point of the reaction, the [Fe3O4@salicylamide–L-
proline–Ni(II)] nanocomposite was magnetically separated from
the reaction mixture (with a product yield of 67% at this time),
and the reaction was allowed to proceed for an additional half of
the reaction time. The results revealed that the product yield
increased by only a negligible 2% aer catalyst removal, con-
rming the catalyst's predominantly heterogeneous nature. In
addition, the ICP-OES analysis of the ltrate showed no trace of
nickel, suggesting that there was very little metal leaching
throughout the reaction.

3.5. Comparison study of catalytic activity

In recent years, several catalytic methods have been developed
for synthesizing 5-aryl-1H-tetrazoles, given the signicant
importance of these compounds. However, a comparison
between the catalytic performance of the [Fe3O4@salicylamide–
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison the [Fe3O4@salicylamide–L-proline–Ni(II)] nanocomposite catalytic activity in synthesis of 5-phenyl-1H-tetrazole model
reaction

Entry Catalyst (active site) Time (min) Isolated yield (%) Reference

1 Fe3O4@L-lysine–Pd(0) (palladium) 60 99 27
2 [Fe3O4@TAM–Schiff-base–Cu(II)] (copper) 100 98 68
3 Fe3O4@SiO2@SBA-3@2-ATP–Cu (copper) 65 94 69
4 Co-(PYT)2@BNPs (cobalt) 120 98 70
5 CF/MC/HA/A (silver) 10 93 29
6 Ag NPs (silver) 3 h 88 71
7 CoFe2O4@amino glycol/Gd (gold) 10 97 32
8 AuNPs (gold) 30 min 95 72
9 MCM-41@serine/Er (erbium) 10 96 31
10 MCM-41/3,4,5-tri-hydroxyphenyl acetic acid/Sm (samarium) 20 92 33
11 InCl3 (indium) 15 h 92 28
12 Nd–Schiff-base@BMNPs (neodymium) 3 h 98 30
13 Polymer-bound AlCl3 (aluminium) 6 h 79 20
14 SSA (sulfuric acid) 4 h 88 67
15 [Fe3O4@salicylamide–L-proline–Ni(II)] (nickel) 25 97 This work
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L-proline–Ni(II)] nanocomposite and the most efficient green
methods in the literature reveals several limitations of the
latter. While previous catalysts oen suffer from issues like high
costs (especially for precious metals such as palladium,
indium,28 silver,29 neodymium,30 erbium,31 gadolinium,32 and
samarium33), the need for harsh acidic conditions,67 long reac-
tion times, and toxic reagents or solvents, the [Fe3O4@-
salicylamide–L-proline–Ni(II)] nanocomposite stands out as
a more sustainable alternative. It performs excellently under
environmentally friendly conditions, achieving high yields in
short reaction times. Moreover, it was synthesized using low-
cost, green reagents through a simple and multi-gram scale
strategy and shows minimal metal leaching. This makes it
a promising, efficient, and eco-friendly option compared to
conventional methods (Table 3).
4. Conclusions

In conclusion, a novel nanomagnetic nickel complex was
successfully synthesized by a straightforward three-step post-
synthesis method. This involved functionalizing Fe3O4

magnetic nanoparticles with glycine, converting it to salicyla-
mide, and subsequently complexing with nickel and proline.
The resulting material exhibits excellent thermal stability,
a high surface area, and a spherical morphology with particle
sizes ranging from 14 to 25 nm. This catalyst proved highly
effective in the homoselective synthesis of 5-substituted-1H-
tetrazoles via click condensation of various organic nitriles and
sodium azide in PEG-400 at 120 °C, affording good to excellent
yields (88–99 yield% in 15–85 min). Furthermore, the catalyst
demonstrated remarkable reusability, enhanced stability, and
minimal leaching. These ndings highlight the potential of this
catalyst for advancing catalysis, particularly in surface amina-
tion using glycine and the immobilization of carboxyl-
containing ligands via direct amidation. These heterogeneous
catalysts hold considerable promise for diverse catalytic appli-
cations. Future studies could explore the applicability of this
© 2025 The Author(s). Published by the Royal Society of Chemistry
direct amidation method on the catalyst surface for immobi-
lizing carboxylic acid-containing ligands, further enhancing its
potential for catalytic applications.
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