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Triazoles are biologically important compounds that play a crucial role in biomedical applications. In this
study, we present an innovative and eco-friendly nanocatalyst system for synthesizing compounds via
the click reaction. The system is composed of Arabic gum (AG), iron oxide magnetic nanoparticles
(FesO4 MNPs), (3-chloropropyl) trimethoxysilane (CPTMS), 2-aminopyridine (AP), and Cu() ions. Using AP

as an anchor for Cu() ions and FezO, MNPs allows facile separation using an external magnet. The
Received L4th May 2023 hydrophilic nature of the FesO,@AG/AP-Cu() ite makes it highly efficient in wat
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a green solvent. The highest reaction efficiency (95.0%) was achieved in H,O solvent with 50.0 mg of

DOI: 10.1039/d3na00326d nanocatalyst for 60 min at room temperature. The reaction yield remained consistent for six runs,
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1. Introduction

Heterocycles are a large group of organic compounds with high
biological properties, including anticancer, antimicrobial, anti-
Alzheimer, anti-obesity, anti-diabetic, antihistaminic, anticon-
vulsant, antiviral, and antiparasitic properties, and are widely
used in medicinal compounds.’ In recent decades, research
based on triazole derivatives as medicinal compounds has
received much attention, and impressive results have been ob-
tained.”® Triazole compounds contain a five-membered
aromatic azole ring with three nitrogen atoms, which can
connect to various enzymes and receptors in the biological
system through non-covalent bonds and show excellent bio-
logical activities.* One of the methods for developing triazole
products is azide-alkyne Huisgen cycloaddition which occurs
between an azide and a terminal or internal alkyne to give
a 1,2,3-triazole and named the click reaction.® The Azide-alkyne
Huisgen cycloaddition reaction, which produces covalently
linked molecules via a 1,2,3-triazole, is among the superior
transformations in synthetic organic chemistry.*”

Click reactions are gaining tremendous attention because
they allow chemists to connect two building blocks easily.® The

Catalysts and Organic Synthesis Research Laboratory, Department of Chemistry, Iran
University of Science and Technology, Tehran 16846-13114,
Rezataheri13661206@gmail.com; R_taheri94@alumni.iust.ac.ir; maleki@iust.ac.ir;
Fax: +98 2173021584; Tel: +98 21 77240640-50

Iran. E-mail:

T Electronic supplementary information (ESI) available: Supplementary
information such as "HNMR and '*C-NMR spectra of the synthetic products,
can be acquired in the online version of this article on the publisher's website.
See DOLI: https://doi.org/10.1039/d3na00326d

1 Co-first author.

© 2023 The Author(s). Published by the Royal Society of Chemistry

demonstrating the stability and effectiveness of the catalyst.

distinctive features of thermodynamically controlled copper-
catalyzed azide-alkyne cycloaddition, such as facile and
moderate reaction conditions, compatibility with a wide range
of different functional groups and various solvents, and wide
pH range tolerance, introduce this reaction as a powerful
method for biologically pertinent molecule synthesis and
modification of organic scaffolds.® Nevertheless, high reaction
temperature and lack of regioselectivity are the main disad-
vantages of this reaction.’ Using metal ions as catalysts is
a powerful method to accelerate many organic reactions.™
Studies show that copper metal has been used as a catalyst in
the click reaction in several forms, such as metal salt,'” copper
nanoparticles (NPs),"® copper stabilized on polymer
substrates, CuSO,-ascorbate systems,' and nanostructured
copper oxide.'® According to reports, heterogeneous catalytic
systems have attracted much attention in both micro and
nanoscales due to the high surface area for chemical reactions
between the reactants and the catalytic substrate."”

One of the essential features in constructing heterogeneous
catalysts is their easy separation from the reaction flask.'® In
this regard, heterogeneous catalytic systems based on MNPs are
widely used due to their easy separation by using an external
magnet."® Over the past few decades, MNPs with a unique size
and structure have garnered significant attention due to their
distinct physical and chemical properties.*”** A multitude of
strategies have been developed to synthesize a variety of
magnetic nanomaterials, including iron, cobalt, nickel, alloys,
iron oxide, metal ferrite, and more.**** Among all magnetic
materials, magnetite (Fe;0,) is the most important and widely
utilized in numerous fields.*> When engineered into well-
defined nanoscale structures, Fe;0, exhibits vast potential for
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practical applications in various domains, such as biomolecular
separation,® chemical sensing,** energy storage,* catalysis,***
absorption,®»** biomedicine/biotechnology,**" and environ-
mental remediation. Fe;0, MNPs can be synthesized using
various methods, such as coprecipitation of Fe*" and Fe’",
thermal decomposition, microemulsion, and hydrothermal/
solvothermal techniques. Of all the methods mentioned,
coprecipitation is the favored option for most researchers due
to its ability to be conducted under mild conditions using water
as a solvent.®"* Due to the high importance of the environment
and green chemistry, researchers are looking to make catalysts
based on biodegradable and environmentally friendly mate-
rials. Accordingly, heterogeneous catalytic systems are modified
by different components such as natural polymers, minerals,
and biological structures so that more catalytic sites are
available.?>®7°

AG has a natural origin from wild trees primarily found in
Somalia.”"”? Using natural polymer (AG) is a direct approach to
successfully synthesize the aqueous phase of various metal
NPs.”>”* This polymer is widely used as a stabilizer, reducing
agent, emulsifying agent, and additive in various NP
syntheses.”””® The functional hydroxyl groups in the structure
of this natural polymer can make a physicochemical hydrogen
bond with hydroxyl groups on the surface of MNPs.” Other
hydroxyl groups not involved in hydrogen bonds can be func-
tionalized by covalent bonds with various linkers.** From
a green and sustainable chemistry perspective, a recent surge of
interest has been in designing efficient and cost-effective
chemical processes that utilize heterogeneous catalysts to
synthesize fine chemicals and pharmaceutical products
through multicomponent reactions (MCRs).*'"** However, the
limited catalytic activity of these catalysts remains a significant
challenge. Minimizing the particles’ size in the heterogeneous
catalyst is crucial to overcome this issue.***> Nanostructured
catalysts, which lie at the interface of homogeneous and
heterogeneous catalysis, are known as “quasi-homogeneous” or
“soluble heterogeneous” catalysts due to their nanoscale nature
and high surface area.***”

Nonetheless, conventional separation techniques such as
filtration and centrifugation become problematic for suspensions
containing particles smaller than 100 nm, making it difficult to
separate the catalyst.*®* Today, magnetic nanocatalysts are widely
used to develop sustainable and green processes due to easy
separation, low energy loss, and economic efficiency.”*** Fe;0,
MNPs have gained prominence due to their unique properties,
including easy preparation from low-cost precursors, high surface
area, low toxicity, excellent reusability, and biocompatibility.>
Usually, these NPs are protected by surface functionalization with
biological coatings to prevent oxidation and self-assembly and
increase stability.****

In this work, a novel magnetic nanocatalyst is designed based
on AG as a natural polymer with low toxicity. First, Fe;0, MNPs
were selected as a central core of the nanocatalyst to prepare
a magnetic nanocatalyst with easy separation.”® AG was chosen as
the primary cover. The MNPs were incorporated into the AG
matrix polymer to improve stability and prevent accumulation.
Also, the dispersibility of the nanocomposite can be increased due
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to the presence of hydrophilic functional groups such as hydroxyl
(-OH) and carbonyl (-COOH) groups in the AG structure.® For this
purpose, Fe;0, MNPs were synthesized in a flask reaction and
fixed in situ inside the matrix polymer.” Following this, the
Fe;0,@AG nanocomposite surface was modified by CPTMS so
that the anchor molecules (AP) could be attached to it. CPTMS was
added to the Fe;0,@AG solution in this stage and kept under
reflux treatment. The AP molecule with a unique dual nucleo-
philic structure was selected as an anchor to place Cu() ions by
coordination bonds.*® Also, this stage was performed by adding AP
and triethylamine to the Fe;O,@AG@CPTMS solution under
reflux conditions. Finally, the Cu(i) ion chelated with nitrogen
atoms of the AP compound to act as the active sites for the click
reaction. Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction analysis (XRD), energy dispersive X-ray (EDX) spec-
troscopy, thermogravimetric analysis (TGA), vibrating-sample
magnetometry (VSM), and field emission scanning electron
microscopy (FESEM) were performed to characterize the
Fe;0,@AG/AP-Cu(1) nanocomposite and all of them proved its
successful synthesis. The synthesis process of the [1,2,3]-triazole
derivatives was evaluated in the presence of the Fe;0,@AG/AP-
Cu(1) nanocatalyst. The highest efficiency (95%) was obtained with
optimization parameters such as 50.0 mg (catalyst dosage), 60 min
(time reaction), H,O (solvent), and room temperature. The novel
and environmentally friendly nanocatalyst prepared by our
research group could be an effective nanocatalyst for synthesizing
triazole derivatives. This nanocatalyst's turnover number (TON)
and turnover frequency (TOF) values were calculated to be 48.66
and 0.0135, respectively. The novel and environmentally friendly
nanocatalyst our research group prepared could be an effective
nanocatalyst for synthesizing [1,2,3]-triazole derivatives.

2. Experimental

2.1. Materials and equipment

All the chemical materials, solvents, and reagents were
purchased from Sigma-Aldrich and Merck companies. The FTIR
analysis was performed by using a Shimadzu FTIR-8400S spec-
trometer via the KBr pellet method. The XRD analysis was
performed with a DRON-8 X-ray diffractometer. The EDX spec-
trum was obtained by using a VEGA-TESCAN-XMU. Also, TGA,
inductively coupled plasma optical emission spectroscopy (ICP-
OES), and vibrating-sample magnetometry (VSM) were per-
formed by using a Bahr-STA 504 instrument under an argon
atmosphere, Varian VIST-MPX with an axial torch, and LBKFB

model-magnetic Kashan Kavir (5000 Oe) instrument,
respectively.
2.2. Preparation of Fe;0,@AG nanopowder

0.64 g of iron(n) and 1.20 g of iron(m) chloride salts were initially
dissolved in 10.0 mL of deionized water at an ambient
temperature. Afterward, 0.60 g of AG powder was poured and
dissolved in the reaction flask. In the next stage, iron ions were
precipitated through the co-deposition method, and the formed
Fe;0, MNPs were composed of the AG polymer. Finally, the in
situ method provides a better composition, and immobilization

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of the dark Fe;O, MNPs was carried out by using an ammonia
solution to increase the pH value to 12.>

2.3. Preparation of the Fe;0,@AG@CPTMS magnetic
nanocomposite

Fe;0,@AG (1.0 g) was poured into a round bottom flask contain-
ing 20.0 mL dry toluene. First, the obtained mixture was sonicated
for 20 min. Next, MNP modification with 3-chloropropyl-
trimethoxysilane (CPTMS) was accomplished by adding 3.0 mL of
CPTMS (16.45 mmol) into the mixture under stirring and reflux in
toluene (110 °C) for 24 h, under a N, atmosphere. Then, the
resultant product was rinsed with absolute ethanol to remove
unattached substrates and eventually dried at 100 °C for 12 h.”®

2.4. Preparation of the Fe;0,@AG/AP magnetic
nanocomposite

The prepared Fe;0,@AG@CPTMS was sonicated for 30 min.
Then, 0.4 g AP and 2.0 mL triethylamine were added to a round
bottom flask containing 40.0 mL ethanol, and refluxed for 24 h
at 70 °C under an N, atmosphere to prepare the Fe;0,@AG/AP
magnetic nanocomposite.

2.5. Preparation of the Fe;0,@AG/AP-Cu(1) magnetic
nanocomposite

Finally, the catalyst was synthesized by reacting Fe;O,@AG/AP
with 0.8 g copper() chloride. The Cu particles in the prepared
Fe;0,@AG/AP-Cu(1) act as the active sites for the one-pot
synthesis of 1,2,3 triazole derivatives.*

View Article Online

Nanoscale Advances

2.6. General process of the synthesis of triazole derivatives
(4a-q) in the presence of Fe;0,@AG/AP-Cu()

For the synthesis of triazole derivatives, 1.0 mmol, 1.1 mmol,
and 1.0 mmol of each reactant, such as alkyne, sodium azide,
and 2-chloro-N-phenyl-acetamide, respectively, were mixed in
the presence of distilled water (2.0 mL), and 50.0 mg of the
prepared nanocatalyst was added to it. The solution mixture
was stirred for an appropriate time at room temperature.
Next, the nanocatalyst was separated magnetically from the
reaction flask. Finally, the product was isolated by filtration
and washed several times with ethanol, and the recrystalli-
zation process was performed to obtain the pure product.

3. Results and discussion

3.1. Preparation of the Fe;0,@AG/AP-Cu(i) magnetic
nanocomposite

Our primary objective in this research was to uphold the
tenets of green chemistry while enhancing the catalyst's effi-
cacy in synthesizing essential biological compounds like tri-
azoles. To this end, a novel catalyst was developed using
a natural polymer and copper ions. This innovation offers
numerous benefits, such as being cost-effective and having
low toxicity. Our findings demonstrate that this ground-
breaking catalyst is exceptionally proficient in synthesizing
triazole compounds through click reactions, achieving an
unparalleled efficiency rate of 95.0% compared to other
catalysts. This high efficiency was achieved only by applying
0.05 g of adsorbent dose.
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Scheme 1 The preparation process of the FesO,@AG/AP-Cu() magnetic nanocomposite.
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Fig. 1 FTIR spectra of AG (I), Fes04@AG (ll), Fes04@AG@CPTMS (lll), FesO4@AG/AP (IV), and FezO4@AG/AP-Cu(l) (V) (a) and XRD patterns of
Fez04@AG (1), Fes04,@AG@CPTMS (l1), Fes04@AG/AP (lll), and Fes04@AG/AP-Cu() (IV) nanocomposites (b).
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Fig.2 Results of the energy dispersive X-ray (EDX) analysis of Fes04@AG (a), Fes0,@AGQCPTMS (b), Fes0,4@AG/AP (c), and FesO,@AG/AP-Cu()
(d) nanocomposites.
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Fig. 3 The TGA of the Fes0,4,@AG/AP-Cu() nanocomposite (a), and the M—H curves of the Fes0,@AG (green curve) and FezO,@AG/AP-Cu()

nanocomposites (blue curve) at room temperature (b).

Furthermore, the presence of the natural AG polymer in
the catalyst's structure, which possesses an abundance of
hydrophilic groups (-OH and -COOH), results in exceptional
performance in water as a green solvent. This aspect aligns
with the principles of green chemistry and highlights the
potential of this innovative catalyst in promoting environ-
mentally conscious practices. The general method of the
designed nanocatalyst synthesis is as follows. First, the
Fe;0,@AG nanopowder was prepared via a mixture of the
iron(u1) and iron(m) chloride solution and AG solution under
basic conditions. In this phase, the Fe;0, MNPs are immo-
bilized within the polymer matrix via electrostatic interac-
tions between the carboxylic group of AG and the surface
hydroxyl group of Fe;O,, thereby ensuring optimal stability

and functionality. In the second stage, the Fe;O,@AG powder
was dissolved in dry toluene, and CPTMS was added to it.
Then, the solution mixture was refluxed for 24 h. In the third
step, the Fe;0,@AG@CPTMS solution was dispersed by
sonication. CPTMS was employed to attach AP onto the
Fe;0,@AG composite surface. This procedure was achieved
by forming a covalent bond between the hydroxyl groups
present on the composite surface and the Si atoms of the
CPTMS structure. Next, AP and trimethylamine were added to
Fe;0,@AG@CPTMS solution in ethanol and refluxed under
an N, atmosphere. To facilitate the placement of Cu ions,
trimethylamine and AP were utilized to activate the amino
group within the AP structure and serve as an anchor. In the
final step, the fabricated Fe;0,@AG/AP magnetic

Fig. 4 FESEM images of Fez04@QAG (a), Fes04,@QAGQCPTMS (b), FesO4@AG/AP (c), and FezsO4@AG/AP-Cu() (d) nanocomposites.
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Table 1 The reaction condition optimization of [1,2,3]-triazole compound synthesis in the presence of the Fes04,@AG/AP-Cu() nanocatalyst

Jo
of

) ﬁ o '\II 7 O
(0]
NaN3 + /

—>

NH

Water.,r.t
60 min

S
N
O/CH3
Temperature

Entry Catalyst (mg) Solvent (°C) Time (min) Yield (%)
1 — H,0 r.t. 35 —
2 10 H,0 r.t. 35 70
3 10 EtOH I.t. 35 47
4 10 H,O/EtOH (1:1) L.t 35 60
5 10 Toluene r.t. 35 20
6 10 CHCl; r.t. 35 27
7 10 H,0: EtOH (1:2) L.t 35 50
8 10 PEG-400 r.t. 35 Trace
9 10 Isopropanol r.t. 35 33
10 10 1,4-Dioxane r.t. 35 15
11 10 CH;CN(CAN) r.t. 35 43
12 10 ACN/H,0 r.t. 35 37
13 20 H,0 I.t. 35 77
14 30 H,O r.t. 35 80
15 40 H,O r.t. 35 83
16 50 H,O r.t. 35 86
17 70 H,O r.t. 35 86
18 50 H,0 r.t. 45 90
19 50 H,0 I.t. 60 95
20 50 H,O r.t. 75 95
21 50 H,0 rt. 90 95
22 50 H,0 r.t. 120 95
23 50 H,0 50 60 97
24 50 H,O 75 60 99
25 50 H,O 90 60 99
26 50 H,0 100 60 99

nanocomposite was reacted with CuCl and Cu(i) placed on the
AP via coordination interaction with N-donor ligands. The
preparation process of the Fe;O,@AG/AP-Cu(1) magnetic
nanocomposite is displayed in Scheme 1. Eventually, the final
product was characterized by FTIR, XRD, TGA, EDX, VSM, and
FESEM analyses.

3.2. Characterization of the Fe;0,@AG/AP-Cu(1) magnetic
nanocomposite

3.2.1. FTIR analysis. To characterize the basic functional
groups in the structure of Fe;0,@AG/AP-Cu(i) magnetic nano-
composite, Fourier-transform infrared (FTIR) spectra of the AG

4916 | Nanoscale Adv, 2023, 5, 4911-4924

(spectrum I), Fe;0,@AG nanopowder (spectrum II), the Fes-
0,@AG@CPTMS magnetic nanocomposite (spectrum III), the
Fe;0,@AG/AP magnetic nanocomposite (spectrum IV), and the
Fe;0,@AG/AP-Cu(1) magnetic nanocomposite (spectrum V) are
displayed in Fig. 1a. In spectrum I, the absorbance peaks at
around 3422 and 2939 cm ' are related to the stretching
vibration of O-H and C-H (hybridization sp®) bonds. Two
strong peaks at 1603 and 1424 cm ™' confirm the presence of the
COO™ group.”' In spectrum II, the absorbance peak at around
558 cm ' confirms the presence of Fe;O; MNPs in the
Fe;0,@AG magnetic nanocomposite. In spectrum III, the exis-
tent peaks at 1116, 1043, and 2933 cm ™" are ascribed to the Si-O
and C-H stretching bonds in the CPTMS structure.'* In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Synthesis of [1,2,3]-triazole derivatives in the presence of the Fes0,@AG/AP-Cu() nanocomposite

Sodium  2-Chloro-N-phenyl-acetamide

Yield Number of

Entry Alkyne azide derivatives Product (%)  compounds
NH
0 /%
N
N\ HN
1 N NaNj, 5 95 2a
=
0\// Ny
P
N
o
cl /\<
s HN)J\/ /7_N 0
Ng N
2 _N NaN; o 97 2b
0\/
NN
cl N
0/
)k/CI /\<
OCHs i /7—N Y
Ng N
3 _N NaN; o 96 2¢
0\/
NN
G
Br N
o
(o]
OCH Cl /\<
3 —
HN N—N Y
!
N N/ VZ
A
4 _N NaN; o 90 2d
o\/ \
N
Z
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Table 2 (Contd.)
Sodium  2-Chloro-N-phenyl-acetamide Yield Number of
Entry Alkyne azide derivatives Product (%)  compounds
OCH;
o}
NH:
OCHj, cl /\<
HN N—N )
N J
N S
5 N NaN; 96 2e
o\/ i
S
OCH,
7
N
o
| -0
NH NO,
Cl
OCHj3 )l\/
HN N—-N
N// °
Na P
6 _N NaN, . 97 of
=
o Z
\/ XN
NO, N/
5
(o] NH,_@—OCH;
OCH )J\/CI o /\<
3 HN y // [¢]
N A
X
7 N NaN; o 97 2g
Z
X
O\/ |
7

OCH;

spectrum IV, the characterized absorption peaks occurring at
1690-1560 cm ™" and 1405 em™ " are attributed to the bending
vibration of the N-H bond, and stretching vibration of C=N,
and C-N bonds of AP in the structure of the Fe;O,@AG/AP
magnetic nanocomposite.’®*** In addition, the stretching
vibrations of Cu-O bonds in the structure of the Fe;O,@AG/AP-
Cu(1) nanocomposite appear at ~635 cm ™', which overlapped
with the peak related to the stretching vibrations of Fe-O
bonds.*

3.2.2. XRD analysis. The XRD patterns of the Fe;0,@AG (1),
Fe;0,@AG@CPTMS (II), Fe;0,@AG/AP (III), and Fe;0,@AG/
AP-Cu(r) (IV) nanocomposites are illustrated in Fig. 1b. All
diffraction patterns have a fine match with the reference pattern

4918 | Nanoscale Adv,, 2023, 5, 4911-4924

(¢]

of the Fe;O, MNPs. It confirms that they have been well
distributed onto the AG textures. These peaks appear at 26 =
30.22°,35.55°, 43.28°, 53.56°, 57.19°, and 62.81° that are related
to the (220), (311), (400), (422), (511), and (400) Miller indices,
respectively, with 00-19-0629 JCPDS card number.'® In the
diffraction pattern attributed to the Fe;O,@AG/AP-Cu(i) (IV)
nanocomposite, three essential peaks at 26 = 43.28°, 50.18°,
and 74.68° with (111), (200), and (220) Miller indices confirmed
the presence of Cu NPs in the final product (JCPDS card no. 00-
004-0836).'°

3.2.3. EDX analysis. Energy-dispersive X-ray (EDX) analysis
was also performed to characterize the prepared compositions’
constituent elements, as shown in Fig. 2. Based on Fig. 2a,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxygen, carbon, and iron peaks confirm the presence of AG as
a natural polymer and Fe;O, MNPs in the structure of
Fe;0,@AG nanocomposite. In Fig. 2b, the assigned Si and Cl
peaks can be related to the presence of the CPTMS structure and
its successful connection to the Fe;0,@AG nanocomposite. In
Fig. 2c, the presence of N, C, and O peaks in the spectrum is
attributed to the AG and AP structures. In addition, the other
peaks, such as those of Fe, Si, and Cl, are related to Fe;O, and
CPTMS in the Fe;O,@AG/AP nanocomposite structure. The
EDX spectrum of the final product shows the poor peaks of Cu
that confirm the interaction between N atoms in the AP and Cu
NPs and the formation of the Fe;O,@AG/AP-Cu(l) nano-
composite (Fig. 2d).

3.2.4. TGA analysis. The thermogravimetric analysis (TGA)
was performed in a thermal range of 50-600 °C to evaluate the
thermal stability of the prepared Fe;O,@AG/AP-Cu(i) nano-
composite (Fig. 3a). As can be seen, initially, a weight increase
occurs with the increase in temperature up to about 60 °C,
which can occur due to the device's buoyancy effect.'®” As the
temperature increases, a 13.0% weight decrease occurs at 214~
388 °C, which can be attributed to the decomposition of organic
compounds such as the polysaccharide backbone and AP
structure.'® Accordingly, the prepared catalyst will not be
destroyed under the experimental conditions because the
reaction temperature was about 100 °C.

3.2.5. VSM analysis. Vibrating-sample magnetometry
(VSM) was used to evaluate the magnetic properties of the ob-
tained products, as illustrated in Fig. 3b. As can be seen,
a comparison has been made between Fe;O,@AG and
Fe;0,@AG/AP-Cu(1) nanocomposites. Both samples rendered
a superparamagnetic behavior. Initially, the saturation magne-
tization value of NPs coated with natural polymer was recorded
as 48.06 emu g ' (green curve). Subsequently, the magnetic
characteristics of Fe;O,@AG were analyzed after the attachment

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of CPTMS, AP, and Cu ions onto its surface, resulting in
a decrease of ca. 17 emu g ', ultimately reaching a value of
31.21 emu g " for the Fe;0,@AG/AP-Cu(i) nanocomposite (blue
curve). This significant reduction corroborates the effective
functionalization of the AG surface with copper ions. The
saturation magnetization value of the final nanocomposite is
sufficient for performing a magnetically suitable separation
process.

3.2.6. FESEM analysis. The FESEM analysis was performed
to identify the morphology of the products step by step and is
illustrated in Fig. 4. In Fig. 4a, the spherical morphology of
Fe;0, MNPs can be seen. The image reveals a homogeneous
distribution of NPs within the polymer matrix, exhibiting
a consistent morphology and dimensions. The mean particle
diameter was determined to be 65.87 nm. Fig. 4b shows particle
agglomeration that occurs after adding CPTMS. This can be
attributed to the adhesive nature of the silicate compounds.*
The spherical morphology is completely lost after adding AP as
anchor molecules, and a sheet structure appears (Fig. 4c). In the
final step, the Cu ions were placed on the surface of the
Fe;0,@AG/AP nanocomposite (Fig. 4d).

3.3. Application of the Fe;0,@AG/AP-Cu(1) nanocomposite

3.3.1. Optimization of essential parameters in a catalyzed
click reaction with the Fe;0,@AG/AP-Cu(1) nanocomposite. The
effective and essential parameters such as solvent, reaction
time, temperature, and product efficiency were evaluated for
promoting catalyzed [1,2,3]-triazole compound preparation
reactions. In this regard, 1.0 mmol of alkyne, 1.1 mmol of
sodium azide, and 1.0 mmol of 2-chloro-N-phenyl-acetamide
derivatives were applied under different conditions, and
experiments were performed in the presence and absence of
several amounts of the Fe;0,@AG/AP-Cu(i) nanocatalyst. The
reaction was investigated in water, ethanol, toluene, acetoni-
trile, chloroform, isopropanol, and 1,4-dioxane solvents. The
results showed that the highest efficiency of 95.0% was ob-
tained in water solvent and at room temperature (Table 1).
Increasing the catalyst dosage to 50.0 mg was very effective in
enhancing reaction efficiency and had a direct relationship. The
evaluation of the laboratory results showed that the designed
nanocatalyst having AG chains as a natural hydrophilic polymer
in its structure was dispersed well in a water solvent. Therefore,
Fe;0,@AG/AP-Cu(r) particles can interact significantly with
available reactants in water solvents and increase the reaction
efficiency.” The catalytic process is heavily influenced by the
solvent's characteristics, particularly its dipolarity or polarity, as
well as its proticity and basicity, which determine its ability to
donate and accept hydrogen bonds. In the prepared nano-
catalyst structure, the AG natural polymer is endowed with
numerous hydrophilic groups, such as -OH and -COOH, which
enable it to achieve a superior dispersion in the solvent by
forming hydrogen bond networks with water molecules.'*'**
These interactions enhance reaction efficiency, surpassing that
of other solvents like toluene, acetonitrile, and chloroform,
which were subjected to comparative testing. Furthermore, the
superior catalytic performance observed in aqueous solvents, as

Nanoscale Adv., 2023, 5, 4911-4924 | 4919
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Fig. 5 Catalyst recycling results after six consecutive cycles of [1,2,3]-triazole compound synthesis (a), VSM (b), FTIR (c), XRD (d), and TGA (e)

analyses of the nanocatalyst after six sequential recycling cycles.

opposed to other protic solvents like ethanol and isopropanol,
can be attributed to the elevated dipolarity of water, which is
because two hydrogen atoms are covalently bonded to a single
oxygen atom in the water molecular structure. In contrast, each
alcohol molecule only has one hydrogen atom attached to an
oxygen atom, with the remaining portion being an alkyl
group.'

3.3.2. Evaluation of the -catalytic efficiency of the
Fe;0,@AG/AP-Cu(1) nanocomposite in the [1,2,3]-triazole click
reaction. To investigate the performance of the prepared

4920 | Nanoscale Adv, 2023, 5, 4911-4924

catalyst in the click reaction, a wide range of 2-chloro-N-phenyl-
acetamide derivatives with alkyne and sodium azide were used
to synthesize [1,2,3]-triazole derivatives. All reactions were per-
formed under optimal conditions, and the results showed high
yields at 60 min, 50.0 mg catalyst dosage, and room temperature
(Table 2). The 'H-NMR and "C-NMR spectra of these
compounds are shown in the ESI File (2a-2e).t

3.3.3. Suggested mechanism. As exhibited in Scheme 2, the
proposed mechanism of this reaction is a cyclic and multi-stage
reaction in which copper stabilized in an AG polysaccharide

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FESEM images of the nanocatalyst after six sequential recycling cycles on two scales, 1.0 um (a) and 700.0 nm (b).

substrate plays a fundamental role in forming carbon-nitrogen
bonds. At the beginning of the catalytic cycle, the alkyne in the
presence of copper stabilized in the natural polymer substrate is
converted into copper acetylide (1), an active compound, during
a rapid reaction. Also, sodium azide binds to 2-chloro-N-phenyl-
acetamide through formation of a carbon-nitrogen bond and
leaving a chlorine atom, constituting an alkyl azide compound
(2). Then, the copper(1) acetylide structure reacts with the
formed alkyl azide, and 1, 3-dipolar cyclization is performed.
This process leads to the formation of the final product (3).
3.3.4. Catalyst recycling. Catalyst recyclability was evalu-
ated to investigate economic and environmental aspects. For
this purpose, the prepared nanocatalyst was separated with an
external magnet after multicomponent synthesis and washed
several times with distilled water and ethanol. Then, it was
reused. The results showed that this nanocatalyst acted with
high efficiency after even six runs of recycling, and a trivial
reduction in the yield was observed. Therefore, it can be
concluded that the prepared nanocatalyst can be introduced as
a suitable candidate for increasing efficiency and reducing the
desired reaction time (Fig. 5a). In order to assess the integrity of
the catalyst that was prepared, a series of advanced analytical
techniques were employed after six runs of successive recycling.
The VSM, FTIR, XRD, TGA, and FESEM analyses were conducted
to determine the structural properties of the catalyst. The VSM
analysis results indicated that the catalyst's saturation magne-
tism following six runs was 15.46 emu g™, a satisfactory value
for effectively isolating the catalyst from the reaction solution
(Fig. 5b). The FTIR analysis revealed that all the functional
groups associated with the synthesized catalyst's structure were
well-preserved, indicating that the structure has remained
intact even after repeated washing and six reaction cycles.
Hence, the structure has not collapsed (Fig. 5c). The XRD
pattern shows the presence of Fe;0, MNPs and Cu NPs in the
catalyst structure (Fig. 5d). Furthermore, the TGA analysis
demonstrates that the prepared nanocomposite exhibits
exceptional thermal stability up to 240 °C, comparable to that of
the original sample before recycling (Fig. 5e). In addition, the
FESEM images obtained from the sample after undergoing six

reaction cycles exhibit preserved catalyst integrity

© 2023 The Author(s). Published by the Royal Society of Chemistry

indistinguishable from that in the FESEM images obtained
before multiple runs (Fig. 6a and b).

For the hot test filtration execution, the desired solvent
(distilled water) was warmed to reach its boiling point (100 °C).
Afterward, the boiled solvent (10.0 mL) was poured on the Fez-
Os@AG/AP-Cu(1) nanocatalyst, and after cooling down the reaction
temperature to 25 °C, it was filtered by using filter paper. In this
regard, the filtration paper was rinsed with boiling water, the
reaction mixture was filtered, and the ICP test of the supernatant
was carried out. The ICP-OES test was performed to specify the
Fe** and Cu" ion amounts released into the supernatant solution
under optimized reaction conditions. According to the ICP test
results, the released Fe®* and Cu' ion concentration in the
supernatant solution was measured to be 0.21 ppm and
95.22 ppm, respectively, which can be ascribed to the insufficient
magnetic isolation of the magnetic nanocatalyst from the reaction
mixture after the accomplishment of the catalytic reaction.
Therefore, the meager leaching percentage of the Fe;0,@AG/AP-
Cu(1) nanocatalyst or Fe** and Cu" ions into the reaction solution
can be neglected; hence, the magnetic nanocatalyst can be
employed many times without a decline in the catalytic perfor-
mance, as authenticated by recyclability tests.

3.3.5. Comparisons of the fabricated Fe;0,@AG/AP-Cu(i)
nanocomposite with other catalytic systems. Here, a general
comparison has been made between the designed nanocatalyst
and other previously prepared systems that can accelerate the
synthesis of triazole derivatives with acceptable yields. As
shown in Table 3, the prepared catalyst has significant advan-
tages compared to other catalysts described in the following
description. High efficiency (95.0%) has occurred in an appro-
priate period of 60 min, which was a better performance than
that of other catalyst systems (entries 1, 2, and 5). In addition,
due to the importance of green chemistry, it is very important to
design catalytic systems based on natural and low-toxic mate-
rials. In this work, the prepared nanocatalyst is based on AG as
a natural hydrophilic polymer, which can cover this issue well
compared to other designed catalysts (entries 2, 4, and 5). In
addition, this nanocatalyst has the highest efficiency in water as
a green solvent compared with the others (entry 1). One of the
notable advantages of the designed nanocatalyst is its high
performance at ambient temperature, which makes it highly

Nanoscale Adv., 2023, 5, 4911-4924 | 4921
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Table 3 The comparison of the prepared FesO4@AG/AP-Cu(l) nanocatalyst and previously reported nanocatalytic systems for click chemistry

azide-alkyne cycloaddition

Entry Catalyst Condition Cat.” (mg) Time(min) Yield (%) Ref.
1 Cellulose-copper (i) oxide r.t./EtOH 30 10 92 112
2 Au-Cu core-shell nanocubes 50 °C/H,O 3 180 91 113
3 FBPs-CuBr’ 80 °C/H,O/under MW 5.50 30 96 114
4 CuO-HMSS¢ 80 °C/H,0 40 8 96 115
5 Fe;0,@Ti0,/Cu,0 Reflux/H,0 20 15 93 116
6 Fe;0,@AG/AP-Cu() r.t./H,O 50 60 95 This work

¢ Catalyst amount. b Waste fishbone powder supported CuBr. ¢ CuO included hollow mesoporous silica spheres.

different from many previously designed catalysts and aimed at
preventing energy loss (entries 2, 3, 4, and 5).

4. Conclusion

The click reaction has emerged as a crucial one-pot method for
synthesizing triazole heterocyclic compounds, which are highly
significant in pharmaceuticals. We have developed a heteroge-
neous and hydrophilic nanocatalyst to synthesize [1,2,3]-triazole
derivatives. The nanocatalyst is based on an AG natural poly-
mer, which enhances its biocompatibility and reduces its toxicity,
thereby conforming to the principles of green chemistry. In
addition, the nanocatalyst exhibits magnetic properties, which
enable it to be easily separated from the reaction flask and reused
after washing. The reaction was carried out in water as a green
solvent at ambient temperature, and the efficiency of the nano-
catalyst was found to be high. Various structural analyses (FTIR,
EDX, XRD, TGA, VSM, and FESEM) were conducted to confirm the
characteristics of the designed nanocatalyst, and VSM analysis
determined the saturation magnetization value to be 31.21 emu
g . The reaction conditions were optimized, and a reaction yield
of 95.0% was achieved for 50.0 mg of catalyst at 60 min. The
performance of the nanocatalyst was investigated for [1,2,3]-
triazole derivative synthesis, and the results demonstrated its
excellent catalytic performance (Table 2). Finally, the recyclability
of the nanocatalyst was examined after six successive runs, and all
results confirmed the structural stability.
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