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Abstract

1,2,3-Triazole is an aromatic, five-membered, m-excessive heterocycle comprised of three regular nitrogen atoms. 1,2,3-
Triazoles possess a broad spectrum of bioactivities such as anticancer, antimicrobial, anti-inflammatory, antidiabetic,
antiviral, and anti-HIV activity. Several compounds containing 1,2,3-triazole-moiety have been employed as drugs in
the market. In organic synthesis, these heterocycles also play an important role as building blocks for different
transformations. Furthermore, applications of 1,2,3-triazole derivatives as agrochemicals, corrosion retardants,
polymers, optical brighteners, photostabilizers, pigments and metal chelators have also been well reported. Due to a
wide range of applications, the synthesis of 1,2,3-triazoles has attracted tremendous research interest of chemists and
a huge number of studies on the synthesis of these heterocycles have been published over the years. In this review
article, we focus on the use of nanocatalysts for the synthesis of 1,2,3-triazoles. 70 studies on the synthesis of 1,2,3-
triazoles using nanocatalyst from 2014 have been collected and analyzed. We also try to describe reaction mechanisms
as much as we can. The study might be useful for chemists who work in heterocyclic synthesis or medicinal chemistry.
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1. Introduction transannulation, triazole ring opening, triazole
directing group assisted C-H activation and the
C-H activation-based triazolation [14-26]. Several
compound containing 1,2,3-triazole moiety can

have multiple coordination modes with transition

1,2,3-Triazoles are aromatic five-membered
ring heterocycles containing three successive
nitrogen atoms. These heterocycles  widely
appeared as synthetic sources. The 1,2,3-Triazoles

possess a diverse range of bioactivities such as
anticancer [1-3], antimicrobial [4,5], anti-
inflammatory [6,7], antidiabetic [8,9], antiviral
[10,11], and anti-HIV activity [12,13]. Several
1,2,3-triazole-based compounds have been
employed as drugs in the market (Figure 1). This
subclass of heterocycle also plays an important
role in organic synthesis by participating in
different  transformations such as the

* Corresponding Authors.
Email: xuanduc80@gmail.com; ducdx_chem@vinhuni.edu.vn
(D. X. Duc)

metals [27-29]. In material field, the use of 1,2,3-
triazoles as agrochemicals, corrosion retardants,
polymers, optical brighteners, photostabilizers,
pigments and metal chelators have also well
documented [30-36]. With such a wide range of
applications, the synthesis of 1,2,3-triazoles has
drawn great attention of chemists and a huge
number of studies on the synthesis of 1,2,3-
triazoles have been reported over the years. The
synthesis of 1,2,3-triazoles has also well
summarized in several review articles, however
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none of them specialized on 1,2,3-triazole
synthesis using nanucatalyst [37-39]. In this
review article, we focus on the wuse of
nanocatalysts for the synthesis of 1,2,3-triazoles
in a decade. References have been collected from
various resources such as Google Scholar,
SciFinder, and PubMed. 70 studies on the
synthesis of 1,2,3-triazoles using nanocatalyst
from 2014 have been collected and analyzed. We
also try to described reaction mechanisms as
much as we can. The use of nanomaterials as
catalysts for the synthesis of other heterocycles
were well summarized in the literature [40-43].
The study might be useful for chemists who work
in heterocyclic synthesis or medicinal chemistry.

2. Copper Nanomaterials as Catalysts for
the Synthesis of 1,2,3 -triazoles

In 2014, Albadi et al. described the synthesis
of CuO/ZnO nanoparticles by co-precipitation
method and characterization of the material by
BET surface area, XRD, SEM, TEM and EDS
analysis. The material then was used as efficient
recyclable catalyst catalysts for the synthesis of
1,2,3- triazoles from benzyl halides, sodium azide,
and terminal alkynes (Scheme 1) [44]. Simple
work-up and purification, short reaction time,
excellent yields of products are the main
attractive features of the triazole synthesis.
Surprisingly, when 4-methylphenylacetylene and
benzyl halides with electron-withdrawing groups
at para positions were employed, 1,2,3-triazoles
with an alkynyl substituent at 5-position were
produced in good yields. Furthermore, the catalyst
could be reused for 5 consecutive runs without any
significant decrease in reaction yield. Huang et al.
investigated a facile method to access 1,4-
disubstituted-1,2,3-triazoles by three-component
reaction of alkyl halides, sodium azide with
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Figure 1. Several drugs containing 1,2,3-triazole
moiety.

terminal alkynes using nano-copper particles. The
nanoparticles were synthesized by reducing
CuS04.5H20 with hydrazine hydrate in ethylene
glycol. A wide range of products was obtained in
moderate to excellent yields wunder mild
conditions. Aliphatic alkynes failed to form the
target product under the standard conditions. The
nanocatalyst could be reused at least three times
without considerable deactivation (Scheme 2)
[45]. Mechanistically, alkyne reacts with catalyst
to generate the alkynyl copper(I) (A). Then, this
intermediate undergoes cycloaddition with
organic azides formed in situ to provide the
intermediate B. The Intermediate B is converted
to 1,4-disubstituted 1,2,3-triazoles with the
regeneration of the nanocatalyst.

In 2015, Nasrollahzadeh et al. employed
copper NPs immobilized on carbon (C/Cu NPs) as
an efficient catalyst for the preparation of 1,2,3-
triazoles from organic halides, terminal alkynes,
and sodium azide. Seven products were obtained
in good to excellent yields using water as solvent.
The use of iodobenzen failed to form the desired
product. The catalyst remained highly efficient
after five runs, although low catalyst loading was
peformed (Scheme 3) [47]. The synthesis could be
efficiently expanded to 15 mmol scale. Jafari et al.
demonstrated the synthesis of Fes0:@Si02—
ABT/Cu(OAc): and the employment of this
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Scheme 1. 1,2,3-triazole synthesis described by
Albadi et al. [44].

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (4), 2026, 897

nanoparticle for the assembly of 1-aryl 1,2,3-
triazoles from terminal alkynes, benzyl bromides
and sodium azide under mild reaction conditions.
Advantages of the synthesis include high
efficiency, simple catalyst recover and efficient
reuse, short reaction time, and good functional
group tolerance (Scheme 4) [48]. Negligible
amount of leaching of the metal and a long life
span of the catalyst are the other advantages of
the methods. The synthesis was also worked
perfectly for the three-component reaction of
diazonium salts, terminal acetylenes, and sodium
azide.

Kumar et al. developed a facile, efficient and
environmentally-friendly  approach for the
synthesis of 1,4-diaryl-1,2,3-triazoles by reaction
of boronic acids, sodium azide, and acetylenes
using simply prepared copper sulphate
immobilized on chitosan as a catalyst. The
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Scheme 2. 1,2,3- triazole synthesis via three-
component reaction.
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Scheme 4. Versatile synthesis of triazoles under
Fes0.@S102-ABT/Cu(OAc): catalyst.

synthesis was performed in water at room
temperature. A diverse series of products was
delivered with high efficiency and the catalyst
could be simply recycled by decanting and reused
without significant loss of catalytic activity up to
five cycles thank to its stability (confirmed by
SEM analysis) (Scheme 5) [49]. Gangaprasad et
al. demonstrated a versatile strategy to prepare
1,2,3-triazoles via oxidative cycloaddition between
alkenes and organic azides using the
commercially available heterogeneous copper
oxide nanoparticles. A broad range of products
was provided in high yields. Alkyl azides gave
products in lower yield than benzyl and aromatic
azides. The catalyst was efficiently recovered from
the reaction mixture by a sequence of
centrifugation, washing with ethyl acetate, and
drying. Then the catalyst could be reused for four
cycles without any significant decrease in reaction
yields (Scheme 6) [50].
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X=Cl,Br, | (0.5 mol%) kR1
H,0, 70 °C
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Scheme 3. 1,2,3- triazole synthesis using
copper NPs immobilized on carbon as a

catalyst.
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Scheme 5. Mild and efficient preparation of 1,4-
diaryl-1,2,3-triazoles.
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Scheme 6. Synthesis of 1,2,3-triazoles via
oxidative cycloaddition.
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Iniyavan et «al. discovered a novel
methodology for the preparation of xanthene
substituted 1,2,3-triazoles through 1,3-dipolar
cycloaddition of aromatic azides with acetylenic
xanthenes using copper oxide nanoparticles as a
catalyst. The catalyst was prepared from
Cu(OAc)2 by simple co-precipitation method and
characterized by SEM, EDS, TEM, and XDR
analyses. The reaction worked well with both
electron-withdrawing and electron-donating
groups at aryl azides. Mild reaction conditions,
high efficiency, short reaction time, reusability of
the catalyst, and broad substrate scope are the
salient features of the synthesis (Scheme 7) [51].
Mnasri et al. described the synthesis of Cu-doped
rod-shaped mesoporous silica nanoparticles (Cu-

RMSN) by the co-condensation of (3-
aminopropyl)triethoxysilane  and  tetraethyl
orthosilicate as a silicon source and the

characterization of the material by SEM and TEM
studies. The nanomaterial then was employed as
a catalyst to prepare 1,4-dibustituted-1,2,3-
triazole derivatives by a microwave-assisted
three-component 1,3-dipolar cycloaddition
reaction of terminal alkynes, bromides, and
sodium azide. Seven products were isolated in
good to excellent yields with low catalyst loading
(Scheme 8) [52]. In addition, the nanocatalyst
remained highly active after ten runs providing
products in good yield (88%) thank to its high
stability and negligible metal leaching.
Moghaddam et al. illustrated the synthesis and
application of [MNPs@FGly][Cl] as an efficient
catalyst for the synthesis of 1,2,3-triazoles from
terminal alkynes, NaNs, and halides or tosylates.
In all cases, reactions for alkyl chlorides were
faster than the corresponding bromides/tosylates.
The reaction was also affected by steric hindrance
on the alkyl halide component resulting lower

N-N %1

CuO NPs, N_/
(10 mol%) NaOAs o R
©/ t- BuOH/HQO
rt,1h
o)

26 examples
68-91% vyields

Scheme 7. Preparation of xanthene substituted
1,2,3-triazoles.
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Scheme 8. Cu-RMSN-catalyzed synthesis of
1,2,3-triazoles.

R!

reaction rate. Both linear and aromatic were
compatible for the synthesis. A huge library of
products was achieved in excellent yields. The
AAS experiments showed that there was no
remarkable metal leaching even after 10 cycles of
the reactions and this explained the excellent
reusability of the catalyst (Scheme 9) [53]. All
the reactions were achieved with high
regioselectivity, with the exclusive formation of
1,4-regioisomers.

In 2016, Safa et al. disclosed a protocol for the
construction of 1,4-disusbtitude 1,2,3-triazoles by
1,3-dipolar cycloaddition of benzyl halides,
terminal alkynes, and sodium azide under
ultrasound conditions using LaCuo.7Mno.303 as a
nanocatalyst. The nanocatalyst was prepared by
the sol-gel method and its structure was
characterized by XRD and SEM. The catalyst
could be recovered by simple filtration and reused
at least five times without any significant loss of
its catalytic activity. A diverse array of products
was achieved in excellent yields under mild
conditions in aqueous media in a short reaction
time (5 minutes) (Scheme 10) [54]. Moghaddam
et al. reported the synthesis of a novel copper
nanomaterial [MNPs@APTA][Clz] and the
characterization of the nanomaterial by SEM,
TEM, AAS, FT-IR, TGA, and EDS analyses. The
material was then applied for the assembly of
triazole from phenylacetylenes, benzyl bromides,
and sodium azide. A huge library of products was
achieved with superior efficiency using water as
solvent (Scheme 11). AAS analysis indicated
that there was no significant metal leaching of
the catalyst the catalyst after 10 cycles. This
could explain the excellent reusability of the
catalyst for ten times with high efficiency of the
reaction [65]. In all cases, excellent
regioselectivity with exclusive formation of 1,4-

Sodium ascorbate
H,O/t-BuOH / 60 °C/ 4h R2

/—\ )
// + R2™X R1f

X: Hal, Tos 202 o A~ 30 examples
“Si o) N o v
@  Sow X\N}/Ph 89-99% yields
o
(0.5 mol%) c
Scheme 9. 1,2,3-triazole synthesis using
[MNPs@FGly][C]] catalyst.
LaCug 7Mng 305 N:NN
. o —_R?
RIX + NaN, + — R perovskite (3 mol%) RZJ\/
US, rt, 5 min

18 examples
83-98% yields

Scheme 10. LaCuo0.7Mno.303 as an efficient catalyst
for the construction of 1,4-disusbtitude 1,2,3-
triazoles.

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (4), 2026, 899

regioisomers was obtained. Steric hindrance on
the halide counterpart could lower reaction rates.
Aliphatic alkynes were more inactive than
aromatic alkynes, and the reactions need longer
times as compared with aromatic alkynes.
Moghaddam et al. presented the synthesis of
[MNPs@GLU][C]] nanomaterial by the
immobilization of Cu2* onto glucose on Fe3z04. The
substance was characterized by FT-IR, TGA,
CHN, SEM, EDX, and AAS methods.
Subsequently, the nanomaterial was used for the
1,3-dipolar cycloaddition of alkynes, alkyl halides,
and sodium azide to access 1,2,3-triazoles. Mild
reaction conditions, the use of water as green
solvent, high efficiency, catalyst recyclability, low
catalyst loading, and broad substrate scope are
the merits of the triazole synthesis (Scheme 12)
[66]. AAS analysis of the reused catalyst after
seven cycles indicated there was no considerable
metal leaching of the catalyst. The reactions of
alkyl chlorides needed longer time than those of
alkyl bromides and tosylates did. Increasing the
steric hindrance of alkyl halides led to the
decrease in rate of the reaction. Zahmatkesh et al.
employed 1,4-dihydroxyanthraquinonecopper(Il)
supported on superparamagnetic Fes0:@SiO2
(Fes04@Si02:DAQCu(IT)) as a catalyst for the
preparation of 1,2,3-triazoles from NaNs, terminal
alkynes, and aryl boronic acids. The catalyst could
be separated from solution in a short period under
an external magnetic field and reused for six runs
without any significant loss of its catalytic activity
(Scheme 13) [57]. ICP experiment revealed that
there was only 2.67 wt.% (0.0061 mmol/g) of the
total amount of the original copper species
leaching into solution during the course of the
reaction after six cycles. A plausible reaction
mechanism explaining the role of the catalyst was
also proposed. Nasrollahzadeh et al. prepared
copper nanoparticles (Cu NPs) by reduction of

[MNPs@APTA][CI2]
(0.5 mol%)

sodium arcobate N R
+
R'X + NaNj = R? RzJ\/
H20, 55 °C 33 examples
2-8h 82-97% yields
Scheme 11. 1,2,3-triazole synthesis using

[MNPs@APTA][C]z] catalyst.
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— Ry
+NaN, Sodium ascorbate 1
= Alkyl or Aryl H,0/50°C 22 examples
Ri Ry 76-99% yields
X=Cl,Br,Ts

Scheme 12. [MNPs@GLU][CI]-catalyzed three-
component reaction for the construction of 1,2,3-
triazoles.

CuCl2-2H20 solution using flavonoid and other
phenolics as a main ingredients in aqueous
extract of leaves of Otostegia persica. After
characterizing the structure by TEM, FT-IR and
XRD, the nanoparticles were employed as a
catalyst to synthesized 1,4-disubstituted 1,2,3-
triazoles from halides, sodium azide and terminal
alkynes. Various triazole derivatives were
obtained in good yields under mild conditions. The
catalyst could be simply recovered by
centrifugation and reused at least five cycles
without significant loss of its activity (Scheme
14) [58]. Benzyl bromide showed better reactivity
than corresponding benzyl chloride under optimal
conditions.
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Scheme 13. Preparation of 1,2,3-triazoles from
NaN3s, terminal alkynes, and boronic acids.

Cu(0) NPs N,N:N
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X = Cl, Br EtOH, rt
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Scheme 14. Synthesis of 1,2,3-triazoles using
copper nanoparticles under mild conditions.
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In 2017, Ghosh et al. introduced the synthesis
of immobilization of stabilized Cu20 nanoparticles
and the characterization of the material by
FT-IR, XRD, XPS, HR-TEM, and ICP-AES
analyses. The Cu20 nanoparticles then were
utilized as catalyst for the construction of 1,2,3-
triazoles through a three component “click”
reaction of alkyl halide, terminal alkyne, and
sodium azide. The triazole synthesis was
performed in water at room temperature. The
reaction of aliphatic alkyne needed longer time
than aromatic alkyne. A wide range of products
was furnished in good to excellent yields. The XRD
analysis revealed that structure of recovered
catalysts was found to be almost similar to the
fresh one. This exxplained why the catalytic
activity remains almost unchanged in consecutive
fourth runs (Scheme 15) [59]. In comparison with
previous on-water triazole synthesis using other
Cu(I)-based catalytic systems, the TOF of this
method was found to be significantly high.
Mechanistically, terminal alkyne reacts copper
catalyst forms alkynyl copper intermediate, which
undergoes cycloaddition with alkyl azide
generated in situ from alkyl halide and sodium
azide. Finally, protonation of the C-Cu bond
furnishes the desired triazole product. Roy et al.
illustrated the synthesis of various morphologies

= (25 mg)
R'—=—=Cu
A
RCH,X
RCH N3 «—— +
NaN;
R = aryl, styrenyl, vinyl
R = Aryl, Alkyl;
X=Cl,Br, |
R—H _
+ NN R
rR' N Y
~ + NaN H,0, SDS /1t ~
R™>X a3 19 examples

68-92% yields

Scheme 15. Synthesis of 1,2,3-triazoles via click
reaction of alkyl halide, terminal alkyne, and
sodium azide.

58-96% yields

of self-assembled Cu-MgO nanocrystal line
materials by single step hydrothermal route as
well as wet impregnation method from pre-
synthesized MgO. The Cu-MgO nanomaterial
was a versatile catalyst for the synthesis of
triazole by three component reaction of phenyl
acetylenes, sodium azide with benzyl halides or
anilines or phenyl boronic acids. In most cases,
products were afforded in high yields. After the
fifth run, a little disorderedness in assembly of
the catalysts was observed in SEM image of the
reused catalyst and this explained the excellent
reusability of the catalyst. In addition, each
reaction had high TON value.

Naeimi et al. reported the synthesis of
functionalized graphene oxide with copper(I)
(GONH-TA-Cu(I)) and its characterization by FT-
IR, XRD, FE-SEM, EDX methods. The
nanomaterial was examined for the one-pot
preparation of 1,2,3-triazoles through 1,3-dipolar
cycloaddition reaction between terminal alkynes,
halides and NaNs. Various products were isolated
in high yields and the catalyst still showed
excellent catalytic activity even for the fifth cycle
(Scheme 17) [61]. The structure of the reused
catalyst did not change much according to the
SEM analysis. Naeimi and Ansarian described
the preparation of a tetradentate nitrogen ligand
on the surface of functionalized GO@PTA-Cu and
the characterization of this material by FT-IR,
SEM, TGA, ICP analyses. The nanomaterial was

NH,
(2 Ph——=
4 R
- R +
\R1 Cu-MgO-ss-cal Cu—MgO -ss1-cal @

NaN
1 | 0.4 mol%), rt 3
0 examples  ( ) (0.4 mol%), 70 - 75 °C

9 examples

B(OH)2 67-91% yields

Cu-MgO-ss1-cal

(0.4 mol%), 80 °C
3

N=N
l\ll Y Ph
R3©/ J\
5 examples
22-96% yields
Scheme 16. Versatile synthesis of 1,2,3-triazoles
using Cu-MgO nanocatalyst.

GO-NH-IA-Cu(l)
(10 mg)

EtOJJ/H:O., R
13 examples
78-94% yields
Scheme 17. GONH-IA-Cu(I)-catalyzed synthesis
of 1,2,3-triazoles.
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then employed as a catalyst to access B-hydroxy-
1,2,3-triazoles by three-component reaction of
terminal alkynes, oxiranes, and sodium azides.
Products were provided in good to excellent yields
and in good regioselective manner. Reactions of
aliphatic epoxides gave lower yields than those of
aryl-substituted epoxides. A reaction mechanism
was also proposed to explain the role of the
nanocatalyst (Scheme 18) [62]. SEM image of the
reused catalyst did not show any considerable
change in the morphology indicating the excellent
reusability of the catalytic activity with recycling.
These authors also performed GO@PTA-Cu-
catalyzed triazole synthesis under ultrasound
conditions. Desired products were achieved in
good to excellent yields. The catalyst was simply
recovered by filtration, washing, and drying then
was efficiently reused for five runs (Scheme 19)
[63]. Short reaction time, the use of water as a
green solvet, and high TOF and TON values are
other merits of the synthesis. A reaction
mechanism was also presented, in which
GO@PTA-Cu has a two-fold catalytic impress as a
bifunctional catalyst. Initially, epoxide reacts
with sodium azide in the presence of GO@PTA-Cu
catalyst generates organoazide II (detected by
TLC). Phenylacetylene interreacts with GO@PTA-
Cu provides the copper I acetylide, which reacts
with the organoazide II to yield the intermediate
III. Cyclization of the intermediate III resulted in
the intermediate IV, which undergoes protonation
to furnish the B-hydroxy-1,2,3-triazole product.
For the reactions of aliphatic epoxides, a decrease
in yield and increase in reaction time were
observed in comparison with aromatic epoxides.

2
R? GO@PTA-Cu N R N o
R= * WO (0.017mol%) )::/N/K/OH ):/N/K/Rz

+NaN, H;0,60°C R R

11 examples

80-94% yields

Ph
N
INERS Ph
N on Y

P cat.
H* A
N | Ph
N>
)_:/N/K/OH
Ph “cat.
E
NH
HO N
Ph >N
caf.
D
Scheme 18. 1,2,3-triazole synthesis from

terminal alkynes, sodium azide, and epoxides.

Mogaddam et al. synthesized copper(Il)
chloride immobilized on 8-aminoquinoline
functionalized magnetic Fes04@SiO2: (MNPs@8-
AQ.CuClz) and characterized the structure by
FT-IR, XRD, SEM, TEM, EDX, TGA, and AAS.
The material showed excellent catalytic activity
for the synthesis of 1,4-disubstituted-1H-1,2,3-
triazole via one-pot three-component of benzyl
halides, terminal alkynes, and sodium azide.
Salient features of the synthesis include broad
substrate scope (30 products), mild reaction
conditions, catalyst recyclability, the use of water
as solvent, scalability, low catalyst loading and
excellent efficiency (Scheme 20) [64]. The AAS
analysis revealed that there was no significant
metal leaching of the catalyst after five cycles.
Reaction of alkyl tosylate and alkyl bromide gave
slight better yields in shorter time than the
corresponding chloride. Chetia et al. fabricated
copper nanoparticles supported on nanocellulose
(CuNPs/NC) and applied this material as catalyst
to access 1,2,3-triazoles. 14 triazole derivatives

GO@PTA-Cu R2
o) + oo - (0.017 mol%) R% R’
AN R¢——-R NaN; N
R Ny OH
US, 7 min
11 examples

82-95% yields

SETES

Cat: GO@PTA-Cu

Scheme 19. GO@PTA-Cu-catalyzed
synthesis under ultrasound conditions.

triazole

MNPs@8-AQ.CuCl2
(0.44 mol%)

N:N
RN
30 examples
85-98% yields
Scheme 20. Triazole synthesis using MNPs@8-
AQ.CuCl;z catalyst.

R Xt R‘///
+
X =Cl, Br, OTs NaN, Sodium lauryl sulfosuccinate
Sodium ascorbate, H,0, rt

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (4), 2026, 902

were afforded in high efficiency under mild
conditions. The nanocatalyst could be reused for
five times with negligible loss of catalytic activity
(Scheme 21) [65]. ICP analysis confirmed that
there was no significant leaching of copper species
from the reused catalyst during the recycling test.

In 2018, Esmaeili-Shahri et al. synthesized
Cu/Cu20 nanomaterial by a simple ball mill
reduction of CuO with NaBHs using a ball-to-
powder weight ratio of 50:1 under air atmosphere
at room temperature. The material was
characterized by SEM, EDS, FT-IR and X-ray
diffraction. The nanomaterial exhibited

significant catalytic activity for the synthesis of

1,2,3-triazoles from sodium azide, epoxides and
terminal alkynes. The triazole synthesis was
performed in water at room temperature. The
nanocatalyst still remained highly active for the

third cycle (Scheme 22) [66]. The reactions of

aliphatic epoxides delivered a single regioisomer
by exclusive attack at more hindered carbon atom.

The regioselectivity decreased in the case of

aromatic epoxides but more substituted
regioisomers were obtained. Nayal et al.
discovered novel approach for the synthesis of 1,4-
disubstituted-1,2,3-triazoles using heterogeneous
copper(I) iodide nanoparticles (Cul NPs) as a
catalyst. Ten products were afforded in excellent
yields using water as a solvent (Scheme 23) [67].

Dolatkhah et al. prepared Cu-IG@Fes04
nanomaterial by the copper immobilization onto
magnetic isinglass. The nanomaterial was

CuNP-NC (1.05 mol%) Ry

R-N; + —_R \:<
glycerol, rt, 1.5-5 h 14 exampngs

69-99% yields

Scheme 21. Click synthesis of 1,2,3-triazoles
demonstrated by Chetia et al. [65].

Cu/Cu,0 NPs

R2
N!i\/N/K/OH

) , R NalN (10 mg)
R'—= \g +*NaN;  ——
H,0, rt R

10 examples
65-84% yields

Scheme 22. Cu/Cu20 nanomaterial as catalyst for
the synthesis of 1,2,3-triazoles.

Cul NPs (1 mol%)

R4 N

10 examples
89-95% yields

H,0,70°C, 3 h

Scheme 23. Cul NPs-catalyzed click reaction
between alkynes and azides.

characterized by FT-IR, TGA, AAS, SEM, EDS,
VSM, XPS, and XRD measurements. This
material was applied as a nano bio-catalyst for
the synthesis of 1,2,3-triazoles via 1,3-dipolar
cycloaddition reaction of benzyl halides, phenyl
acetylenes, and sodium azide. A diverse series of
products was generated in good to excellent yields
using water as a solvent (Scheme 24) [68]. FT-
IR, XRD and FESEM analyses revealed that
structure of the catalyst after these five runs was
similar to the fresh one indicating the excellent
reusability of the catalyst. Gupta et al.
demonstrated the preparation of dual synergistic
PdCu@rGO nanocatalyst and characterization of
the material by XRD, Raman, FT-IR and XPS
methods. The catalyst was suitable for several
transformations  including  Suzuki, Heck
reactions and click reactions. For the triazole
synthesis, ten products were provided with
excellent efficiency (Scheme 25) [69]. TEM,
SEM, EDX and FT-IR analyses confirmed slight
changes of reused catalyst after seven runs in
comparison to the fresh one indicating the
excellent reuse of the catalyst. Raj et al. utilized
commercially available CuO nanoparticles as an
efficient catalyst for the assembly of 1,2,3-
triazoles through azide-olefin cycloaddition of
bromoalkenes and organic azides. A wide range
of products was delivered in good to excellent
yields with good catalyst reuse (four times)
(Scheme 26) [70].

(1mol%) 1
Cu-IG@Feé)Aéq) N JR
X . K,CO3 N~ °N
% + RZ— NaN3 —
1 R?
H o
20,70°C 24 examples

55-97% yields

Scheme 24. Cu-IG@Fe30s nanomaterial as a
catalyst for the synthesis of 1,2,3-triazoles.

Pd-Cu@GO
Z (10 mg) n=N R 10 |
Z I 1 examples
RNyt R1/ % 86-97% yields
H,0, reflux
30 min

Scheme 25. Efficient synthesis of 1,2,3-triazoles
under PACu@rGO nanocatalyst.

CuO
nanoparticles N
2
1 (50 mol%) RN SN
R ~er  *+ RN, \—/
piperidine R!
110 °C
16 examples

65-99% yields

Scheme 26. Synthesis of 1,2,3-triazoles from
bromoalkenes and organic azides.
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In 2019, Siuki et al. illustrated the assembly
of copper nanoparticle-loaded natural zeolite
(CuNPs/ MZN) and its characterization by FT-IR,
CHN, TGA, ICP, XRD, SEM, and TEM methods.
The nanomaterial then was employed as a
catalyst for the construction of 1,2,3-triazoles from
aryl azide and terminal alkynes under ultrasonic
conditions. Various triazoles were furnished in
excellent yields. The TEM photograph of the
recovered nanocatalyst revealed that the
structure of the catalyst remained almost the
same after five reuses and this explained the
efficient reusability of the catalyst (Scheme 27)
[71]. A plausible reaction mechanism was also
proposed. Initially, a terminal alkyne is
coordinated to CulNPs supported on zeolite to form
copper—alkylidine complex B is formed on the
surface of the nanocomposite thank to high
alkynophilicity of Cu metal for terminal alkynes.
Subsequently, azide attacks the complex followed
B by intramolecular cyclization to furnish the
desired product. Chetia et al. developed
hydrotalcite supported copper nano particles as a
catalyst for the azide-alkyne cycloaddition
reaction to access 1,4-disubstituted-1,2,3-
triazoles. Attractive features of the synthesis
include low catalyst loading, mild reaction
conditions, the use of ethylene glycol as solvent,
high efficiency, and recyclability of the catalyst
(four cycles due to minute copper leaching)
(Scheme 28) [72].

N=N
CuNPs/MZN (3 mol%) ‘N—_R!
+
RN, =R Rz&/
H,O/EtOH, 50 °C, 2 h 14 examples

90-98% vyields

N:N
R2J§/N_R1

L‘CULn
N

— 2
N: _—R
N-R!
R2J§g
D uLn H—==—R?
A I[CuLn]
R! NEN
‘NN=
LoCi—=""R2
c \/ LnCu—=—R?2

RN,
B

Scheme 27. CulNPs/ MZN-catalyzed efficient
synthesis of 1,2,3-triazoles.

N
R1 3
©/\ * R2

\

ethylene glycol, 1-3 h, rt 13 examples

71-97% yields

Scheme 28. Mild synthesis of 1,2,3-triazoles using

CuNPs-HT catalyst.

CuNPs-HT (1.87 wt%) R1©\/
—R2

Chavan et al. illustrated the preparation
Bentonite clay supported Cul nanoparticles
(BENT-CuINPs) and characterization of the
material by ICP-AES, EDS, SEM, XRD, TEM as
well as BET techniques. The nanomaterial then
was used as a versatile catalyst for the synthesis
of 1,2,3—triazoles through three different routes.
A diverse library of products was achieved in good
to excellent yields. The SEM and TEM images of
reused catalyst did not show any change in the
morphology of the catalyst (after five cycles) and
this explained the excellent catalytic activity of
the recycled nanocatalyst (Scheme 29). For the
reaction of epoxides, the reaction showed
excellent regioselectivity with the exclusive
formation of one product [73] Gholinejad et al.
prepared acid activated clinochlore supported
copper nanoparticles (AA-Clin@Cu) by
immobilization of copper sulfate on clinochlore
followed by in situ chemical reduction. The
resulting nanoparticle was characterized by
SEM, TEM, TGA, FTIR, XRD, XPS, and EDX
analyses. Then it was employed as an efficient

N:N 1
I R
R\/Nf

15 examples
78-94% yields

R Br ’ BENT- Cul NPs

R? o (3.2 mol%) Ar
OH g2-<) n-N
R1‘<||\1)\/ R Rl— H ArB(OH)2 1/
=N
BENT-CulNPs ¥ NaNg BENT- Cul NPs 1
13 examples (3.2 mol%) (3.2 mol%)
80-93% vyields 14 examples

82-95% vyields

Scheme 29. Versatile and efficient synthesis of
1,2,3—triazoles using BENT-CulNPs catalyst.

AA-Clin@Cu

0, R?
R'X + NaN; + RZ— (0.075 mol%) \N/N\‘N
X = Cl, Br, B(OH),, NoBF, H20,25°C, 24 h ‘\gz
23 examples
75-93% vyields
RN Rl—-H
R1 H>/ [Cu] \H,,l
RN N
[Cu] R1 — [CU]
D K A
N R?
N= N R2N3 NaN3

R1J\//ECU] R2
c N NN RX

W\

\

N/[CU]
R /B

Scheme 30. AA-Clin@Cu as a catalyst for 1,2,3—
triazole synthesis.
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catalyst for the construction of 1,2,3-triazoles from
halide or boronic acids, sodium azide and alkynes
under mild conditions. A diverse array of products
was afforded in good to excellent yields under mild
conditions (Scheme 30). XPS study of the
structure of the reused catalyst after the four runs
showed very similar pattern toward the fresh
catalyst indicating the efficient reusability of the
catalyst. In addition, the reaction could be
efficiently applied in gram scale [74].
Mechanistically, terminal alkyne coordinates
with Cu species to generate [Cu] acetylidine
complex A, which reacts with organic azides to
give [Cu]-triazolide complex D. Finally,
protonation and demetallation of [Cu]—triazolide
furnishes desired 1,2,3-triazole.

Maleki et al. prepared Cu20/Agar@Fes04 by
supporting copper(I) oxide nanoparticles on
magnetic agar and characterized the material by

SEM, TEM, EDS, FT-IR, TGA, XRD, VSM, and

ICP techniques. The nanomaterial then was
successfully applied as a catalyst for the synthesis
of 1,4-disubstituted 1,2,3—triazoles by three-
component reaction of alkyl halides, sodium azide,
and alkynes. Ten products were finished in good
to excellent yields. The ICP analysis revealed that
only 6% of Cu was leached into the reaction media
after five consecutive runs. This results proved
the excellent reuse of the catalyst (Scheme 31)
[75]. Mechanistically, the catalyst reacts with a
terminal alkyne to form copper acetylide A, which
undergoes 1,3-dipolar cyclization with an organic

azide (generated in situ from organic halide and

sodium azide) to generate the intermediate C via
the six-membered intermediate B. Finally,
protonation of C provides 1,2,3-triazole products
and regenerates of Cu20/Agar@Fes04
nanocatalyst. Deswal et al. investigated a protocol
to access 1,2,3-triazoles starting from 4-
trifluoromethylbenzoic acid prop-2-ynyl ester 2

E \ RZ=—H
R~ f H*
\)/ CUzO/Agar@Fe304NPS
R2 =
7/K N

Scheme 31. Cu20/Agar@Fes04-catalyzed
synthesis of 1,2,3-triazoles.

with aryl and benzyl azides using cellulose
supported-copper(I)-nanoparticles as a catalyst.
The synthesis was performed in water under mild
conditions and gave products in good to excellent
yields (Scheme 32) [76]. Most of the synthesized
triazoles displayed strong antimicrobial activity
against tested strains. Khalili et al. accomplished
the synthesis of 1,4-disubstituted 1,2,3-triazoles
by reaction of terminal alkynes, sodium azide,
and halides or oxiranes using copper aluminate
nanoparticles as a catalyst. A wide range of
products was furnished in high yields. Low
catalyst loading, the use of water as a green
solvent, and the recyclability of the catalyst (over
six consecutive runs) are the other merits of the
synthesis (Scheme 33). Inductively coupled
plasma analysis indicated that only negligible
amounts of copper leached from the catalyst
surface during each cycle. This confirmed the
remarkable reusability of the nanocatalyst [77].

o
Cell-Cul-NPs
(0]
/\ + RN, (4 mol%) /\[
FsC H,0, 70 °C
35-55 min 10 examples

84-90% yields

Scheme 32. Triazole synthesis using Cell-Cul-
NPs catalyst.

R-C=CH, ~
NPs 20 examples
1_X—— NaNg, CuAlO, R)—/ 74-96% yields
>
or (5 mg)
o 90 °C, H,0 OH
LN — _,)_/
= aryl
g2 = alkyl
10 examples
80-94% yields
Cu(I1)A1204
l NaN;
N R'-=CH
N* N-R Cu ()
)_V
R1
R'-=cC-Cu
N
N~ \N,Rz
R Cu
NG
\\N RZ
® °N-
T@
’\\INC‘D RZ_X * NaNj
2 R?
Nf,N\N R \\\C N-R
Js o bu ~Cu
R"NC S)

Scheme 33. Versatile synthesis of 1,2,3-triazoles
using CuAl204 NPs catalyst.
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For the reaction of epoxides, excellent
regioselectivity was observed. A tentative reaction
mechanism was also illustrated. Mahdavinasa et
al. examined a strategy towards 1,4-disubstituted
1,2,3-triazoles through reaction of primary
halides, NaNs and terminal alkynes using
MnFe20.@GO@CS/Cu nanocatalyst. A wide range
of products was delivered in excellent yields. The
nanocatalyst still exhibited efficient activity even
after nine runs due to insignificant metal leaching
(Scheme 34) [78].

In 2020, Shamar et al. reported the
preparation of 1-butyl-4methylpyridinium
tetrafluoroborate coated CuFe204 over L -tyrosine
functionalized titania nanospheres (IL@CuFe204-
L-Tyr-TiO2/Titin) and its characterization by
FTIR, HR-TEM, FE-SEM, EDX, VSM, P-XRD,
XPS, photoluminescence spectroscopy and Raman
spectroscopy analyses. The material was then
utilized as a catalyst for the synthesis of 1,4-
disubstituted-1,2,3-triazoles via click reaction
under mild conditions. For aliphatic bromides, the
click reaction was viable but the yields of products
were low. High efficiency, the use of water as
solvent, short reaction times, and recyclability of
catalyst are the advantages of the synthesis. The
XPS experiments of recycled catalyst revealed

MnFe,0,@G0@CS/Cu RV\N’NoN

RI™>X + NaN; + RZ=—H (5 mol%) =
H,O/EtOH,59 °C,

15 min-2h

Scheme 34. Triazole synthesis accomplished by
Mahdavinasa et al. [78].

TiTCIL

comg NN
mg N
R—Br * NaN; + = R, —  » \N
H0, 40 °C 5
4-10 min 12 examples
50-95%yields
R
N_n"

R Cu@
N_\~ A
N;/NL
—~Cu
< Q (
D ‘Nt
R
N/
\ TNaNs
R R R—X
N~ N’ -

Scheme 35. TiTCIL-catalyzed synthesis of 1,4-
disubstituted-1,2,3-triazoles.

2

17 examples
89-98% yields

that there was no change in the oxidation states
of carbon, nitrogen, oxygen, copper and iron in
the recycled catalyst. Mechanistically, terminal
alkyne reacts with catalyst to give the acetylide
complex A, which binds to azide via nitrogen
atom adjacent to carbon forming nm complex
intermediate B. Subsequently, intramolecular
attack of distant nitrogen of the complex B to C-
2 carbon of acetylide produces the six-membered
Cu(IIl) metallacycle C, which undergoes ring
contraction to form triazolyl Cu(I) derivative D.
Finally, protonation of D furnishes the desired
triazole and the catalyst was regenerated
(Scheme 35) [79]. Abiraman et al. synthesized
sub 1 nm sized poly(acrylic acid)-capped copper
nanoparticles (PAACC NPs) using the high-
intensity ultrasound sonication method in the
presence of mild reducing agent L-ascorbic acid.
The resulting material was characterized by DRS
UV-visible, XPS, PL, FE-SEM, and HR-TEM
techniques. Subsequently, the nanomaterial was
applied as a catalyst for the assembly of 1,2,3-
triazoles via click reaction between benzyl azides
and diynes. Nine bis-1,2,3-triaoles linked to
benzoxazole or benzothiazole were isolated in
excellent yields under mild reaction conditions
(Scheme 36) [80].

Godarzbod et al. synthesized silica-coated
magnetic nanoparticles functionalized by
iminodiacetic acid (Fes04@S102@IDA) by sol-gel
method and characterized the resulting material
by ICP, XRD, EDX, SEM, TGA, and FT-IR
analyses. The nanomaterial was employed as
catalyst for the construction of 1,4-disubstituted-
1,2,3-triazole derivatives via an azide—alkyne [3
+ 2] cycloaddition reaction. The catalyst could be
easily recovered using an external magnetic field
and FT-IR spectroscopy analysis indicated that
no significant change was observed for the
structure of the reused catalyst compared to the
fresh one. This could explain why the catalyst
could be reused at least five times with negligible
loss of its catalytic activity (Scheme 37) [81].
Rajabi et al. introduced the synthesis of
melamine-supported CuO nanoparticles and the
application of this nanomaterial as a catalyst for
the assembly of 1,2 3-triazoles from halides,
phenyl acetylene, and sodium azide. Various
products were afforded in excellent yields in short

N=N A
. N—/
o _# Cu NPs (1 mol%) o _Jkv
sodium arcobate
YOAN, o)
x THF/H,0, rt, 3 h &\\
\ N N\/Ar
9 examples

93-95% vyields
Scheme 36. Synthesis of bis-1,2,3-triazoles.
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times. Low leaching amount of copper oxide
catalyst 3.3 after fives runs) was examined by
ICP-AES. This evidenced that the catalyst could
be recycled and reused for six run with
insignificant decrease in reaction yields (Scheme
38) [82]. A plausible reaction pathway was
included. Firstly, Cu(l) is partially reduced to
Cu(l) state by treatment with sodium azide and
therefore i1s presented as Cu(Il)/Cu(l) mixed
valency  dinuclear species. This species
coordinates with benzyl azide to form the
intermediate A, which react with phenyl
acetylene to give the six-member ring C via the
intermediate B. Ring contraction of C delivers the
five-member D, which undergoes protonysis to
furnish the corresponding product along with the
regeneration of the catalyst. Nandi et al. prepared
polyaniline stabilized copper-azide nanoparticle
(CANP) and employed the nanomaterial as a
catalyst as well as a nitrogen source for the
construction of 5-alkynyl 1,4-disubstituted
triazoles. A huge library of products was obtained
in moderate to excellent yields under mild
reaction conditions (Scheme 39) [83]. A reaction
pathway explaining the role of the catalyst was
also proposed. Initially, benzyl bromide reacts
with CANP to form a copper-organic azide
complex, which further rearranged to the
intermediate A. Terminal alkyne is deprotonated

Fe304@Si02@IDA-Cu (11) N”N‘N Rr?
(10 mg) -
R= * R2ZBr +NaN, R):/
H,0, t-BuOH,
60 °C 11 examples

65-90% yields

Scheme 37. Synthesis of 1,2,3-triazoles using
Fe3s0.@S102@IDA catalysts.

N
M-CuO nanocatalyst (80 mg) R/\N/ °N
RN F Ph—= \—(
Ph
+NaN, H20, reflux, 12-30 min
13 examples
88-92% yields
ArCH,CI
Ar NaN;
h M-Cu(ll) TN NaN;
SN TSCHLAr M-Cu(l) ArCH,N,
N~
O
Ar, Cu—M

®
“N° CHAr M-(l)cu—N—N=N

0 .
\ e

Ar. M
/\C‘u M
Ny N‘CHzAr Ar—=— c‘u@
!
¢ — NZ%/N\CHzAr
B
Scheme 38. Melamine-supported CuO

nanoparticles as an efficient catalyst to access
1,2,3-triazoles.

by triethylamine and then reacts with A to
provide a Cu-acetylidine complex which
undergoes rearrangement to produce the
metallacycle B. Subsequently, ring contraction of
B leads to the formation of 1,4-disubstituted
triazole C. In case of terminal alkyne containing
electron donating group (EDG), further
deprotonation affords the second Cu-acetylidine
complex D, which finally converted to 5-alkenyl
1,4-disubstituted triazole. In contrast, for alkyne
bearing an electron withdrawing group (EWG), a
strong rate limiting oxidative addition facilitate
the formation of 1,4-disubstituted triazole
product.

In 2021, Agarwal et al. prepared CuS
nanoparticles and used this material as a catalyst
to prepare 1,2,3-triazoles from aldehyde, nitro
compounds, and sodium azide. Ten triazole
derivatives were produced in good to excellent
yields (Scheme 40) [84]. Darroudia et al.
prepared a novel nanocatalyst (Cu/SiOz2-Pr-NH-
Benz) and applied it as a catalyst for click
reaction in an aqueous solution to access 1,2,3-
triazole derivatives. This method led to the rapid
formation of triazoles in good to excellent yields.
Reactions of alkyl acetylides resulted in triazole
in lower yields and required longer reaction time
then aryl acetylides. The catalyst could be reused
for six cycles with slight decrease in reaction

Rz
\/{"2
o
R14<5

MeOH, Et;N

25°C,3h

31 examples

Br Ry
q™ oz
1 + CANP
80-99% yields
- R
N=N B Br Kl—h(\@ 2
N N

Ry ™

\ Cu(l)
Cu(l) R A
R [Cu(I)Ng] /+ ELN
H 3
Vi \, H*
R cu(l) R R
Cu(l 2
m i\( Cu(l)
R(EDG)
“TEN -
D
J R(EWG
// Y\N
Ny
Scheme 39. Synthesis of 5 alkynyl 1,4

disubstituted triazoles.
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yields (Scheme 41) [85]. FT-IR analysis indicated
that no significant changes were observed for the
reused catalyst in comparison with the fresh one.

Khoshnoud et al. demonstrated the
preparation of a novel catalyst Al2Os@PCH-Cu(II)
and employed the nanocatalyst for the synthesis
of 1,4-disubstituted 1,2,3-triazoles. Nine triazole
derivatives were furnished in excellent yields.
Low decrease in reaction yield after five runs was
observed for the reused catalyst (Scheme 42)
[86]. Arefi et al. developed a magnetic metal
organic framework with core—shell structure
based on HKUST-1 MOF and characterized the
material by FT-IR, TEM, SEM, TEM mapping,
SEM mapping, EDX, PXRD, TGA, ICP and VSM
analyses. The use of this nanomaterial as catalyst
for triazole synthesis by three-component reaction
of halides, sodium azide, and phenyl acetylenes
resulted in triazole derivatives in good to excellent
yields. Benzyl halides were more reactive than
alkyl halides and phenylacetylene derivatives
with no substituent or with electron-withdrawing
group gave better yield compared to electron-
donating groups. FT-IR, SEM and ICP analyses
confirmed that no leaching of Cu or MOF shell
structures occurred during the 1,3-dipolar
cycloaddition reaction after five cycles. This could
explain the excellent reusability of the catalyst to
the click reaction (Scheme 43) [87]. A tentative
reaction mechanism was presented. Initially,
phenyl acetylene can coordinate with catalyst at
Cu centers to form the Cu-alkylidine
intermediate A, which react with organic azide (in
situ generated from organic halide and sodium
azide) to provide the intermediate B. Finally,
intermediate B was converted to the desired
product by a sequence of intramolecular
cyclization and protonation.

copper sulfide
nanoparticles

+
Ar—CHO RSNO, + NaN, (10 mg)

N
N=
NH
NS
Ar/‘\g

10 examples
73-98% yields

PEG-400, 100 °C
1-4h

Scheme 40. CuS nanoparticles-catalyzed
synthesis of 1,2,3-triazoles.

Cu@SiO2-Pr-NH-Benz R

Br 3
20 mol% =
R—= * NaN; * RA) ( ) \,\['\:MR4
H,0, 55 °C
10-50 min 12 examples

65-98% yields

Scheme 41. Cu/SiO2-Pr-NH-Benz as a catalyst for
the synthesis of 1,2,3-triazoles.

In 2022, Velpula et al. developed the Cu20—
Fes04@TNT nanocatalyst for the synthesis of 1,4-
disubstituted 1,2,3 triazoles through three-
component reaction of sodium azide, organic
halides, and alkynes. The reaction was performed
under mild condition and resulted in products in
good to excellent yields with broad substrate
scope. High efficiency, mild reaction conditions,
the use of water as a solvent, and recyclability of
the catalyst are the main advantages of the
synthesis (Scheme 44) [88]. Tajbakhsh et al.
described the preparation of immobilized Cu(I) in
thiosemicarbazide-functionalized [-cyclodextrin
(Cu@TSC-B-CD) and the characterization of the
nanomaterial by FT-IR, TGA, XRD, SEM, EDS,
and ICP-OES measurements. The material then

Al,O3@PCH-Cu(ll)

(10 mg)
D Qﬁ%
r

+ NaNj EtOH: H,O (1:1) R1
50 °C, 25-105 min 9 examples
93-97% yields

s
’qa

Al,O3@PCH-Cu(ll)

HNO

HN_N

Scheme 42. Al:Os@PCH-Cu(Il) as an efficient
catalyst for the synthesis of 1,4-disubstituted
1,2,3-triazoles.

FesO4@HKUST-1

1.8 mol%)
Ri—X * NaN; + R2< >—: ¢ R N/\(
H,0, reflux
R4= alkyl, benzyl R2=H, OMe 1.5-3h 15 exoamples
X=Cl, Br, | Br, t-Bu 80-95% yields
@ = Fe30,@CuMOF
fPh
H
N ) CuMOF
Ry
uMOF
c
H+
Ph——=——CuMOF
A
NaN3
B N;—R, X-Ry
N+ 1 .
N R ix
Ph—=——CuMOF
Scheme 43. Fe3s04@HKUST-1-catalyzed

synthesis of 1,2,3-triazoles.
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was successfully applied as a catalyst for the
synthesis of 1,4-disubstituted-1,2,3-triazoles via
alkyne—azide 1,3-dipolar cycloaddition. The
synthesis provided products in high yields. The
catalyst could be easily recovered by simple anti-
solvent precipitation and filtration, and reused at
least 7 times without significant drop in reaction
yields (Scheme 45) [89]. ICP-OES analysis of the
filtrate indicated that insignificant amount for the
leaching of copper species was detected.
Rengasamy et al. employed CuO nano
particles as a catalyst for the synthesis of 1,4,5-
trisubstituted 1,2,3-triazoles by [3+2]
cycloaddition of benzylidene diketones and
organic azides. A wide range of products was
isolated in high yields and the catalyst still
showed good catalytic activity for four additional
runs (Scheme 46) [90]. Babamoradi et al.
illustrated the preparation of LDH@CS@PST/Cu

Cuy0-Fe304@TNT

R
(50 mg) 2
Ri=X % NaN; + R,—= R17N\/ﬁN/
H20, rt, 2-6 h N=
X=Br, N,BF, :
1 2Rt 4 phenaxide
N=N @ = Cu0-Fe30,@TNT
Ny Re

Q
/ Ry——=
) \ o
N=N

"~ =0Q

H

m}p NpR, <y R

\ P 3— 17 —R4

2 \ X
RZ%Q

N=N-N-R,
“

Scheme 44. Synthesis of 1,2 3-triazoles using
Cu20-Fe30.@TNT nanocatalyst.

X Cu@TSC-B-CD
(5 mol%) Rs
1_— + +
Rl-= NaN, r2 T\N*R4
_ H,0, rt- 70 °C N
X=Cl, Br 0.5-5h 10 examples

80-95% yields

N,  Cu@TsC-p-CD

R
(10 mol%) 3
R= * RZJ FN7R4
H,0, 1t - 70 °C N
1-12h 8 examples

77-92% yields

Scheme 45. Cu@TSC-S-CD-catalyzed synthesis
of 1,2,3-triazoles.

nanomaterial and the characterization of the
material by HNMR, 13C NMR, FE-SEM, FT-IR,
XRD, EDX, ICP-OES, and TGA/DTA methods.
The nanomaterial exhibited excellent catalytic
activity for the three-component reaction of
phenacyl bromides, sodium azide, and phenyl
acetylene. Various products were achieved in
excellent yields in short time. The catalyst could
be simply recovered from the reaction mixture by
filtration and washing. The Cu content after
eight successive runs was almost similar to the
fresh catalyst (5.48 in comparison with 5.54%)
indicating negligible copper leaching. This could
explain why the catalyst could be reused up to
eight cycles with negligible decrease in reaction
yields (Scheme 47) [91]. The synthesis featured
high TON and TOF values. Mechanistically,
sodium azide reacts with phenacyl bromide to
give azide 1, which coordinates with  Cul
nanoparticles loaded on the LDH@CS@PST to
generate the intermediate B. Finally, the desired
product is provided by a sequence of ring

RZ
o CuO nanoparticles N-N
RANR! (0.3 equiv.) rAN
RN, ——————— >
07 R! DMF, 110 °C, 22 h R0
15 examples

60-85% yields

Scheme 46. The use of CuO nano particles as a
catalyst for the synthesis of 1,2,3-triazoles.

N

o LDH@CS@PST/Cu Af\g/\N' N
0,

PY + NaNs + — pp _ (087 mol%) ={

°C, 10 min Ph

H,0, 50

13 examples
87-98% yields

Ph

(B)

Scheme 47. 1,2,3-triazole synthesis demonstrated
by Babamoradi et al. [91].
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contraction and demetallation. Kumar et al.
synthesized popper nanoparticles immobilized in
polyvinyl alcohol and sodium alginate (PVA-SA-
CulNPs) and characterized its structure by FE-
SEM, EDX, FE-TEM, TGA, XRD, and UV-vis
analyses. The nanomaterial was then employed as
a catalyst for the assembly of 1,2,3-triazoles via
click reaction of phenyl azides and terminal
alkynes. A diverse series of products was obtained
in good to excellent yields under mild reaction
conditions. In addition, the nanocatalyst could be
reused for five cycles with negligible decrease in
reaction yields (Scheme 48) [92].

N3
o

Scheme 48. Efficient triazole synthesis using
PVA-SA-CuNPs catalyst.

PVA-SA-CuNP

.

beads (0.1 mol%) R@,\,/y
=N

- = N=

H»0,30°C, 12 h

18 examples
82-94% yields

® O

N;Cl

Cl Soduum ascorbate R
\ CuO-NrGO (10 mg) @
S DMSO/H,0 10 examples
70°C 91-95% yields

Cl

N
Ar

Product

Scheme 49. CuO-NrGO nanoparticles as an
excellent catalyst for triazole synthesis.

Ro

OMe Fe30,@AG/AP-Cu(l
N HN (50 mg)
[I S + ; |
;

In 2023, Singh et al. explored a novel method
to access 1,2,3-triazole derivatives by reaction
between terminal alkynes and azides using CuO-
NrGO nanoparticles as a catalyst. All products
were achieved in excellent yields. The SEM and
EDX analysis of reused nanoparticles indicated
that even after use of seven consecutive catalytic
cycles, structure of catalyst was almost the same
as the fresh one. Agreement with this result, the
nanocatalyst could be reused for seven cycles
without any significant loss of its activity
(Scheme 49) [93]. Khaleghi et al. synthesized
Fes0.@AG/AP-Cu(I) nanocomposite and used
this material as catalyst for the preparation of
1,2,3-triazoles through click reaction of terminal
alkyne, organic halide, and sodium azide.
Excellent yields of products, recyclability of the
catalyst, the use water as a green solvent,
relatively short reaction time, and mild reaction
conditions are the salient features of the
synthesis (Scheme 50) [94]. FTIR analysis
revealed that the structure of recovered catalyst
remained intact even after six reaction cycles.

In 2024, Zond et al. demonstrated the
synthesis of Fe304@ Thiosemicarbazide-Cu(II)
and the characterization of the material by FT-
IR, XRD, EDX, TGA-DTA, VSM, TEM, SEM,
BET, ICP-AES techniques. The nanomaterial
then was utilized as a catalyst for the
construction of 1,2 3-triazoles via three-
component reaction of organic halides, sodium
azide, and terminal alkynes. The triazole
synthesis showed many salient features such as
clean work-up procedure, mild reaction
conditions, tremendous yields, short reaction
time, catalyst recyclability, and broad substrate
scope (Scheme 51) [95]. A plausible mechanistic
pathway for the synthesis of 1,2,3-triazole
catalyzed by FesOs@Thiosemicarbazide-Cu(Il)
was suggested. Initially, in situ reduction of
Cu(Il) in the presence of sodium ascorbate
generate Cu(I) which reacts with alkyne upon
gives Cu(l) acetylide A. Subsequently, organic
azide (generated in situ from sodium azide and
halides) undergoes addition to Cu acetylide to
form the intermediate D via the intermediate C.
Finally, desired product was obtained from the
intermediate D by protonolysis. Garcia-Garcia et
al. introduced a novel copper biocatalyst based on

]

Hy0, 11, 1h
7 examples

90-97% yields
+ NaNg

Scheme 50. Fe304@AG/AP-Cu(l)-catalyzed
synthesis of triazole at room temperature.
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silanized olive stone (OS) functionalized with
copper oxide. The nanomaterial was characterized
by XPS, FTIR-ATR, XRF, EM, TGA, moisture
content, electrophoretic mobility and PSD
analyses. The nanomaterial was used as a catalyst
for the synthesis of 1,2,3-triazoles through the
click reaction. The synthesis was performed under
mild reaction conditions resulting products in
high yields (in most cases). Recyclability of
catalyst and scalability are the two other
advantages of the synthesis (Scheme 52) [96].
Galvan et al. accomplished the construction of
1,4-disubstituted 1,2,3-triazoles from organic
azides and alkynes under ultra sound irradiation
using Cul@MIM-SBA-15 as a catalyst. A diverse
array of products was delivered in moderate to
excellent yields under mild reaction conditions.
The method was efficiently applied for the

QQulbsivne. R N

‘N
H)\g
Et:H,0 (50:50 v/v)

60 °C 18 examples
84-95% yields

Ry7>X *+ NaN; * R-C=CH

Q
:

N/NN [Cu™
HY Na R-C=C-H
/ - \
H [cu’] Q
{ z

. (gﬁ‘N o [(iu+]
b [C
Q- [Cu R-C2C-H

)
Q~w[Cu']

Q~w[Cu']
o)
Q [éu*l 8

H
o . bods
u’] R-C=C-Hm[Cu ]
© RClCH—-[ECJ] / ®

Ry >Br * NaNg
Q

RN R

N~

N R
Q. =Fe;0,@Thiosemicarbazide-Cu(ll) NeD Y

Scheme 51. The use of FesO4@ Thiosemicarbazide-
Cu(I) for the click reaction.

OS@APTMS@Cu20
(0.3 mol%) RV\N’N\N
RN, & =—R? -
H,0, rt, 24 h 2
14 examples

19-99% yields

Scheme 52. OS@APTMS@Cuz20-catalyzed
synthesis of 1,2,3-triazoles.

w L N (5 mol%)

multicomponent synthesis of 1,2,3-triazoles from
alkynes, bromides, and KNs in one step, although
the reaction requires longer times. XPS analysis
showed negligible change in catalyst structure
(compared to the fresh one) and this explained
the excellent reusability of the nanocatalyst
(Scheme 53) [97]. Khaleghi et al. prepared
Fe304@CG/CPTMS/OL-Cu, a novel hybrid
magnetic material, and characterized its
structure by FTIR, XRD, SEM, EDS, and VSM
analyses. The nanomaterial showed excellent
catalytic activity for the synthesis of triazole from
azide and terminal alkynes. High yields of
products, the use of water as a green solvent, and
catalyst recyclability are the main attractive
features of the synthesis (Scheme 54) [98].
Ashrafi et al. prepared novel CusFesVeOazs
nanoparticles (NPs) via a facile sol-gel method.
After characterizing, the material was applied as
a catalyst for azide-alkyne 1,3-dipolar
cycloaddition reaction to access triazoles. Various
products were isolated in moderate to excellent
yields. The catalyst remained highly active for
the reaction even for the fifth cycle despite of low
catalyst loading (Scheme 55) [99].

Cul@MIM-SBA-15
24 examples
75-99% yields

N

N‘N
Ph =
—w
-R?

R2
H>20, rt053h

@W

Scheme 53. Efficient synthesis of 1,2,3-triazoles
using Cul@MIM-SBA-15 catalyst.

R2
H,0, 3-7.7 h, 75 °C ‘N/N

S| 0 )D 16 examples
Fe304 | & N \g/g 57-90% yields

(50 mg)

Scheme 54. Fe30.@CG/CPTMS/OL-Cu-catalyzed
synthesis of 1,2,3-triazoles in water.

Rl=
+ R2N,

CusFesVe0s  ~

R2
Ri=X * NaN; + R,_— (4 mg) RfN\/%N(
H,0, 87 °C N=
11 examples

67-99% yields

Scheme 55. The use of CusFesVeO24 NPs as a
catalyst for 1,2,3-triazole synthesis.
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Recently, Rahmatpour et al. demonstrated
the fabrication of CPAM SL @Cul nanomaterial
and its characterization by FTIR, ICP, DR-UV-
VIS, FTIR, XRD, FE-SEM, EDAX, TEM,
TG/DTGA, and elemental analyses. The
nanomaterial then was employed as an efficient
catalyst for triazole synthesis from alkyl or benzyl
halides, sodium azide, and terminal alkynes. The
triazole synthesis featured many advantages such
as greener solvent, mild reaction conditions, broad
substrate scope, recyclability of the catalyst (for
six runs), scalability (10 mmol), and excellent
yields of products. A tentative reaction
mechanism explaining the role of the catalyst was
also demonstrated (Scheme 56) [100]. ICP, FE-
SEM, FTIR, and XDR analyses confirmed
negligible change in catalyst structure even after
six cycles. Arjmandzadeh et al. synthesized humic
acid-based nanomagnetic copper(I) composite
and characterized the structure of the material by
SEM, TEM, XRD, EDX, EDS-mapping, VSM,
TGA, AAS, and FT-IR methods. The nanomaterial
then was employed as a catalyst for the synthesis
of 1,2,3-triazole derivatives by reaction of halides
or oxiranes, sodium azide, and terminal alkynes
in water at room temperature. A diverse series of
products was isolated in good to excellent yields
under mild reaction conditions. The catalyst was
easily recovered using an external magnetic field
and still showed high catalytic activity for three
additional runs (Scheme 57) [101]. A presumable
reaction mechanism was also illustrated.

CPAMg @Cul N=N R2
_ o, N~
RI-C=CH + R2X * NaN, (0.5 mol%) R1J§/
H,0, rt
45-120 min 18 examples

85-92% yields

\N, N R1- C*—H
CPAMD—L--Cu(l)
(LCuSD

RLC:E—H

. R‘—C;Cu(l)wl-
CPANMD—L----cu(l) ! -
OH \R1 o=y j % ©

§ )
L: —~
@;Nf QfN N R
®
Cu(l)-chelating moiety

Scheme 56. Preparation of 1,2,3-triazoles using
CPAM SL @Cul catalyst.

Mohammadi et al. fabricated a novel hybrid
magnetic nanocatalyst based on magnetic
nanocellulose, NH:-Ui0-66 nanocrystals
modified with salicylaldehyde, and immobilized
copper ions. The nanomaterial then was
examined by FTIR, XRD, EDX, TGA, VSM, and
FE-SEM analyses. After that, the nanomaterial
was applied as a catalyst for 1,2,3-triazole
synthesis. Nine products were afforded in in good
to excellent yields under mild reaction conditions.
The catalytic activity remains almost unchanged
after four cycles thank to its stability (confirmed
by FTIR and XRD analyses) (Scheme 58) [102].

3. 1,2,3-Triazole Synthesis Using Other
Nanocatalyts

Paplal et al. designed a methodology for the
assembly of 1,4-disubstituted triazoles from
azides, nitroalkenes or chalcones using BioWOs
nanoparticles as catalyst in presence of
CuS04.5H20 and sodium ascorbate. A diverse
range of products was delivered in high yields.
The catalyst system (Bi2WO¢ + CuSO4.5H20 +

N\N/\RZ
N:
=
X7 R? ! 14 examples
Ri—  + NaN, A Fe304@HA-Cu(OAc)2 o 81-96% yields

o  NaNg Hy0, rt

RZ\/Q

2
Sa%
N’ H

—
1

“ N—R' Fe;0,@HA-
~
R /
Fe;04@HA- R
N R'
N= >N~ ® N
| NN~

Fe;04@HA-

\ Fe304@|—|} U0 ‘>

7
R N//,N ®

Scheme 57. Versatile synthesis of 1,2,3-triazoles
using FesOs@HA-Cu(OAc)z catalyst.

[MNC/UiO-66-Sall@Cu

+ 20 N-R!
R'X + NaN, — pn _ 0mI oA
H20, rt, 80 min 9 examples

79-97% yields

Scheme 58. [MNC/Ui0-66-Sal]J@Cu-catalyzed
synthesis of 1,2,3-triazoles.
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sodium ascorbate) could be reused for five runs
without any considerable loss of activity (Scheme
59) [103]. XRD analysis indicated no changes in
the morphology even of the catalyst even after 5
cycles.

Sharma et al. reported the synthesis of
Si0:@APTES@2HAP-Zn nanomaterial and its
characterization by 13C CPMAS NMR
spectroscopy, FT-IR, XRD, BET surface area
analysis, SEM, AAS, ED-XRF, and elemental
analysis. The nanomaterial was then successfully
applied as a catalyst for triazole synthesis by click
reaction of halides, NaN3, and terminal alkynes. A
diverse array of products was provided in good to
excellent yields. SEM analysis of the reused
catalyst after the sixth run showed no significant
structure difference compared to the fresh one and
this result explained why the catalyst could be
recycled six times without any significant loss in
its activity. A plausible reaction pathway
describing the role of the catalyst was also
suggested (Scheme 60) [104]. The synthesis
featured high TON value fot every product.
Initially, zinc coordinates with terminal alkyne to
generate the acetylide complex A, which reacts
with azide to produce the complex B. Cyclization
of the complex B produces the triazolide
intermediate C, which was converted to the
heterocyclic complex D by ring contraction.
Finally, protonolysis of D furnishes the desired
product and regenerating the active catalyst.

anvpanuuive

Bi,WOg "’ N
(10 mol%) N’ _&\
R-N; + Ar\/\NOZ N7 A
H )
R =Ph. Bn 20,80 °C,5h R
17 examples
B, WO, nanoparticles 79-95% ylzl::ls
A (10 mol%) NN‘\S
+ /
NaN3 r\%\Noz °N
H,0,80°C,3h H
6 examples
75-90% yields
Bi,WO, nanoparticles
(10 mol%) =Y
R-N; *+ Ar_~ R" — 5 N
\/\g PhMe N A
R = Ph, Bn N r
R
11 examples
el 75-87% yields
Bi,WO, nanoparticles
(10 mol%), CuS04-5H20, o)
sodium arcobate
Bn—N; *+ Ar_~ N {
\/E/ H,0,80°C,5h N\N Ar
BA
6 examples

85-95% yields

Scheme 59. Bi2WOe¢ nanoparticles as an efficient
catalyst for the assembly of 1,4-disubstituted
triazoles.

In 2017, Basua et al. fabricated a novel
silver-nanomaterial by grafting of Ag NPs on the
surface of -Al203 cores and -Fe2Os shells. The
material then was utilized as a catalyst for
triazole synthesis via click reaction. Six products
were isolated in excellent yields. The catalyst
could be reused for five cycles with negligible drop
in reaction yield (Scheme 61) [105]. A reaction
pathway illustrating the role of the catalyst was
included. Paplal et al. examined a strategy to
access 1,2,3-triazoles via oxidative [3 + 2]-
cycloaddition reactions of azides with f-
nitrostyrenes and chalcone derivatives using
Zn(OAc)2-t-BuOOH or ZnO nanoparticles as
catalyst system in aqueous medium. A diverse
series of products was achieved in moderate to
excellent yields and regioselectivity (Scheme 62)
[106]. The use of ZnO nanoparticles afforded
products in higher yields than Zn(OAc)s-¢-
BuOOH. XRD analysis indicated that structure
of ZnO recovered catalyst after 6th cycle was
almost the same as the fresh one.
Mechanistically, the nitrostyrene is activated by
the chelating Zn(OAc)2 and then reacts with azide
to give the intermediate I via [3 + 2]-cycloaddition

Sio,

N
Ri~N“ N
R1X * NaN3 = R2  —— \:;4
H,O/ -BUOH (1:1) Ra
55°C 21 examples

76-96% vyields

0 P
sio, fo?/\/\': —  sio,
- Cl—Zn_ O
&

H |Zn(CI)z

Ry———-=H
R1\%kN,R2 ) /
N=N Sio; \

ProduV Sio,

= - —%nCIZ

R
A
sio,
%nCIZ
Rie A \\-R,
N=N
D Si0,
Ri—= ——%nCIz
N-R,

Si0, |

R
1T\l.ﬂ\\znclz
N” R,
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Scheme 60. Synthesis of 1,2,3-triazoles using
Si02:@APTES@2HAP-Zn nanocatalyst.
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reaction. This intermediate is then oxidized in
presence of TBHP to give the desired product.
Jiang et al. accomplished an efficient
synthesis of 1,2,3-triazoles using Fes0:@SiO2-
SOsH (MSS-SOsH) as a catalyst. Various products
were furnished in moderate to excellent yields.
The MSS-SO0sZn catalyst could be recovered easily
by an external magnet, and reused without
significant change in reaction yields (Scheme 63)
[107]. Garg et al. employed silica-supported silver
complex, Ag—NHC@Si0: to synthesize triazole via
click reaction of benzyl azides and phenyl
acetylene. A wide range of products was obtained
in good to excellent yields. Aryl azides with strong
electron-withdrawing groups were found to react

Ag-Al203@Fe203

QNHZ 1. C°”° "bCth'@ & QNS (20 mg), 6-8 h, rt
2. NaN, @/

N
;=N
e
R = 6 examples
86-96% vyields

Ag-Al203@Fe203 / Ag-Fezoa \‘/

Al203 Ag-Fe203

Ag Fe203 < > Ag Fe,0,
N

Scheme 61. Ag-AlsOs@Fe20s-catalyzed synthesis
of triazoles under mild conditions.

Si0,-SO;H
Fe;0, HN-N
(10% wt) N
N0, R
R©N DMF, 60 °C, 1 h
8 examples

78-97% yields

Scheme 63. Fe30.@S102-SOsH-catalyzed
synthesis of 1,2,3-triazoles.

sluggishly. ICP-AES analysis of the reused
catalyst confirmed a tiny amount of decrease in
the metal loading and this proved the catalyst
reusability for five cycles ((1st cycle 98% to 5th
cycle 86%) despite of low catalyst loading
(Scheme 64) [108].

Mirzaei-Mosbat et al. prepared
Fes0.@S102@Propyl-HMTA nanomaterial and
applied the nanomaterial as a catalyst for the
assembly of 4-aryl-NH-1,2,3 triazoles via one-pot,
three-component reaction of aryl aldehydes,
nitromethane, and NaNs. Various products were
obtained in good to excellent yields. A tentative

BnN, Bn_y- N\
Zn(OAc)2 (20 mol%)
t-BuOOH (1 eq) R)—<N02
15 examples
R NO2 50-95% yields
R = Ar, hetero Ar
Bn_ ¢
BnN, N~N
Zn0 nanoparticle (10 mol%) R)—(
NO,
7 examples
85-95% yields
N
N, (1.5eq) Bnon- N
Zn(OAc)z (20 mol%) )—}
R (0]
t-BuOOH (1 eq) H,
i 22 I
examples
F{K\)km3 — 75-95% yields
N
_ Bn-N-oN
R = Ar, hetero Ar BnN, o
R (0]
ZnO nanoparticle (10 mol%) Hg
22 examples
82-98% vyields
o Zn(OAc)|
Zn(OAc)z N TBHP N
N R-3 NZ‘/\‘/N\O oxidation "=N" SN
+ o — | ! ]
\ B2 o N a A’ NO,
cycloaddition M
L |
r Zn(OAc)
z OA ’
n(OAc)2 /m Q TBHP R\N’N\‘N
‘\ R* \®] <" CH, oxidation —
\ ————— N—x| Ar)_}o
CHj R o
\] [3+2]- r Hs
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Ar L I v

Scheme 62. Synthesis of triazoles completed by
Paplal et al. [62].

(0] —
Si0,<Z 0O SiH N. N
2\0/ NN Y ~
R N
_ Ag SNT SN
N, = (0.006 mol%) Br B
[ g . [j/ \—={
R
H,0, quinine, 60 °C

22 examples
61-98% yields
Scheme 64. The use of Ag—-NHC@SiO: as an

efficient catalyst for the synthesis of 1,2,3-
triazoles.
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reaction pathway explaining the formation of
desired products was also included. SEM analysis
confirmed no significant change in the
morphology of the catalyst after five cycle and this
explained the excellent reusability of the catalyst
(Scheme 65) [109]. A plausible mechanism for the
synthesis of 4-aryl-NH-1,2,3- triazole derivatives
using Fes0.@S10:@Propyl-HMTA catalyst was
proposed. Initially, activated nitro-methane
reacts with aldehyde to form the intermediate A
(Henry reaction), which then undergoes a [3+2]
cycloaddition with azide to give the intermediate
B. Finally, elimination of HNOz: by catalyst from
B furnishes the desired product. Saha et al.
disclosed a strategy to access triazoles by de-
nitrative [3+2] cycloaddition of nitrostyrenes with
TMSN3 using mesoporous nano-Pd-MCM-41
catalyst. Products were afforded in excellent
yields. The nanocatalyst still showed excellent
catalytic activity for eight runs thank to
insignificant Pd leaching (confirmed by TEM and
AAS analyses) (Scheme 66) [110].
Rajabi-Moghaddam et al. demonstrated the
synthesis of copper(Il)-coated magnetic core—shell

Fe304@SiO2@propyl-HMTA N/H

(50 mg) N\%H

DMF, 110 °C, 25-60 min Ar
11 examples
78-97% vyields

H H
/\ o:< OszdﬁH
A \- H,0
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Scheme 65. Synthesis of 4-aryl-NH-1,2,3 triazoles
from aryl aldehydes, nitromethane, and sodium
azide.

R
Pdmem-a1 =
(20 mg) H
Rl N0, © TMSN;  ——
K,CO,, DMF
R = Ar/Het-Ar 80 °C, 5-10 min 12 examples
93-99% yields
Scheme 66. Synthesis of triazoles from

nitrostyrenes and TMSNs.

nanoparticles Fes04@SiOz modified by isatoic
anhydride and the characterization of the
material by modern physical analyzes. The
nanomaterial the was efficiently applied as a
catalyst for the preparation of 1,2,3-triazole
derivatives via the click reaction of azides and
terminal alkynes. A diverse series of 1,2,3-
triazoles was produced in excellent yields and the
catalyst could be reused for five cycles with
minimum loss of activity (Scheme 67) [111].

Choudhury et al. employed Ni-based
nanocomposite catalyst (Ni-rGO-zeolite) as a
catalyst for the construction of 1,2,3-triazoles by
three-component of organic halides, NaNs, and
monosubstituted acetylenes. A diverse range of
products was afforded in good to excellent yields.
High efficiency, the use of water as solvent, and
recyclability of the catalyst are the main
attractive features of the synthesis. FT-IR, XRD
and Raman analyses revealed that there is no
significant leaching of nickel occurred from the
nanocomposite during the reaction. A plausible
reaction mechanism describing the role of the
catalyst was outlined (Scheme 68) [112].
Initially, Ni catalyst coordinates to alkyne to
generate the complex A, which then reacts with
the in situ generated organic azide to provide the
intermediate B. Regioselective cycloaddition of B
affords the target triazole along with
regeneration of the catalyst.

Fe30,@Si02-2-
aminobenzohydrazide

R? + . (0.59) R N/\l/
e Re—= - n=N
H,0 or H,0/
DMF, 50 or 90 °C 15 examples

85-95% yields

Scheme 67. Preparation of 1,2,3-triazoles under
Fes04@Si102-2-Aminobenzohydrazide catalyst.
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Scheme 68. Ni-rGO—zeolite as an efficient
catalyst for the assembly of 1,2,3-triazoles.
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Jasim et al. synthesized Fes04@PAM-Schiff-
base-Mn][ClO4] heterogenized complex and
characterized its structure using modern physical
techniques. The nanomaterial was then applied
for the preparation of 1,2,3-triazoles. A broad
range of products was provided in excellent yields.
It was observed that there was no leaching of Mn
from the nanocatalyst after eight cycles. This
result evidenced the excellent reuse of the catalyst
(Scheme 69) [113]. A plausible reaction
mechanism based on the Huisgen 1,3-dipolar
cycloaddition was also suggested.

Mokhi et al. demonstrated the synthesis of
Fes0.@AgZr2(PO4s)s  nanocomposite and the
characterization of the material by FT-IR, SEM,
EDX, and XRD analyses. The nanomaterial
showed excellent catalytic activity for the
assembly of isoxazoline-linked 1,2,3-triazoles. The
synthesis proceeded via a sequence of
sulfonylation, 1,3-dipolar cycloaddition, azidation,
and click reaction. A wide range of products was
achieved in excellent yields under ultrasound
cavitation conditions. The structure of the reused
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Scheme 69. Fe3s0s@PAM—-Schiff-base—Mn][ClO4]-
catalyzed synthesis of 1,2,3-triazoles.

catalyst was reinvestigated after five cycles by
using FT-IR spectroscopy, and no considerable
change was observed. That i1s why the
nanocatalyst could be reused for five runs
without any significant loss of reactivity
(Scheme 70) [114].

4. Conclusions

In summary, we have described an overview
on the synthesis of 1,2,3-triazole derivatives
using nanocatalysts in this study. 70 studies from
2014 have been collected and analyzed. We have
also tried to describe reaction mechanisms where
possible. Most of studies involve the use of
nanocatalysts for the click reaction between
alkynes and azide. Among these catalysts,
copper nanomaterials have been the most
common. In most studies, the nanocatalysts could
be recovered and reused with high efficiency. In
several studies, gram scale synthesis was
performed, although industrial implementation
remains a big chalange. Due to time constrain
and lack of data from published articles, details
about reaction mechanisms have not been
analyzed. Undoubtedly, the use of nanocatalysts
for the assembly of 1,2,3-triazoles will be
exploited in the future due to the recyclability of
these materials. Besides, continuous-flow click
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Scheme 70. Multistep synthesis of 1,2,3-triazoles.

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (4), 2026, 916

chemistry, mechanochemical synthesis,
photocatalytic and electrocatalytic click reactions,
Al-assisted catalyst design may have a bigger
contribution to 1,2,3-triazole synthesis.

Acknowledgment

Recognize those who helped in the research,
especially funding source supporter (Funder of
Research) of your research financially. Please
read  Author  Guideline Section 11.19
(https://journal.berec.id/index.php/berec/pages/vie

w/authorguide )

CRediT Author Statement

Author Contributions: I. Nguyen Van Quoc:
Conceptualization, Methodology, Investigation,
Resources, Data Curation, Writing, Review and
Editing, Supervision; Nguyen Thi Phuong Thao:
Conceptualization, Methodology, Formal
Analysis, Data Curation, Writting Draft
Preparation, Visualization; Dau Xuan Duc:
Investigation, Resources, Writing, Review and
Editing, Validation. All authors have read and
agreed to the published version of the manuscript.

References

[1] Ashwini, N., Garg, M. Mohan, C.D., Fuchs, J.E.,
Rangappa S., Anusha, S., Swaroop, T.R.,
Rakesh, K.S., Kanojia, D., Madan, V., Bender,
A., Koeffler, H.P., Basappa, S., Rangappa, K.S.
(2015). Synthesis of 1,2-Benzisoxazole Tethered
1,2,3-Triazoles That Exhibit Anticancer Activity
in Acute Myeloid Leukemia Cell Lines by
Inhibiting Histone Deacetylases, and Inducing
p21 and Tubulin Acetylation. Biooranic
Medicinal Chemistry, 23(18), 6157-6165. DOI:
10.1016/3.bmc.2015.07.069.

2] Luan, T. Quan, Z. Fang, Y. Yang, H. (2020).
Design, Synthesis and Antiproliferative Activity
of Chrysin Derivatives Bearing Triazole
Moieties. Chinese Journal of Organic Chemistry,
40(2), 440-446. DOI:10.6023/cjoc201907012.

[3] Gholampour, M., Ranjbar, S., Edraki, N.,
Mohabbati, M., Firuzi, O., Khoshneviszadeh, M.
(2019). Click Chemistry-Assisted Synthesis of
Novel Aminonaphthoquinone-1,2,3-Triazole
Hybrids and Investigation of Their Cytotoxicity
and Cancer Cell Cycle Alterations. Biooranic
Chemistry, 88(19), 102967. DOLI:
10.1016/j.bioorg.2019.102967.

[4] Ruddarraju, R.R., Murugulla, A.C., Kotla, R.,
Tirumalasetty, M.C.B.,, Wudayagiri, R.,
Donthabakthuni, S., Maroju, R., Baburao, K.,
Parasa, L.S. (2016) Design, Synthesis,
Anticancer, Antimicrobial Activities and
Molecular Docking Studies of Theophylline
Containing Acetylenes and Theophylline
Containing 1,2,3-Triazoles with  Variant
Nucleoside Derivatives. European Journal of
Medicinal Chemistry, 123, 379-396. DOI:
10.1016/j.ejmech.2016.07.024.

(5]

(10]

(11]

Kathleen, L., Ferreira, M., Régo, V., Pereira, A.
(2023). Derivatives and Their Evaluation as
Therapeutic Strategy for Malaria Control.
European Journal of Medicinal Chemistry, 255,
2-6. DOI:10.1016/. ejmech.2023.115400.

Angajala, K.K., Vianala, S., Macha, R,
Raghavender, M., Thupurani, M.K., Pathi, P.dJ.
(2016). Synthesis, anti-inflammatory,
Bactericidal Activities and Docking Studies of
Novel 1,2,3-triazoles Derived from Ibuprofen
Using Click Chemistry. Springerplus, 5(1), 423.
DOI: 10.1186/s40064-016-2052-5

Naaz, F., Pallavi, M.C.P, Shafi, S., Mulakayala,
N., Shahar Yar, M., Sampath Kumar, H.M.
(2018). 1,2,3-Triazole Tethered Indole-3-
Glyoxamide Derivatives as Multiple Inhibitors
of 5-LOX, COX-2 & Tubulin: Their
AntiProliferative & Anti-Inflammatory
Activity. Bioorganic Chemistry, 81, 1-20. DOLI:
10.1016/j.bioorg.2018.07.029.

Dastjerdi, H.F., Naderi, N., Nematpour, M.,
Rezaee, E., Mahboubi-Rabbani, M., Ebrahimi,
M., Hosseinipoor, S., Hosseini, O., Tabatabai,
S.A. (2020) Design, Synthesis and Anti-Diabetic
Activity of Novel 1,2,3-Triazole-5-
Carboximidamide Derivatives as Dipeptidyl
Peptidase-4 Inhibitors. Journal of Molecular
Structure, 1221, 128745. DOI: 10.
1016/j.molstruc.2020.128745

Saeedi, M., Mohammadi-Khanaposhtani, M.,
Pourrabia, P., Razzaghi, N., Ghadimi, R.,
Imanparast, S., Faramarzi, M.A., Bandarian,
F., Esfahani, E.N., Safavi, M., Rastegar, H.,
Larijani, B., Mahdavi, M., Akbarzadeh, T.
(2019). Design and Synthesis of Novel
Quinazolinone-1,2,3-Triazole Hybrids as new
Anti-Diabetic Agents: In Vitro a- Glucosidase
Inhibition, Kinetic, and Docking Study.
Bioorganic Chemistry, 83, 161-169. DOI:
10.1016/j.bioorg.2018.10.023.

Al-Humaidi, J.Y., Shaaban, M.M., Rezki, N.,
Aouad, M.R., Zakaria, M., Jaremko, M., Hagar,
M., Elwakil, B.H. (2022). 1,2,3- Triazole-
Benzofused Molecular Conjugates as Potential
Antiviral Agents Against SARS-CoV-2 Virus
Variants. Life, 12(9), 1341. DOLI:
10.3390/1ife12091341.

Andreeva, 0.V., Garifullin, B.F., Zarubaev,
V.V., Slita, A.V., Yesaulkova, I.L., Saifina, L.F.,
Shulaeva, M.M., Belenok, M.G., Semenov, V.E.,
Kataev, V.E. (2021) Synthesis of 1,2,3- Triazolyl
Nucleoside Analogues and Their Antiviral
Activity. Molecular Diversity, 25(1), 473-490.
DOI: 10.1007/s11030-020-10141-y.

Feng, L.-S., Zeng, M.-J., Zhao, F., Liu, D. (2021).
1,2,3-Triazole hybrids with anti-HIV-1 activity.
Archiv der Pharmazie, 354(1), 2000163. DOI:
10.1002/ardp.202000163.

Copyright © 2026, ISSN 1978-2993


https://journal.bcrec.id/index.php/bcrec/pages/view/authorguide
https://journal.bcrec.id/index.php/bcrec/pages/view/authorguide

(13]

(14]

(21]

(22]

Bulletin of Chemical Reaction Engineering & Catalysis, 21 (4), 2026, 917

Magwaza, S.S., Naidu, D., Oyeneyin, O.E.,
Senzani, S., Mkhwanazi, N.P., Tukulul, M.
(2019). Synthesis, Characterisation, Biological
Evaluation and In Silico Studies of Quinoline—
1,2,3-Triazole—Anilines as Potential
Antitubercular and Anti-HIV Agents. Molecules,
30(10), 2119. Doi: 10.3390/ molecules30102119.

Chattopadhyay, B., Gevorgyan, V. (2012)
Transition-Metal-Catalyzed Denitrogenative
Transannulation: Converting Triazoles into
Other Heterocyclic Systems. Angewandte
Chemie International Edition, 51(4), 862-872.
DOI: 10.1002/anie.201104807.

Burcevs, A., Sebris, A., Novosjolova, 1., Mishnev,
A., Turks, M. (2025). Synthesis of Indole
Derivatives via Aryl Triazole Ring-Opening and
Subsequent Cyclization. Molecules, 30(2), 337.
DOI: 10.3390/molecules30020337.

Chuprakov, S., Kwok, S.W., Fokin, V.V. (2013)
Transannulation of 1-Sulfonyl-1,2,3-triazoles
with Heterocumulenes. Journal of the American
Chemical Society, 135(12), 4652-4655. DOI:
10.1021/ja400350c.

Chattopadhyay, B., Gevorgyan, V. (2011) Rh-
Catalyzed Transannulation of N-Tosyl-1,2,3-
Triazoles with Terminal Alkynes. Organic
Letter, 13 (14), 3746-3749. DOLI:
10.1021/012014347.

Kwok, S.W., Zhang, L., Grimster, N.P., Fokin,

V.V. (2014). Catalytic Asymmetric
Transannulation of NH-1,2,3-Triazoles with
Olefins. Angewandte Chemie International

Edition, 53 (13),
10.1002/anie.201306706.

Shi, Y., Gevorgyan, V. (2013). Intramolecular
Transannulation of Alkynyl Triazoles via
Alkyne—Carbene Metathesis Step: Access to
Fused Pyrroles. Organic Letters, 15(20), 5394-
5396. DOI: 10.1021/014027655

Zhao, Y.-Z., Yang, H.-B., Tang, X.-Y., Shi, M.
(2015). Rh!-Catalyzed [3+2] Cycloaddition of
2 H-Azirines with N-Sulfonyl-1,2,3-Triazoles.
Chemistry — A European Journal, 21(9), 3562-
3566. DOI: 10.1002/chem.201406460.

Fu, J. Shen, H. Chang, Y. Li, C. Gong, J. Yang,
Z. (2014). Concise Stereoselective Synthesis of
Oxaspirocycles with  1-Tosyl-1,2,3-triazoles:
Application to the Total Syntheses of (¥)-
Tuberostemospiroline and (+)-Stemona-lactam
R. Chemistry — A European Journal, 20(40),
12881-12888. DOI: 10.1002/chem.201403756.

Helan, V., Gulevich, A.V., Gevorgyan, V. (2015).
Cu-catalyzed transannulation reaction of
pyridotriazoles with terminal alkynes under
aerobic conditions: efficient synthesis of
indolizines. Chemical Science, 6, 1928-1931.
DOI: 10.1039/c4sc03358b.

Ye, X., He, Z., Ahmed, T., Weise, K., Akhmedov,
N.G., Petersen, J.L., Shi, X. (2013). 1,2,3-
Triazoles as versatile directing group for
selective sp? and sp? C-H activation:
cyclizationvs substitution. Chemical Science, 4,
3712-3716. DOI: 10.1039/C3SC51211H.

3452-3456. DOLI:

(24]

(25]

(31]

(32]

Dang, H.T., Nguyen, V.D., Haug, G.C., Arman,
H.D., Larionov, O.V. (2023). Decarboxylative
Triazolation Enables Direct Construction of
Triazoles from Carboxylic Acids. JACS Au, 3(3),
813-822. DOI: 10.1021/jacsau.2¢00606.

Lal, S., Qian, J., Pacheco-Muino, R., Kleene, V.,
Foulkes, M. J., Diez-Gonzalez, S. (2025)
[Cul(PPh3)3]-Mediated Arylation of 1,2,3-
Triazoles. ChemCatChem, 17(11), e202500111.
DOI: 10.1002/ccte.202500111.

Yamajala, K.D.B., Patil, M., Banerjee, S. (2015)
Pd-Catalyzed Regioselective Arylation on the C-
5 Position of N-Aryl 1,2,3-Triazoles. Journal of
Organic Chemistry, 80(6), 3003-3011. DOI:
10.1021/j05026145.

Schlagintweit, J.F., Dyckhoff, F., Nguyen, L.,
Jakob, C.H., Reich, R.M., Kuhn, F.E. (2020).
Mixed tetradentate NHC/1,2,3-triazole iron
complexes bearing cis labile coordination sites
as highly active catalysts in Lewis and Brensted
acid mediated olefin epoxidation. Journal of
Catalysis, 383, 144-152. DOI:
10.1016/j.jcat.2020.01.011.

Scattergood, P.A., Sinopoli, A., Elliott, P.IL
(2017). Photophysics and photochemistry of
1,2,3-triazole-based complexes. Coordination
Chemistry Reviews, 350, 136-154. DOI:10.
1016/j.ccr.2017.06.

Huang, D., Zhao, P., Astruc, D. (2014). Catalysis
by 1,2,3-triazole- and related transition-metal
complexes. Coordination Chemistry Reviews,
272, 145-165. DOI: 10.1016/j.ccr.2014.04.006.

Muller, T., Braese, S. (2021). Click Chemistry
Finds Its Way into Covalent Porous Organic
Materials. Angewandte Chemie International
Edition, 2011,77?? 50(50), 11844-11845. DOI:
10.1002/anie.201105707.

Chu, C. Liu, R. (2011). Application of click
chemistry on preparation of separation
materials for liquid chromatography. Chemical
Society  Reviews, 40, 2177-2188. DOIL
10.1039/C0CS00066C.

Lau, Y.H., Rutledge, P.J., Watkinson, M., Todd,
M.H. (2011). Chemical sensors that incorporate
click-derived triazoles. Chemical Society
Reviews, 40, 2848-2866. DOI:
10.1039/C0CS00143K.

El-Sagheer, A.H., Brown, T. (2012). Click
Nucleic Acid Ligation: Applications in Biology
and Nanotechnology. Accounts of Chemical
Research, 45(8), 1258-1267. Doi:
10.1021/ar200321n.

Wang, Y., Michinobu, T. (2017). Polymeric
Chemosensors: A Conventional Platform with
New Click Chemistry. Bulletin of the Chemical
Society of Japan, 90(12), 1388-1400. DOIL
10.1246/bcsj.20170294.

Todorov, L., Kostova, 1. (2023). 1,2,3-Triazoles
and their metal chelates with antimicrobial
activity. Frontiers in Chemistry, 11, 1247805.
DOI: 10.3389/fchem.2023.1247805.

Copyright © 2026, ISSN 1978-2993



[37]

[41]

Bulletin of Chemical Reaction Engineering & Catalysis, 21 (4), 2026, 918

Husbands, D.R.,, Ogzsan, C., Welsh, A,
Gammons, R.J., Frei, A. (2015). High-
throughput triazole-based combinatorial click
chemistry for the synthesis and identification of
functional metal complexes. Nature
Communication, 16, 11195. DOI:
10.1038/541467-025-67341-z.

Vala, D.P., Vala, R. M., Patel, HM. (2022).
Versatile Synthetic Platform for 1,2,3-Triazole
Chemistry. ACS Omega, 7(42), 36945-36987.
DOI: 10.1021/acsomega.2c04883.

Dai, J., Tian, S., Yang, X., Liu, Z. Synthesis
methods of 1,2,3-/1,2,4-triazoles: A review.
Frontiers in  Chemistry, 10, 26. DOI:
10.3389/fchem.2022.891484.

Martinho, L.A.,, Andrade, C.K.Z. (2024).
Sustainable click reactions: Use of greener
reaction media in the synthesis of 1,2,3-triazoles.
Tetrahedron, 157, 133964. DOI:
10.1016/j.tet.2024.133964.

Duc, D.X. (2020). Recent Achievement in the
Synthesis of Benzo[b]furans. Current Organic

Synthesis, 17(7), 498-517. DOI:
10.2174/1570179417666200625212639.
Duc, D.X., Chung N.T. (2021). Recent

achievements in the synthesis of oxazoles,
Current Organic Chemistry, 25(15), 1755-1782.
DOI: 10.2174/1385272825666210608114724.

Hieu, T.T., Dung, V.C., Chung N.T., Duc, D.X.
(2023) Recent Achievement in the Synthesis of
Imidazoles. Current Organic Chemistry, 27(16),
1398-1446. DOI:
10.2174/0113852728259414231010050749.

Dung, V.C., Chung N.T., Duc, D.X. (2025).
Recent Achievements in the Synthesis of
Carbazole Derivatives.  Current  Organic
Chemistry, 29(12), 951-982. DOLI:
10.2174/0113852728340847241105111800.

Albadi, J., Alihosseinzadeh, A., Mansournezhad,
A. (2015). Regioselective Synthesis of 1,2,3-
Triazoles Catalyzed Over ZnO Supported Copper
Oxide Nanocatalyst as a New and Efficient
Recyclable Catalyst in Water. Acta Chimica
Slovenica, 62, 617-624. DOI:
10.17344/acsi.2014.1211.

Huang, L., Liu, W., Wy, J., Fu, Y., Wang, K.,
Huo, C., Du, Z. (2014). Nano-copper catalyzed
three-component reaction to construct 1,4-
substituted 1,2,3-triazoles. Tetrahedron Letter,
55, 2312-2316. DOLI:
10.1016/;.tetlet.2014.02.114.

Nasrollahzadeh, M., Jaleh, B., Fakhri, P.,
Zahraeic, A., Ghadery, E. (2015). Synthesis and
catalytic activity of carbon supported copper
nanoparticles for the synthesis of aryl nitriles
and 1,2,3-triazoles. RSC Advances, 5, 2785-2793.
DOI: 10.1039/C4RA09935D.

Jafari, A.A., Mahmoudi, H., Firouzabadi, F.
(2015). A copper acetate/2-aminobenzenthiol
complex  supported on  magnetite/silica
nanoparticles as a highly active and recyclable
catalyst for 1,2,3 triazole synthesis. RSC
Advances, 5, 107474-107481. DOI:
10.1039/C5RA22909d.

(48]

[51]

(52]

[55]

Kumar, B.S.P.A., Reddy, K.H.V., Karnakar, K.,
Satish, G., Nageswar, Y.V.D. (2015). Copper on
chitosan: an efficient and easily recoverable
heterogeneous catalyst for one pot synthesis of
1,2,3-triazoles from aryl boronic acids in water
at room temperature. Tetrahedron Letter, 56
(15), 1968-1972. DOL
10.1016/j.tetlet.2015.02.107.

Gangaprasad, D., Raj, J.P.,, Kiranmye, T.,
Sadik, S.S., Elangovan, J. (2015). A New
Paradigm of Copper Oxide Nanoparticles
Catalyzed Reactions: Synthesis of 1,2,3-
Triazoles Through Oxidative Azide-Olefin
Cycloaddition. RSC Advances, 5, 63473-634717.
DOI: 10.1039/C5RA08693K.

Iniyavan, P., Balaji, G.L., Sarveswari, S.,
Vijayakuma, V. (2015). CuO Nanoparticles:
Synthesis and application as an efficient
Reusable Catalyst for the preparation of
xanthene substituted 1,2,3-triazoles via click
chemistry. Tetrahedron Letter, 56(35), 5002-
5009. DOI: 10.1016/j.tetlet.2015.07.016.

Mnasri, N., Nyalosaso, J.L., Colacino, E.,
Derrien, G., Lamaty, F., Martinez, J., Zajac, J.,
Charnay, C. (2015) Copper-containing rod-
shaped nano-sized silica particles for microwave
assisted synthesis of triazoles in aqueous
solutions. ACS Sustainable Chemistry &
Engineering, 3(10), 2516-2525. DOLI:
10.1021/acssuschemeng.5b00661.

Moghaddam, F.M., Ayati, S.E. (2015). Copper
immobilized onto a triazole functionalized
magnetic nanoparticle: a robust magnetically
recoverable catalyst for “click” reactions. RSC
Advances, 5, 3894-3902. DOI:
10.1039/C4RA13330G.

Safa, K.D., Mousazadeh, H. (2016). Synthesis of
novel 1,4-disubstituted 1,2,3-triazoles bearing
organosilicon-sulfur groups via the click
reaction sonocatalyzed by LaCuxMnl-xO3
nanoparticles.  Synthetic =~ Communication,
46(19), 1595-1604. DOLI:
10.1080/00397911.2016.1217339.

Moghaddam, F.M., Ayati, S.E., Firouzi, H.R.,
Ghorbani, F.(2016). Immobilization of copper
ions onto a- amidotriazole-functionalized
magnetic nanoparticles and their application in
the synthesis of triazole derivatives in water.
Applied Organometallic Chemistry, 30(6), 488—
493. DOI: 10.1002/a0c.3460.

Moghaddam, F.M., Saberi, V., Kalhor, S., Ayati,
S.E. (2016). A novel highly dispersive magnetic
nanocatalyst in water: glucose as an efficient
and green ligand for the immobilization of
copper(Il) for the cycloaddition of alkynes to
azides. RSC Advances, 6, 80234-80243. DOI:
10.1039/C6RA17137K.

Zahmatkesh, S., Esmaeilpour, M., Javidi, J.
(2016). 1,4-dihydroxyanthraquinone-copper(Il)
supported on superparamagnetic Fe304@SiOz2:
An efficient catalyst for N-Arylation of nitrogen
heterocycles and alkylamines with aryl halides
and click synthesis of 1-aryl-1,2,3 triazole
derivatives. RSC Advances, 6, 90154-90164.
DOI: 10.1039/C6RA16646F.

Copyright © 2026, ISSN 1978-2993


https://doi.org/10.1039/C6RA17137K

(58]

(60]

(63]

Bulletin of Chemical Reaction Engineering & Catalysis, 21 (4), 2026, 919

Nasrollahzadeh, M., Sajadic, S.M., Mirzaei, Y.
(2016). An efficient one-pot synthesis of 1,4-
disubstituted 1,2,3-triazoles at room
temperature by green synthesized CulNPs using
Otostegia persica leaf extract. Journal of Colloid
and Interface Science, 468, 156-162. DOI:
10.1016/j.jcis.2016.01.050.

Ghosh, S., Saha, S., Sengupta, D.,
Chattopadhyay, S., De, G., Basu, B. (2017).
Stabilized Cu20 Nanoparticles on Macroporous
Polystyrene Resins [Cu2O@ARF]: Improved and
Reusable Heterogeneous Catalyst for On-Water
Synthesis of Triazoles via Click Reaction.
Industrial & Engineering Chemistry Research,
56 (41), 11726-11733. DOL:
10.1021/acs.iecr.7b02656.

Roy, B., Panda, A.B., Chattopadhyay, A.P.
(2017). Controlled Synthesis of Different
Morphologies of Cu—MgO and Their Application
as Catalysts in Synthesis of 1,2,3-Triazoles
Following Different Pathways. ChemistrySelect,
2(24), 7340-7352. DOI: 10.1002/slct.2017015117.

Naeimi, H. Shaabani, R. Moradian, M. (2017).
Functionalized graphene oxide supported copper
(I) complex as effective and recyclable
nanocatalyst for one-pot three component
synthesis of 1,2,3-triazoles. Applied
Organometallic Chemistry, 31(6), E3626. DOI:
10.1002/a0c.3626.

Naeimi, H., Ansarian, Z. (2017). Immobilized
polytriazole complexes of copper(I) onto
graphene oxide as a recyclable nanocatalyst for
synthesis of triazoles Applied Organometallic
Chemistry, 31(11), e3796. DOLI:
10.1002/a0c.3796.

Naeimi, H., Ansarian, Z. (2017). Functionalized
polytriazoles on graphene oxide-supported
copper (I) complex as an effective reusable
catalyst for sonochemical click synthesis of
triazoles in aqueous media. Inorganica Chimica
Acta, 466, 417-425. DOL:
10.1016/5.ica.2017.06.057.

Mogaddam, F.M., Eslami, M., Ayati, S.E. (2017)
Copper(II) Tons Immobilizedon to
Aminoquinoline-Functionalized Ferrite: A new
Efficient and Recoverable Catalyst for “in Water”
Synthesis of Triazole Derivatives.
ChemistrySelect, 2(36), 11942-11948. DOI:
10.1002/slct.201701988.

Chetia, M., Aali, A.A., Bordoloi, A., Sarma, D.
(2017). Facile route for the regioselective
synthesis of 1,4-disubstituted 1,2,3-triazole
using copper nanoparticles supported on
nanocellulose as recyclable heterogeneous
catalyst. Journal of Chemical Sciences, 129,
1211-1217. DOI: 10.1007/s12039-017-1318-y.

Esmaeili-Shahri, H., Eshghi, H., Lari, J.,
Rounaghi, S.A. (2018). Click approach to the
three-component synthesis of novel B-hydroxy-
1,2,3-triazoles catalysed by new (Cu/Cu20)
nanostructure as a ligand-free, green and
regioselective nanocatalyst in water. Applied
Organometallic Chemistry, 32(1), e3947. DOI:
10.1002/a0c.3947.

(66]

(67]

[70]

[72]

(73]

Nayal, O.S., Thakur, M.S., Kumar, M., Shaifali,
Upadhyay, R., Maurya, S.K. (2018). Green and
efficient Cul NPs catalytic cross-coupling
approach for the synthesis of tertiary-3-
aminopropenoates, ciprofloxacin and triazoles.
Asian Journal of Organic Chemistry, 7(4), 776-
780. DOI: 10.1002/ajoc.201700682.

Dolatkhah, Z., Javanshir, S., Bazgir, A.,
Mohammadkhani, A. (2018). Magnetic
Isinglassa Nano- Bio Support for Copper
Immobilization: Cu—-IG@Fe304 a Heterogeneous
Catalyst for Triazoles Synthesis. Chemistry
Select, 3(19), 5486-5493. Doi:
10.1002/slct.201800501.

Gupta, A., Jamatia, R., Dam, B, Pal, A.K. (2018)
Development of Synergistic, Dual Pd-Cu@rGO
Catalyst for Suzuki, Heck and Click Reactions:
Facile Synthesis of Triazole or Tetrazole
Containing Biaryls and Stilbenes. Chemistry
Select, 3(28), 8212-8220. DOLI:
10.1002/slct.201801724.

Raj, J.P., Gangaprasad, D., Vajjiravel, M.,
Karthikeyan, K., Elangovan, J. (2018). CuO-
Nanoparticles Catalyzed Synthesis of 1,4-
Disubstituted-1,2,3-Triazoles from
Bromoalkenes. Journal of Chemical Sciences,
130(44). DOI: 10.1007/s12039-018-1452-1.

Siuki, M.M.K., Bakavoli, M., Eshghi, H. (2019).
Cu nanoparticles immobilized on modified
magnetic zeolite for the synthesis of 1,2,3-
triazoles under ultrasonic conditions. Applied
Organometallic Chemistry, 33(4), e4774. DOI:
10.1002/a0c.4774.

Chetia, M, Gehlot, P.S, Kumar, A, Sarma, D.
(2018). A recyclable/reusable hydrotalcite
supported copper nano catalyst for 1,4-
disubstituted-1,2,3-triazole synthesis via click
chemistry approach. Tetrahedron Letters, 59(4),
397-401. DOI: 10.1016/j.tetlet.2017.12.051.

Chavan, P.V., Charate, S.P., Desai, U.V., Rode,
C.V., Wadgaonkar, P.P. (2019). Bentonite-Clay-
Supported Cuprouslodide Nanoparticles
(BENT-CulNPs): A New Heterogeneous
Catalystin Diversity-Oriented Synthesis of
1,2,3-Triazolesin Aqueous Medium.
ChemistrySelect, (24),7144-7150. DOL
10.1002/slct.201900421.

Gholinejad, M., Oftadeh, E., Sansano, M. J.
(2019). Clinochlore-Supported Copper
Nanoparticlesas Green and Efficient Catalyst
for Room-Temperature Synthesis of 1,2,3-
Triazoles in Water. ChemistrySelect, 4(11),
3151-3160. DOI: 10.1002/slct.201803599.

Maleki, A., Panahzadeh, M., Eivazzadeh-
keihan, R. (2019). Agar: a natural and
environmentally-friendly support composed of
copper oxide nanoparticles for the green
synthesis of 1,2,3—triazoles. Green Chemistry
Letters and Reviews, 12(4), 395-406. DOI:
10.1080/17518253.2019.1679263.

Copyright © 2026, ISSN 1978-2993


https://doi.org/10.1002/ajoc.201700682
https://doi.org/10.1002/slct.201800501
https://doi.org/10.1002/slct.201803599

(81]

(84]

Bulletin of Chemical Reaction Engineering & Catalysis, 21 (4), 2026, 920

Deswal, S., Tittal, R.K., Yadav, P., Lal, K., Vikas,
G., Kumar, N. (2019). Cellulose-Supported Cul-
Nanoparticles-Mediated Green Synthesis of
Trifluoromethylbenzoate-Linked Triazoles for
Pharmacological & DFT study. ChemistrySelect,
4(2), 759 —764. DOI: 10.1002/slct.201803099.

Khalili, D., Kavoosi, L., Khalafi-Nezhad, A.
(2019). Copper Aluminate Spinel in Click
Chemistry: An Efficient Hetero geneous
Nanocatalyst for the Highly Regioselective
Synthesis of Triazoles in Water. Synlett, 30(19),
2136-2142. DOI: 10.1055/s-0039-1690719.

Mahdavinasa, M., Hamzehloueian, M., Sarraf,
Y. (2019). Preparation and application of
magnetic chitosan/graphene oxide composite
supported copper as a recyclable heterogeneous
nanocatalyst in the synthesis of triazoles.
International Journal of Biological
Macromolecules, 138, 764-T772. DOI:
10.1016/j.ijbiomac.2019.07.013.

Sharma, N., Gupta, M., Chowhan, B., Frontera,
A. (2020). Magnetically separable nanocatalyst
(IL@CuFe204-L-Tyr-TiO2/TiTCIL): Preparation,
characterization and its applications in 1,2,3-
triazole synthesis and in photodegradation of
MB. Journal of Molecular Structure, 1224,
129029. DOI: 10.1016/j.molstruc.2020.129029.

Abiraman, T., Rajavelu, K., Rajakumar, P.,
Balasubramania, S. (2020). Sub 1 nm
Poly(acrylic acid)-Capped Copper Nanoparticles
for the Synthesis of 1,2,3-Triazole Compounds.
ACS  Omega, 5(14), 7815-7822. DOLI:
10.1021/acsomega.9b03995.

Godarzbod, F., Mirjafary, Z., Saeidian, H.,
Rouhani, M. (2020). Highly efficient synthesis of
silica-coated magnetic nanoparticles modified
with iminodiacetic acid applied to synthesis of
1,2,3-triazoles. Applied Organometallic
Chemistry, 35(3), e6132. DOI: 10.1002/a0c.6132.

Rajabi, M., Albadi, J., Momeni, A. (2020). Click
synthesis of 1,4-disubstituted-1,2,3-triazoles
catalyzed by  melamine-supported  CuO
nanoparticles as an efficient recyclable catalyst
in water. Research on Chemical Intermediates,
46, 3879-3889. DOI: 10.1007/s11164-020-04178-
9.

Nandi, D., Perla, V.K., Ghosh, S.K., Arderne, C.,
Mallick, K. (2020). Copper-azide nanoparticle: a
‘catalyst-cum-reagent’ for the designing of
5-alkynyl 1,4-disubstituted triazoles. Scientific
Reports, 10, 16720. DOI: 10.1038/s41598-020-
74018-8.

Agarwal, S., Phukan, P., Sarma, D., Deori, K.
(2021). Versatile precursor-dependent copper
sulfide nanoparticles as a multifunctional
catalyst for the photocatalytic removal of water
pollutants and the synthesis of aromatic
aldehydes and NH-triazole. Nanoscale Advance,
3, 3954—-3966. DOI: 10.1039/d1na00239b.

Darroudia, M., Rouh, H., Hasanzadeh, M.,
Shadjou, N. (2021). Cu/SiO2-Pr-NH-Benz as a
novel nanocatalyst for the efficient synthesis of
1,4-disubstituted triazoles and propargyl amine
derivatives in an aqueous solution. Heliyon, 7(4),
€06766. DOI: 10.1016/j.heliyon.2021.e06766.

(85]

(86]

(92]

Khoshnoud, A., Pourali, A.R. (2021). Three-
Component Synthesis of 1,4-Disubstituted
1,2,3-Triazoles using a Novel and Efficient
Nano Alumina Based Cu(II) Catalyst. Organic
Preparations and Procedures International, 53
(6), 509-517. DOL
10.1080/00304948.2021.1971475.

Arefi, E., Khojastehnezhad, A., Shiri, A. (2021).
A magnetic copper organic framework material
as an efficient and recyclable catalyst for the
synthesis of 1,2,3-triazole derivatives. Scientific
Reports., 11, 20514. DOI: 10.1038/s41598-021-
00012-3.

Velpul, V.R.K., Ketike, T., Rajajagdeesan, A.,
Bora, M.A., Ganji, S., Burriab, D.R.,
Surapaneni, K.M. (2022). Magnetically
recoverable CuzO-Fe304@TNT catalytic system
for click chemistry in water: multi-component
synthesis of 1,2,3-triazoles at  room
temperature. Materials Advances., 3, 7960—
7965. DOI: 10.1039/D2MA00451H.

Tajbakhsh, M., Naimi-Jamal, M.R. (2022).
Copper-doped functionalized B-cyclodextrin as
an efficient green nanocatalyst for synthesis of
1,2,3-triazoles in water. Scientific Reports, 12,
4948. DOI: 10.1038/s41598-022-08868-9.

Rengasamy, R., Raj, J.P., Vijayalakshmi, K.,
Punitha, N., Kesavan, M., Vajjiravel, M.,
Elangovan, J (2022).. Tunable Synthesis of
1,2,3-Triazoles and Enamines through
Deacylative  Azide-Alkene Cycloaddition.
European Journal of Organic Chemistry, 16,
€202101470. DOI: 10.1002/ejoc.202101470.

Babamoradi, J., Ghorbani-Vaghei, R., Alavinia,
S. (2022). Click synthesis of 1,2,3-triazoles using
copper iodide nanoparticles anchored
poly(sulfonamide-thiazole) modified layered
double hydroxides/ chitosan nanocomposite.
International Journal of Biological
Macromolecules, 209, 1542-1552. DOI
10.1016/j.ijbiomac.2022.04.140.

Kumar, M., Pakshirajan, K. (2022).
Immobilized biogenic copper nanoparticles from
metallic wastewater as a catalyst for triazole
synthesis by a click reaction using water as a
solvent. New Journal of Chemistry, 46, 13953—
13962. DOI: 10.1039/d2nj02882d.

Singh, A., Agarwal, A. (2023). Anchoring CuO
nanoparticle on nitrogen-doped reduced
graphene oxide as nanocatalyst for the
synthesis of 5-substituted-1H-tetrazole and
1,2,3- triazole derivatives. Molecular Catalysis,
547, 113377. DOI: 10.1016/j.mcat.2023.113377.

Khaleghi, N., Mojtabapour, Z., Rashvandi, Z.,
Mohammadi, A., Forouzandeh-Malati, M.,
Ganjali, F., Zarei-Shokat, S., Kashtiaray, A.,
Taheri-Ledari, R., Maleki, A. (2023). Fast
synthesis of [1,2,3]-triazole derivatives on a
Fe/Cu-embedded nano-catalytic  substrate.
Nanoscale Advance, 5, 4911-4924. DOI:
10.1039/d3na00326d.

Copyright © 2026, ISSN 1978-2993



(98]

[100]

[101]

[102]

Bulletin of Chemical Reaction Engineering & Catalysis, 21 (4), 2026, 921

Zond, R., Yadav, A., Yadav, R., Valekar, N., Pore,
S., Chandam, D., Hangirgekar, S., Sankpal, S.
(2024). Fe304@Thiosemicarbazide-Cu(Il): An
efficient magnetically separable catalyst for
greener synthesis of 1,2,3-triazoles using click
reaction. Journal of Organometallic Chemistry,
1004, 122925. DOLI:
10.1016/j.jorganchem.2023.122925.

Garcia-Garcia, A.F.G., Perez, J.M., Urquiza, P.,
Garcia-Manas, C., Romacho, T., Fernandez, I.
(2024). New Copper(I) oxide biocatalyst based on
functionalized olive stone for the synthesis of 1,4-
disubstituted-1,2,3-triazoles under very mild
conditions. Sustainable  Chemistry  and
Pharmacy, 42, 101832. DOLI:
10.1016/j.scp.2024.101832

Galvan, A., Flores-Gallegos, G., Hernandez-
Ramirez, 0.0., Alcaraz-Contreras, Y., Laguna-
Rivera, S., Martinez, M., Mendoza-Pérez, J.A.,
Pena-Cabrera, J.A., Vazquez, M.A.(2024).
Cul@MIM-SBA-15 hybrid catalyst in the
ultrasound-assisted synthesis of 1,4-

disubstituted 1,2,3-triazoles in water.
Tetrahedron, 167, 134297. Doi:
10.1016/.tet.2024.134297.

Khaleghi, N., Esmkhani, M., Noori, M.,

Dastyafteh, N., Ghomi, N.K., Mahdavi, M.,
Sayahi, M.H., Javanshir, S. (2024). Copper
supported modified magnetic carrageenan as a
bio-based catalyst for the synthesis of novel
scaffolds bearing the 1,2,3-triazole unit through
the click reaction. Nanoscale Advance, 6, 2337—
2349. DOI: 10.1039/D4NAO00022F.

Ashrafi, M., Amini, M., Seidi, F. (2024).
Synthesis of Cu3Fe4V6024 Nanoparticles to
Produce 1,2,3-Triazoles by Azide-Alkyne
Cycloaddition Reactions. Langmuir, 40(10),
5195-5204. DOI: 10.1021/acs.langmuir.3¢c03389.

Rahmatpour, A., Baramkohi, M.A. (2025).
Crosslinked polyacrylamide stabilized Cu(l)
catalyst for efficient synthesis of 1,2,3-triazoles
via click reactions. Polyhedron, 270, 117429.
DOI: 10.1016/j.poly.2025.117429.

Arjmandzadeh, B., Jafari, AA. (2025).
Fes04@HA-Cu(OAc)2 nanocomposite as a
nanomagnetic water-compatible catalyst for
efficient synthesis of 1,2,3-triazoles in water.
Scientific Reports, 15, 3370. Doi:
10.1038/s41598-025-87392-y.

Mohammadi, A., Ghafori-Gorab, M., Keykani, T.,
Naimi-Jamal, M.R., Maleki, A. (2025). Green
synthesis of [1,2,3]-triazole derivatives by
magnetic nanocelloluse-MOF hybrid synergistic
nanocatalyst. Carbohydrate Polymer
Technologies and Applications, 10, 100850. DOI:
10.1016/j.carpta.2025.100850.

Paplal B., Nagaraju, S., Palakollu, V., Kanvah,
S., Kumarc, B.V. Kashinath, D. (2015).
Synthesis of functionalized 1,2,3-triazoles using
BisWOs nanoparticles as efficient and reusable
heterogeneous catalyst in aqueous medium. RSC
Advances, 5, 57842-57846. DOI:
10.1039/c5ra09544a.

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Sharma, R.K., Mishra, M., Sharma, S., Dutta, S.
(2016). Zinc(Il) complex immobilized on amine
functionalized silica gel: A novel, highly efficient
and recyclable catalyst for multicomponent click
synthesis of 1,4-disubstituted 1,2,3-triazoles.
Journal of Coordination Chemistry, 69(7), 1152-
1165. DOLI:
10.1080/00958972.2016.1165807.zhhz.

Basua, P., Bhanj, P., Salam, N., Dey, T.K.,
Bhaumik, A., Das, D., Islam, S.M. (2017). Silver
nanoparticles supported over AloOs@Fe20s3 core-
shell nanoparticles as an efficient catalyst for
one-pot synthesis of 1,2,3-triazoles and
acylation of benzyl alcohol. Molecular Catalysis,
439, 31-40. DOI: 10.1016/j.mcat.2017.05.005.

Paplal, B., Nagaraju, S., Sridhar, B., Kashinath,
D. (2017). Regioselective synthesis of
functionalized 1,2,3-triazoles via oxidative
[3+2]-cycloaddition using Zn(OAc)2- tBuOOH or
ZnO nanoparticle as catalyst system in aqueous
medium. Catalysis Communications, 99, 115-
120. DOI: 10.1016/j.catcom.2017.05.006.

Jiang, R., Sun, H.-B., Li, S., Zhan, K., Zhou, J.,
Liu, L., Zhang, K., Liang, Q., Chen, Z. (2018).
Synthesis of tetrazoles, triazoles, and
imidazolines catalyzed by magnetic silica
spheres grafted acid. Synthetic
Communications, 48(20), 2652-2662. DOI:
10.1080/00397911.2018.1510007.

Garg, A., Khupse, N., Bordoloi, A., Sarma, D.
(2019). Ag—-NHC anchored on silica: an efficient
ultra-low loading catalyst for regioselective
1,2,3-triazole synthesis. New Journal of
Chemistry, 43, 19331-19337. DOI:
10.1039/C9NJ03892B.

Mirzaei-Mosbat, M., Ghorbani-Vaghei, R.,
Sarmast, N. (2019). One-pot Synthesisof4-Aryl-
NH-1,2,3-triazolesin Presence of
Fe304@S102@Propyl-HMT Aasa New Basic
Catalyst. ChemistrySelect, 4(5), 1731-17317.
DOI: 10.1002/slct.201803545.

Saha, A., Wu, C.-M., Peng, R., Koodali, R.,
Banerjee, S. (2019). Facile Synthesis of 1,3,5-
Triarylbenzenes and 4-Aryl-NH-1,2,3 Triazoles
Using Mesoporous Pd-MCM-41 as Reusable
Catalyst. European Journal of Organic
Chemistr, 104-111. DOI:
10.1002/ejoc.201801290.

Rajabi-Moghaddam, H., Naimi-Jamal, M.R.,

Tajbakhsh, M. (2021). Fabrication of
copper(Il)-coated magnetic core-shell
nanoparticles Fe304@

S102-2-aminobenzohydrazide and investigation
of its catalytic application in the synthesis of
1,2,3-triazole compounds. Scientific Reports, 11,
2073. DOI: 10.1038/s41598-021-81632-7.

Choudhury, P., Basu, B., Chattopadhyay, S.,
De, G. (2021). Ni-rGO-zeolite nanocomposite:
an efficient heterogeneous catalyst for one-pot
synthesis of triazoles in water. Materials
Advances, 2, 3042-3050. DOI:
10.1039/D1MA00143D.

Copyright © 2026, ISSN 1978-2993


https://doi.org/10.1039/C9NJ03892B
https://doi.org/10.1002/slct.201803545

Bulletin of Chemical Reaction Engineering & Catalysis, 21 (4), 2026, 922

[112] Jasim, S.A., Riadi, Y.; Majdi, H.S., Altimari, U.S.

(2022). Nanomagnetic macrocyclic Schiff-base—
Mn(IT) complex: an efficient heterogeneous
catalyst for click approach synthesis of novel b-
substitued 1,2,3-triazoles. RSC Advances, 12,
17905-17918. DOI: 10.1039/D2RA02587F.

[113] Mokhi, L., Moussadik, A., Driowya, M.,

Mahmoudi, A.E., Tachallait, H., Benhida, R.,
Hamidi, A.E., Bougrin, K. (2024). Magnetically
separable new Fe30.@AgZra(POy4)3
nanocomposite catalyst for the synthesis of
novel isoxazole/isoxazoline-linked 1,2,3-
triazoles in water under ultrasound cavitation.
Journal of Molecular Liquids, 395, 123763.
DOI: 10.1016/.molliq.2023.123763.

Copyright © 2026, ISSN 1978-2993



	Abstract
	1. Introduction
	2. Copper Nanomaterials as Catalysts for the Synthesis of 1,2,3 -triazoles
	3. 1,2,3-Triazole Synthesis Using Other Nanocatalyts
	Acknowledgment
	CRedit Author Statement
	References
	4. Conclusions
	Acknowledgment
	CRediT Author Statement
	References

