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d 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†

Nima Khaleghi, a Maryam Esmkhani,b Milad Noori,b Navid Dastyafteh,b

Minoo Khalili Ghomi,a Mohammad Mahdavi,a Mohammad Hosein Sayahi*c

and Shahrzad Javanshir *b

The ongoing work delineates the design of a novel library of 1,2,3-triazole-attached phenylacetamides through

molecular hybridization of propargyl and phenylacetamide derivatives. Copper-supported modified magnetic

carrageenan serves as a green heterogeneous catalyst, ensuring high yield, efficient reaction times, high atom

economy, utilization of an environmentally friendly catalyst from a natural source, and a straightforward

workup procedure. The successful synthesis of the catalyst is confirmed and evaluated using various analytical

techniques, while the synthetic compounds are characterized through 1H NMR and 13C NMR.
Introduction

The synthesis of new scaffolds and drugs with effective functions
for the treatment of diseases is an important topic for researchers.
Among these scaffolds with diverse biological activities, N-
substituted heterocycles, particularly triazoles, exhibit a broad
spectrum of applications in medicinal chemistry.1

Triazoles as important compounds with anti-inammatory,2

antimicrobial,3 antimalarial,4 antiviral,5 and anticancer6 activi-
ties can be synthesized through the click reaction between
azides and alkynes catalyzed by copper. There have been several
reports about copper catalysts used in the click reaction of
alkynes and azides over the last few years. However, most of
these studies suffer from homogeneous catalyst problems.
These problems can include the separation or work-up prob-
lems or the production of by-products.

To overcome these, the immobilization of copper on supports
such as silica,7 magnetite,8,9 and polymers10,11 can be a good solu-
tion. Renewable and biodegradable organic polymers, biopoly-
mers, and especially polysaccharides, have found multiple
applications in various industries, such as pharmaceuticals,12

biomedical products,13 cosmetics14,15 and food industries.16,17
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Among the mentioned supports, polysaccharides, due to their
unique structures and functional groups are the most favorable
and abundant supports for metal immobilization.

Incorporating the “green matrix” into our daily lives requires
a shi in mindset and behavior. This includes reducing waste,
conserving energy, using renewable resources, and minimizing
the carbon footprint of our activities. By adopting the “green
matrix”, individuals and organizations can help mitigate the
negative impact of human activities on the environment.18

The scientic community has been putting a lot of effort into
chemically modifying polysaccharides and utilizing them in
catalytic systems for environmentally friendly processes and
technologies. These polymers have great features such as
renewability, biodegradability, non-toxicity, and more, making
them widely used in various industries. Due to their unique
structures and functional groups, they make for a decent
support system for immobilizing metals. These polymers due to
their great features such as renewability,19 biodegradability,20

non-toxicity,21 etc. are widely used in various industries, but
their unique structures and functional groups make them
a good support for immobilizing metals.

Carrageenan (CG), a marine polysaccharide with the sulfate
group, has mainly been used as a gelling agent in the food
industry and a catalyst in chemical processes. It can be extrac-
ted from red seaweeds and has three main types based on its
sulfate group: iota-carrageenan, kappa-carrageenan and
lambda-carrageenan.22 One of the key advantages of CG as
a catalyst is its ability to form stable complexes with metal ions,
which can enhance the efficiency of catalytic reactions. Addi-
tionally, carrageenan is biodegradable and non-toxic, making it
an environmentally friendly alternative to traditional catalysts.
Nanoscale Adv., 2024, 6, 2337–2349 | 2337
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Fig. 1 Schematic presentation of the catalyst preparation.

Fig. 2 FTIR analysis of (a) Fe3O4@CG, (b) Fe3O4@CG/CPTMS/OL, (c)
Fe3O4@CG/CPTMS/OL-Cu(I) and (d) reused Fe3O4@CG/CPTMS/OL-
Cu(I).
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Its versatility and effectiveness in these reactions make it
a valuable tool for researchers and industries looking to develop
more sustainable and efficient chemical processes.23–25

Triazoles as the basic building blocks of many organic and
inorganic molecules with antitubercular,26 antifungal,27,28 anti-
cancer,29 antibacterial,3 anti-HIV,30 anti-inammatory,31 and
antiallergic32 activities can also be hybridized with other scaf-
folds to improve their activity. There are several reports on the
hybridization of triazoles with different cores such as
phthalimides.33–35 Phthalimides, the pharmaceutically active
compounds, are also known for their potent biological activi-
ties,36 such as anti-HIV,37 anticancer,38 anti-inammatory,39

hypoglycemic,33 antimalarial,40 histone deacetylase inhibitory,41

cholinesterase inhibitory,42 and COX inhibitory.43 These
compounds are also used as starting substances for the
synthesis of a wide range of compounds, such as alkaloids,
polymers, pesticides, and copolymers.44

In the light of these studies and in continuation of our work
on the fabrication of catalysts,45–47 we report the synthesis of
2338 | Nanoscale Adv., 2024, 6, 2337–2349
a new efficient magnetite-based catalytic system, with its
application in the synthesis of new 1,2,3-triazole derivatives.
The procedure uses a carrageenan-based magnetic catalyst
functionalized with an organic linker. The reaction was per-
formed under mild conditions and the catalyst was removed
with an external magnet. The reaction yields were excellent, and
the prepared catalyst had good efficiency.

Results and discussion

The synthesis pathway of Fe3O4@CG/CPTMS/OL-Cu(I) is illustrated
in Fig. 1. Fe3O4@CG was prepared through a co-precipitation
method by dissolving CG, and divalent and trivalent iron salts
into distilled water, followed by precipitation with NaOH. Aer-
ward, CPTMS was coated on the surface of Fe3O4@CG nano-
particles to obtain Fe3O4@CG/CPTMS nanoparticles.
Subsequently, the organic linker was cross-linked on the surface of
Fe3O4@CG/CPTMS. Fe3O4@CG/CPTMS/OL-Cu(I) was obtained by
the addition of copper salt to as-prepared magnetic nanoparticles.

Characterization of Fe3O4@CG/CPTMS/OL-Cu(I)

The structure, morphology and magnetic properties of the
prepared catalyst were characterized by different techniques.
The FTIR spectra of Fe3O4@CG/CPTMS/OL-Cu, Fe3O4@CG/
CPTMS/OL, and Fe3O4@CG are compared in Fig. 2. The FTIR
spectrum of Fe3O4@CG indicates the characteristic band of Fe–
O at 574 cm−1. The band at about 1627 cm−1 is assigned to the
bending vibration of the hydroxyl group and the band at
1225 cm−1 is attributed to S–O asymmetric sulfate stretching.
The absorption band of C–O–S was observed at 845 cm−1.
Moreover, the two bands in the range of 1037–1040 cm−1 are
assigned to the C–O and C–OH stretching, respectively. The
FTIR spectrum of Fe3O4@CG/CPTMS/OL showed the charac-
teristic peaks of C]O, C]C, N–H, and C–N vibrations at 1652,
1631, 1613, and 1521 cm−1 respectively. The peak broadens
signicantly in Fe3O4@CG/CPTMS/OL-Cu, and extends toward
lower stretching frequencies at 3430 cm−1. On the other hand,
the slight shi from 1687 cm−1 in Fe3O4@CG/CPTMS/OL to
1652 cm−1 in Fe3O4@CG/CPTMS/OL-Cu can be concluded to be
due to the chelation of copper on the surface of the catalyst.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM and TEM images of the prepared catalyst.

Fig. 4 The elemental analysis (EDX) of Fe3O4@CG/CPTMS/OL-Cu.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
/2

6/
20

26
 4

:4
0:

44
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The morphology and the structure of the prepared catalyst
were characterized by SEM analysis (Fig. 3). The almost uniform
distribution of the catalyst is clearly observable. Moreover, the
good monodispersity and the presence of Fe3O4 cores (the black
centers) and SiO2 shells (the brightest areas) are clearly seen in
TEM images.

Furthermore, the elemental analysis (EDX) revealed the
presence of carbon, oxygen, nitrogen, iron, Si and copper
elements (ratios of 13.67 : 44.15 : 5.62 : 34.03 : 1.03 and
0.65 wt%, respectively). It conrms that the incorporation of
© 2024 The Author(s). Published by the Royal Society of Chemistry
expected elements into the structure of the prepared catalyst
was achieved successfully (Fig. 4).

The magnetic feature of Fe3O4@CG/CPTMS/OL-Cu was
investigated using VSM analysis and the magnetization cycle is
plotted in Fig. 5. As can be noticed, magnetic hysteresis loop
measurements indicated that the maximum saturation magneti-
zation value of Fe3O4@CG/CPTMS/OL-Cu is 39 emus g−1.

In Fig. 6, the XRD pattern of Fe3O4@CG/CPTMS/OL-Cu
shows six characteristic diffraction peaks at 2q = 30.199°,
35.660°, 43.375°, 53.672°, 57.257°, and 62.940° corresponding
Nanoscale Adv., 2024, 6, 2337–2349 | 2339
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Fig. 5 VSM analysis of the prepared Fe3O4@CG/CPTMS/OL-Cu.

Fig. 6 The (a) peak list, reference card number, and (b) XRD pattern of

2340 | Nanoscale Adv., 2024, 6, 2337–2349
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to the (220), (311), (400), (422), (511), and (440) reection crystal
planes of Fe3O4 respectively (JCPDS card no. 01-075-1609 and
00-002-0459). (The reference card numbers were collected from
the X'pert HighScore Plus version 1.0d soware developed by
the PANalytical B.V.)
Investigation the catalytic activities of Fe3O4@CG/CPTMS/OL-
Cu for the synthesis of triazole derivatives 6a–e, 7a–e and 8a–f

The catalytic behavior of the prepared Fe3O4@CG/CPTMS/OL-Cu
was investigated for the synthesis of 1,2,3-triazole derivatives
through the reaction between phenylacetamide derivatives and N-
propargyl phthalimide under different conditions. To nd the
optimal reaction conditions, different factors including solvent,
catalyst loading, time and reaction temperature were scrutinized in
a model reaction including propargyl-based compounds (1), (2) or
(3), and 4-nitrophenyl acetamide (4a) to estimate the proper
conditions (Fig. 7). Amid different solvents, water led to a shorter
reaction time and gave a better yield (Table 1).
Fe3O4@CG/CPTMS/OL-Cu.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic representation of Fe3O4@CG/CPTMS/OL-Cu and its catalytic activity in the one-pot synthesis of triazole derivatives through
the click reaction.

Table 1 Effect of different parameters on the model reaction in the presence of Fe3O4@CG/CPTMS/OL-Cu

Entry Catalyst dosage (g) Time (minute) Solvent Temperature Yield (%)

1 — 120 H2O r.t. 0
2 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 H2O r.t 55
3 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 EtOH r.t. 48
4 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 H2O : EtOH (1 : 1) r.t. 52
5 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 Toluene r.t. 17
6 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 CH3CN r.t. 41
7 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 CH3Cl r.t. 26
8 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 H2O : EtOH (1 : 2) r.t. 50
9 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 Isopropanol r.t. 32
10 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 PEG-400 r.t. Trace
11 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 1,4-Dioxane r.t. 14
12 Fe3O4@CG/CPTMS/OL-Cu (0.01 g) 30 CH3CN : H2O r.t. 36
13 Fe3O4@CG/CPTMS/OL-Cu (0.02 g) 30 H2O r.t. 59
14 Fe3O4@CG/CPTMS/OL-Cu (0.03 g) 30 H2O r.t. 62
15 Fe3O4@CG/CPTMS/OL-Cu (0.04 g) 30 H2O r.t. 65
16 Fe3O4@CG/CPTMS/OL-Cu (0.05 g) 30 H2O r.t. 67
17 Fe3O4@CG/CPTMS/OL-Cu (0.07 g) 30 H2O r.t. 67
18 Fe3O4@CG/CPTMS/OL-Cu (0.1 g) 30 H2O r.t. 67
19 Fe3O4@CG/CPTMS/OL-Cu (0.05 g) 45 H2O r.t. 71
20 Fe3O4@CG/CPTMS/OL-Cu (0.05 g) 60 H2O r.t. 76
21 Fe3O4@CG/CPTMS/OL-Cu (0.05 g) 75 H2O r.t. 76
22 Fe3O4@CG/CPTMS/OL-Cu (0.05 g) 90 H2O r.t. 76
23 Fe3O4@CG/CPTMS/OL-Cu (0.05 g) 120 H2O r.t. 76
24 Fe3O4@CG/CPTMS/OL-Cu (0.05 g) 30 H2O 50 74c

25 Fe3O4@CG/CPTMS/OL-Cu (0.05 g) 30 H2O 75 82d

26 Fe3O4@CG/CPTMS/OL-Cu (0.05 g) 30 H2O 90 82e

27 Fe3O4@CG/CPTMS/OL-Cu (0.05 g) 30 H2O 100 82f
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Moreover, the effects of temperature, type of catalyst, and the
catalyst dosage were also evaluated and tabulated in Table 1.
The highest yield of 82% was reached for 50 mg catalyst loading
at 100 °C. On the other hand, with an amount of catalyst of
50 mg, lowering the temperature leads to a decrease in the
reaction yield.
© 2024 The Author(s). Published by the Royal Society of Chemistry
To generalize the optimum conditions, different triazole
derivatives were prepared through a one-pot reaction of propargyl
derivatives 1, 2 or 3 and phenylacetamide derivatives 4(a–f) in the
presence of Fe3O4@CG/CPTMS/OL-Cu (Fig. 7). The results are
summarized in Table 2. As expected, the presence of electron-
donating groups on phenylacetamide can enhance the rate and
Nanoscale Adv., 2024, 6, 2337–2349 | 2341
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Table 2 Synthesis of triazole derivatives in the presence of Fe3O4@CG/CPTMS/OL-Cu

Comp. R-N3 Time (h) Product structure

5a 1 6

5b 1 4

5c 1 5

5d 1 4

5e 1 3

6a 2 7.7

6b 2 7.5

2342 | Nanoscale Adv., 2024, 6, 2337–2349 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Comp. R-N3 Time (h) Product structure

6c 2 5

6d 2 3.5

6e 2 4

7a 3 5

7b 3 6

7c 3 6.3

7d 3 7

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2024, 6, 2337–2349 | 2343
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Table 2 (Contd. )

Comp. R-N3 Time (h) Product structure

7e 3 7.5

7f 3 7

Fig. 8 Recyclability of the Fe3O4@CG/CPTMS/OL-Cu catalyst.

Table 3 Comparison of the Fe3O4@CG/CPTMS/OL-Cu catalyst in the synthesis of triazole derivatives with reported studies

Entry Catalyst Conditions Yield% Ref.

1 SBA-15-tris(triphenylphosphine)ruthenium(II) dichloride 12 h, H2O, 90 °C 88 48
2 (E)-6-(2-((2-Hydroxynaphthalen-1-yl)methylene)hydrazinyl)nicotinohydrazide-Cu 240 min, H2O, RT 94 49
3 Bis[(tetrabutylammonium)di-m-iodo-diiododicuprate(I)] complex 240 min, H2O, 60 °C 97 50
4 Fe3O4@LDH@cysteine-Cu(I) 25 min, choline azide/70 °C 90 51
5 Fe3O4@CG/CPTMS/OL-Cu 180 min, DMF, RT 82 This work
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yield of the reaction. In contrast, phenylacetamide with an
electron-withdrawing group provided the product with a lower
yield.

Catalyst recyclability

The efficiency of the catalyst's heterogeneity was evaluated
through a recyclability test. The nanocatalyst was applied in
a model reaction and was collected using an external magnetic
2344 | Nanoscale Adv., 2024, 6, 2337–2349
eld. It was then washed with acetone, ethanol, and water. The
dried nanocatalyst was weighed and reused in the model reac-
tion. Fig. 8 shows that the prepared magnetic nanocatalyst can
be used up to ve times without signicant reduction in its
catalytic efficiency. This was further conrmed through FTIR
analysis shown in Fig. 2d, indicating that the catalyst remained
unchanged aer several uses.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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To demonstrate the efficacy of the prepared Fe3O4@CG/
CPTMS/OL-Cu catalyst, the catalytic activity in the preparation of
1,2,3-triazole derivatives was compared with the previous reports
and the results are tabulated in Table 3. Considering the results,
the present catalyst has several advantages with respect to reaction
time, solvent and temperature over the reported studies.
Conclusions

In summary, Fe3O4@CG/CPTMS/OL-Cu, a novel hybrid
magnetic material was found to be a highly efficient nano-
biocatalyst in the synthesis of triazole derivatives via the click
reaction. The catalyst was fully characterized through various
techniques including FTIR, XRD, SEM, EDS, and VSM. The
prepared Fe3O4@CG/CPTMS/OL-Cu catalyst offers several
advantages, such as non-usage of toxic solvents, high yields,
good reaction time, no waste production, simple work-up, and
facile separation through a magnetic eld. The remarkable
efficiency of this catalyst holds promising potential for its
application in various chemical reactions beyond the scope of
the present study. These ndings not only contribute to the
development of efficient and environmentally friendly catalytic
systems but also underscore the versatility of Fe3O4@CG/
CPTMS/OL-Cu for broader applications in diverse chemical
transformations.
Experimental section
Reagents and apparatus

All reagents and materials were analytical grade and purchased
from commercial sources. All of them were used without puri-
cation. The known products were identied by comparison of their
melting points.Melting points were determined in open capillaries
using an Electrothermal 9100 instrument. Infrared (IR) spectra
were acquired on a Shimadzu FT-IR-8400S spectrometer with
spectroscopic grade KBr. The 1H NMR (500 MHz) was performed
on a Bruker Avance DPX-300 instrument. The spectra were ob-
tained in DMSO-d6 relative to TMS as an internal standard. Scan-
ning electron microscopy (SEM) was performed on a VEG2/
TESCAN 30 kV with gold coating, and energy dispersive X-ray
spectroscopy (EDX) was performed on a VEG//TESCAN-XMU.
General procedure for the preparation of Fe3O4@CG@CPTMS

The superparamagnetic iron oxide nanoparticles (SPIONs) were
synthesized using a co-precipitation method described
before.24,52 Typically, FeCl3$6H2O (1.215 g) and FeCl2$4H2O
(0.637 g) (Fe2+/Fe3+ = 1 : 2) were dissolved in deionized water (20
ml) under an inert atmosphere to get a homogenous solution.
Then CG powder was added into the solution and chemical
precipitation was carried out by the slow addition of NaOH
solution (25%), stirring vigorously until the pH = 11 was
attained. The obtained magnetic particles were separated by an
external magnetic eld, washed several times with water and
ethanol (25 ml), and dried in a 65 °C oven for 24 h.

Aer that 1 g of the prepared Fe3O4@CG was ultrasonically
dispersed in toluene (50 ml). Then CPTMS was slowly added
© 2024 The Author(s). Published by the Royal Society of Chemistry
and the mixture was reuxed for 2 h under an inert atmosphere.
The prepared Fe3O4@CG@CPTMS was magnetically separated,
washed sequentially with absolute ethanol and dried in
a vacuum oven at 50 °C.

Synthesis of the organic linker (OL)

To prepare the organic linker, 4-(amino methyl) benzoic acid
(10 mmol, 1.511 g) was poured into a round bottom ask con-
taining 20ml water and stirred for 30 min at 40 °C. Then, isatoic
anhydride (10 mmol, 1.613 g) was slowly added and the mixture
was stirred for 3 h. The resulting precipitate was then ltered,
washed with water to remove unreacted reagents, and dried for
the next step.

General procedure for the preparation of Fe3O4@CG/CPTMS/
OL-Cu(I)

Initially, 1.5 g of the prepared OL and dry toluene were poured
into a ask and triethylamine (0.07 g) was added. Then 1 g of the
dried magnetic NPs was added and the mixture was reuxed for
24 h. Finally, the obtained precipitate was magnetically sepa-
rated, washed with water and ethanol and dried at 50 °C.

In the last step, for copper immobilization, the obtained NPs
were reuxed with CuCl in EtOH for 24 h and the prepared
catalyst was washed with EtOH and water and oven dried.

Synthesis of propargyl-based compounds 1, 2, and 3

A mixture of phthalic anhydride (1 mmol, 0.148 g) and 4-ami-
nophenol (1 mmol, 0.109 g) was reuxed in acetic acid for 6 h.
Aer completion of the reaction as indicated by TLC, the
mixture was ltered, washed with MeOH and dried. In the next
step, the as-obtained powder was stirred for 3 h with 3-bromo-
propylene in the presence of K2CO3 and DMF to obtain
compound 1.

The procedure for the preparation of compound 2 is the
same as 1 with the substitution of 2-hydroxy-1,4-
naphthoquinone with phthalic anhydride.

For the preparation of compound 3, 1H-benzo[d]imidazole-2-
carboxylic acid was prepared according to the literature.53 Then,
3 mmol of the prepared acid, TBTU (3.6 mmol, 1.155 g) and
DIEA (9 mmol, 1.567 ml) were added to 4 ml DMF and stirred at
room temperature for 20 minutes. Next, propargyl amine
(4.5 mmol, 0.247 g) was added to the reaction mixture and
stirred at room temperature for 24 hours. Aer the completion
of the reaction, indicated by TLC, the reaction mixture was
quenched with water and a light brown precipitate was ltered
and dried.

General procedure for the preparation of N-phenyl-2-
chloroacetamide

To a solution of 1 mmol aniline/benzylamine derivatives in 4 ml
DMF, 1 mmol chloroacetylchloride was added at 0 °C. The
mixture was stirred at room temperature for 5 h and poured into
water and then ltered to get phenylacetamide derivatives. The
obtained solids were then ltered, dried, and recrystallized
from ethanol.
Nanoscale Adv., 2024, 6, 2337–2349 | 2345
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General experimental procedure for the click reaction

In a round bottom ask, phenylacetamide derivatives were
mixed with sodium azide in DMF and triethylamine was added.
The mixture was stirred for an hour at room temperature to
prepare compound 4(a–f).

Lastly, the as-prepared compounds were mixed in water and
in the presence of the prepared catalyst for an appropriate
period of time to obtain triazoles.
Spectral data for the synthetic compounds

2-(4-((4-(1,3-Dioxoisoindolin-2-yl)phenoxy)methyl)-1H-1,2,3-
triazol-1-yl)-N-(4-nitrophenyl)acetamide (5a).

Light brown
crystal, isolated yield: 66% (328 mg), m.p. 260–262 °C. 1H NMR
(400 MHz, DMSO-d6) d 11.13 (s, 1H), 8.34 (s, 1H), 8.29–8.18 (m,
2H), 8.00–7.93 (m, 2H), 7.91 (td, J = 5.6, 5.1, 2.0 Hz, 2H), 7.87–
7.77 (m, 2H), 7.45–7.31 (m, 2H), 7.27–6.94 (m, 2H), 5.48 (s, 2H),
5.27 (s, 2H). 13C NMR (100 MHz, DMSO-d6) d 167.72, 165.82,
158.10, 144.97, 143.05, 142.88, 135.08, 132.06, 129.27, 126.90,
125.60, 125.18, 123.80, 119.50, 115.34, 61.68, 52.82 ppm.

2-(4-((4-(1,3-Dioxoisoindolin-2-yl)phenoxy)methyl)-1H-1,2,3-
triazol-1-yl)-N-(p-tolyl)acetamide (5b).

White
crystal, isolated yield: 81% (378 mg), m.p. 230–232 °C. 1H NMR
(400 MHz, DMSO-d6) d 10.44 (s, 1H), 8.33 (s, 1H), 8.02–7.73 (m,
4H), 7.49 (d, J = 8.0 Hz, 2H), 7.41–7.32 (m, 2H), 7.27–7.17 (m,
2H), 7.14 (d, J = 8.0 Hz, 2H), 5.37 (s, 2H), 5.26 (s, 2H), 2.26 (s,
3H). 13C NMR (100 MHz, DMSO-d6) d 167.72, 164.38, 158.12,
142.82, 136.37, 135.07, 133.22, 132.04, 129.76, 129.25, 126.89,
125.17, 123.80, 119.68, 115.34, 61.71, 52.70, 20.92 ppm.

2-(4-((4-(1,3-Dioxoisoindolin-2-yl)phenoxy)methyl)-1H-1,2,3-
triazol-1-yl)-N-phenylacetamide (5c).

White crystal,
isolated yield: 77%, m.p. 218 – 220 °C. 1H NMR (400 MHz,
DMSO-d6) d 10.59 (s, 1H), 8.34 (s, 1H), 7.92 (ddt, J = 20.0, 5.5,
2346 | Nanoscale Adv., 2024, 6, 2337–2349
3.2 Hz, 4H), 7.62 (dd, J = 8.8, 4.9 Hz, 2H), 7.39 (d, J = 8.4 Hz,
2H), 7.33–7.10 (m, 4H), 5.38 (s, 2H), 5.26 (s, 2H). 13C NMR (100
MHz, DMSO-d6) d 167.72, 164.59, 158.11, 143.06, 135.25, 135.06,
132.03, 129.24, 126.96, 125.17, 123.79, 121.54, 121.46, 115.87,
115.34, 61.71, 52.66 ppm.

N-Benzyl-2-(4-((4-(1,3-dioxoisoindolin-2-yl)phenoxy)methyl)-
1H-1,2,3-triazol-1-yl)acetamide (5d).

White crystal,
isolated yield: 80%, m.p. 201 – 203 °C. 1H NMR (400 MHz,
DMSO-d6) d 8.89 (t, J = 5.8 Hz, 1H), 8.28 (s, 1H), 7.93 (ddd, J =
24.4, 5.6, 3.1 Hz, 4H), 7.49–6.82 (m, 9H), 5.24 (s, 2H), 5.23 (s,
2H), 4.35 (d, J = 5.7 Hz, 2H). 13C NMR (100 MHz, DMSO-d6)
d 167.72, 165.90, 158.13, 142.78, 139.17, 135.08, 132.04, 129.25,
128.84, 127.87, 127.48, 126.80, 125.16, 123.80, 115.34, 61.71,
52.12, 42.87 ppm.

2-(4-((4-(1,3-Dioxoisoindolin-2-yl)phenoxy)methyl)-1H-1,2,3-
triazol-1-yl)-N-(4-methoxyphenyl)acetamide (5e).

Yield: 90%.
White crystal. M.p. 208–210 °C. 1H NMR (400 MHz, DMSO-d6)
d 10.40 (s, 1H), 8.33 (s, 1H), 7.92 (ddt, J = 20.6, 5.5, 3.2 Hz, 4H),
7.52 (d, J = 8.6 Hz, 2H), 7.39 (d, J = 8.5 Hz, 2H), 7.22 (d, J =
8.9 Hz, 2H), 6.92 (d, J = 8.6 Hz, 2H), 5.36 (s, 2H), 5.26 (s, 2H),
3.73 (s, 3H). 13C NMR (100 MHz, DMSO-d6) d 167.72, 164.11,
158.12, 156.00, 142.83, 135.06, 132.03, 131.97, 129.24, 126.88,
125.17, 123.79, 121.24, 115.34, 114.47, 61.71, 55.61,
52.66 ppm.

2-(4-(((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)oxy)methyl)-
1H-1,2,3-triazol-1-yl)-N-phenylacetamide (6e).

Cream solid; iso-
lated yield: 70%,m.p. 200–202 °C. 1H NMR (400MHz, DMSO-d6)
d 10.52, 8.37 (s, 1H), 8.01 (td, 2H), 7.90–7.82 (m, 2H), 7.59 (d,
2H), 7.34 (t, 2H), 7.10 (t, 1H), 6.68 (s, 1H), 5.40 (s, 2H), 5.29 (s,
2H). 13C NMR (100 MHz, DMSO-d6) d 185.05, 179, 164.61,
159.46, 141.06, 138., 135.02, 134.16, 131.96, 131.31, 129.41,
127.72, 126.61, 126.05, 124.26, 119.66, 111.38, 62.83,
52.72 ppm.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2-(4-(((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)oxy)methyl)-
1H-1,2,3-triazol-1-yl)-N-(2-nitrophenyl)acetamide (6a).

Yellow solid; isolated
yield: 83%,m.p. 259–261 °C. 1H NMR (400MHz, DMSO-d6) d 10.80
(s, 1H), 8.34 (s, 1H), 8.05–7.95 (m, 3H), 7.91–7.80 (m, 2H), 7.81–7.64
(m, 2H), 7.43 (t, 1H), 6.67 (s, 1H), 5.49 (s, 2H), 5.29 (s, 2H).13C NMR
(100 MHz, DMSO-d6) d 185.05, 179.97, 165.54, 165.39, 159.44,
142.93, 134.66, 134.15, 131.95, 131.30, 130.79, 130.74, 126.60,
126.42, 126.36, 126.05, 125.96, 125.57, 111.38, 62.77, 52.44 ppm.

2-(4-(((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)oxy)methyl)-
1H-1,2,3-triazol-1-yl)-N-(4-methoxyphenyl)acetamide (6b).
Cream solid;
isolated yield: 62%,m.p. 235–237 °C.1HNMR (400MHz, DMSO-d6)
d 10.39 (s, 1H), 8.37 (s, 1H), 8.00 (td, J= 7.4, 1.6 Hz, 2H), 7.85 (dtd, J

= 16.6, 7.4, 1.5 Hz, 2H), 7.50 (d, J= 9.0 Hz, 2H), 6.91 (d, J= 9.0 Hz,
2H), 6.67 (s, 1H), 5.36 (s, 2H), 5.29 (s, 2H), 3.72 (s, 3H).13C NMR
(100 MHz, DMSO-d6) d 185.04, 179.97, 164.06, 159.44, 155.99,
141.06, 135.00, 134.15, 131.97, 131.94, 131.29, 127.71, 126.59,
126.04, 121.21, 114.48, 111.37, 62.83, 55.61, 52.64 ppm.

2-(4-(((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)oxy)methyl)-
1H-1,2,3-triazol-1-yl)-N-(p-tolyl)acetamide (6c).
Cream
solid; isolated yield: 68%, m.p. 244–246 °C. 1H NMR (400 MHz,
DMSO-d6) d 10.43 (s, 1H), 8.37 (s, 1H, C–H), 8.00 (tdd, J = 7.6,

1.6 Hz, 2H), 7.91–7.77 (m, 2H), 7.47 (d, J= 8.3 Hz, 2H), 7.14 (d, J =
8.1 Hz, 2H), 6.67 (s, 1H), 5.38 (s, 2H), 5.29 (s, 2H), 2.26 (s, 3H). 13C
NMR (101MHz, DMSO-d6) d 185.05, 179.99, 164.33, 159.46, 141.05,
© 2024 The Author(s). Published by the Royal Society of Chemistry
136.36, 135.01, 134.16, 133.23, 131.95, 131.30, 129.78, 127.71,
126.60, 126.05, 119.66, 111.37, 62.83, 52.69, 20.93 ppm.

N-Benzyl-2-(4-(((1,4-dioxo-1,4-dihydronaphthalen-2-yl)oxy)
methyl)-1H-1,2,3-triazol-1-yl)acetamide (6d).

Cream solid; iso-
lated yield: 67%,m.p. 218–220 °C. 1H NMR (400MHz, DMSO-d6)
d 8.89 (t, J = 5.9 Hz, 1H), 8.32 (s, 1H, C–H), 8.08–7.96 (m, 2H),
7.94–7.73 (m, 2H), 7.53–7.09 (m, 5H), 6.67 (s, 1H), 5.27 (s, 2H),
5.23 (s, 2H), 4.34 (d, J = 5.8 Hz, 2H). 13C NMR (100 MHz, DMSO-
d6) d 185.05, 179.99, 165.84, 159.46, 140.98, 139.16, 135.01,
134.16, 131.95, 131.31, 128.85, 127.89, 127.59, 127.50, 126.60,
126.05, 111.37, 62.81, 52.10, 42.85 ppm.

N-((1-(2-((4-Methoxyphenyl)amino)-2-oxoethyl)-1H-1,2,3-tri-
azol-4-yl)methyl)-1H-benzo[d]imidazole-2-carboxamide 7a.

White solid, iso-
lated yield: 89%, m.p. 235–237 °C. IR (KBr, n): 3356, 3287, 1650,
1331, 1189 cm−1. 1H NMR (500 MHz, DMSO-d6) d 13.28 (s, 1H),
10.28 (s, 1H), 9.42 (t, J = 6.2 Hz, 1H), 8.01 (s, 1H), 7.71 (d, J =
8.0 Hz, 1H), 7.53 (d, J= 8.1 Hz, 1H), 7.47 (d, J= 8.5 Hz, 2H), 7.31
(t, J= 7.5 Hz, 1H), 7.26 (t, J= 7.7 Hz, 1H), 6.88 (d, J= 8.5 Hz, 2H),
5.25 (s, 2H), 4.59 (d, J = 6.0 Hz, 2H), 3.70 (s, 3H). 13C NMR (125
MHz, DMSO-d6) d 164.17, 159.27, 156.00, 145.95, 145.02, 142.99,
134.95, 131.98, 125.09, 124.61, 123.04, 121.24, 120.37, 114.47,
113.03, 55.62, 52.57, 35.03. Anal. Calcd. for C20H19N7O3: C
59.25; H 4.72; N 24.18; Found: C 59.04; H 4.54; N 24.28.

N-((1-(2-((4-Fluorophenyl)amino)-2-oxoethyl)-1H-1,2,3-tri-
azol-4-yl)methyl)-1H-benzo[d]imidazole-2-carboxamide 7b.

White solid, iso-
lated yield: 57%, m.p. 245–247 °C. IR (KBr, n): 3347, 3297, 1672,
1324, 1009 cm−1. 1H NMR (500 MHz, DMSO-d6) d 13.27 (s, 1H),
10.48 (s, 1H), 9.42 (t, J= 6.2Hz, 1H), 8.01 (s, 1H), 7.71 (d, J= 8.0Hz,
1H), 7.57 (ddt, J= 8.9, 4.9 Hz, 2H), 7.53 (d, J= 8.0 Hz, 1H), 7.31 (t, J
= 7.5 Hz, 1H), 7.26 (t, J = 7.6 Hz, 1H), 7.15 (t, J = 8.7 Hz, 2H), 5.28
(s, 2H), 4.58 (d, J = 6.1 Hz, 2H). 13C NMR (125 MHz, DMSO-d6)
d 164.64, 161.56 (1JC–F = 240 Hz), 159.24, 145.92, 145.04, 142.96,
Nanoscale Adv., 2024, 6, 2337–2349 | 2347
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135.25 (4JC–F= 1.25 Hz), 134.92, 125.09, 124.60, 123.03, 121.52 (3JC–
F= 8.75Hz), 121.45, 120.35, 116.05 (2JCVF= 22.5 Hz), 113.02, 52.54,
35.01. Anal. Calcd. for C19H16FN7O2: C 58.01; H 4.10; N 24.92;
Found: C 57.88; H 4.26; N 24.75.

N-((1-(2-((4-Ethylphenyl)amino)-2-oxoethyl)-1H-1,2,3-triazol-
4-yl)methyl)-1H-benzo[d]imidazole-2-carboxamide 7c.

White solid, iso-
lated yield: 76%, m.p. 213–215 °C. IR (KBr, n): 3344, 3281, 1648,
1357, 1279 cm−1. 1H NMR (500 MHz, DMSO-d6) d 13. 27 (s, 1H),
10.34 (s, 1H), 9.41 (t, J = 6.1 Hz, 1H), 8.00 (s, 1H), 7.71 (d, J =
8.1 Hz, 1H), 7.53 (d, J= 8.0 Hz, 1H), 7.46 (d, J= 8.1 Hz, 2H), 7.31
(t, J= 7.5 Hz, 1H), 7.26 (t, J= 7.6 Hz, 1H), 7.14 (d, J= 8.1 Hz, 2H),
5.26 (s, 2H), 4.58 (d, J= 6.1 Hz, 2H), 2.53 (q, J= 7.7 Hz, 2H), 1.13
(t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) d 164.42,
159.23, 145.93, 145.00, 142.96, 139.61, 136.55, 134.93, 128.53,
125.08, 124.59, 123.02, 120.35, 119.74, 113.01, 52.59, 35.01,
28.03, 16.08. Anal. Calcd. for C21H21N7O2: C 62.52; H 5.25; N
24.30; Found: C 62.38; H 5.49; N 24.14.

N-((1-(2-((4-Chlorophenyl)amino)-2-oxoethyl)-1H-1,2,3-tri-
azol-4-yl)methyl)-1H-benzo[d]imidazole-2-carboxamide 7d.

White solid, iso-
lated yield: 69%, m.p. 236–238 °C. IR (KBr, n): 3349, 3290, 1655,
1369, 767 cm−1. 1H NMR (500 MHz, DMSO-d6) d 13.29 (s, 1H),
10.71 (s, 1H), 9.43 (t, J= 6.2Hz, 1H), 8.02 (s, 1H), 7.72 (d, J= 8.0Hz,
1H), 7.61 (d, J = 8.4 Hz, 2H), 7.54 (d, J = 8.0 Hz, 1H), 7.38 (d, J =
8.4 Hz, 2H), 7.34–7.25 (m, 2H), 5.32 (s, 2H), and 4.59 (d, J= 6.1 Hz,
2H).13CNMR (125MHz, DMSO-d6) d 164.66, 160.03, 145.39, 145.04,
141.70, 137.88, 135.30, 129.26, 127.75, 125.10, 124.60, 123.01,
121.22, 120.10, 113.01, 52.61, 35.00. Anal. Calcd. for C19H16ClN7O2:
C 55.68; H 3.94; N 23.92; Found: C 55.39; H 4.16; N 24.11.

N-((1-(2-((4-Bromophenyl)amino)-2-oxoethyl)-1H-1,2,3-tri-
azol-4-yl)methyl)-1H-benzo[d]imidazole-2-carboxamide 7e.

White solid, iso-
lated yield: 73%, m.p. 227–229 °C. IR (KBr, n): 3353, 3285, 1649,
1342, 620 cm−1. 1H NMR (500 MHz, DMSO-d6) d 13.29 (s, 1H),
2348 | Nanoscale Adv., 2024, 6, 2337–2349
10.58 (s, 1H), 9.43 (t, J = 6.3 Hz, 1H), 8.02 (s, 1H), 7.73 (d, J =
8.0 Hz, 1H), 7.65–7.38 (m, 5H), 7.30 (dt, J = 17.2, 7.4 Hz, 2H),
5.31 (s, 2H), 4.60 (d, J = 6.1 Hz, 2H). 13C NMR (125 MHz, DMSO-
d6) d 164.93, 159.24, 145.93, 145.06, 142.95, 138.24, 132.19,
125.10, 124.59, 123.03, 122.98, 121.61, 120.36, 115.83, 113.02,
52.62, 35.02. Anal. Calcd. for C19H16BrN7O2: C 50.23; H 3.55; N
21.58; Found: C 50.02; H 3.81; N 21.33.

N-((1-(2-((4-Nitrophenyl)amino)-2-oxoethyl)-1H-1,2,3-triazol-
4-yl)methyl)-1H-benzo[d]imidazole-2-carboxamide 7f.

White solid, iso-
lated yield: 81%, m.p. 259–261 °C. IR (KBr, n): 3341, 3276, 1684,
1551, 1352, 1223 cm−1. 1H NMR (500 MHz, DMSO-d6) d 13.29 (s,
1H), 11.05 (s, 1H), 9.41 (t, J = 6.3 Hz, 1H), 8.23 (d, J = 8.6 Hz,
2H), 8.05 (s, 1H), 7.82 (d, J= 8.7 Hz, 2H), 7.73 (d, J= 8.0 Hz, 1H),
7.54 (d, J = 8.0 Hz, 1H), 7.31 (d, J = 7.4 Hz, 1H), 7.28 (d, J =
7.5 Hz, 1H), 5.40 (s, 2H), 4.61 (d, J = 6.1 Hz, 2H). 13C NMR (125
MHz, DMSO-d6) d 165.85, 159.25, 145.92, 145.14, 144.96, 143.03,
142.97, 134.87, 125.55, 125.15, 124.59, 123.01, 120.33, 119.48,
113.01, 52.73, 35.02. Anal. Calcd. for C19H16N8O4: C 54.29; H
3.84; N 26.66; Found: C 54.09; H 4.03; N 26.40.
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3 M. Strzelecka and P. Świątek, Pharmaceuticals, 2021, 14, 224.
4 F. Eya’ane Meva, T. J. Prior, D. J. Evans, S. Shah,
C. F. Tamngwa, H. G. L. Belengue, R. E. Mang, J. Munro,
T. Qahash and M. Llinás, Res. Chem. Intermed., 2022, 48,
885–898.

5 K. Ji, G.-N. Zhang, J.-Y. Zhao, M. Zhu, M.-H. Wang,
J.-X. Wang, S. Cen, Y.-C. Wang and W.-Y. Li, Bioorg. Med.
Chem. Lett., 2022, 64, 128681.

6 M. M. Alam, Arch. Pharm., 2022, 355, 2100158.
7 P. Shiri and J. Aboonajmi, Beilstein J. Org. Chem., 2020, 16,
551–586.

8 S. Sabaqian, F. Nemati, M. M. Heravi and H. T. Nahzomi,
Appl. Organomet. Chem., 2017, 31, e3660.

9 A. Salamatmanesh, M. Kazemi Miraki, E. Yazdani and
A. Heydari, Catal. Lett., 2018, 148, 3257–3268.

10 M. Gholinejad and N. Jeddi, ACS Sustain. Chem. Eng., 2014, 2,
2658–2665.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00022f


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
/2

6/
20

26
 4

:4
0:

44
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
11 L. Bahsis, H. Ben El Ayouchia, H. Anane, A. Pascual-Álvarez,
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