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Supramolecular Cu(i) nanoparticles supported on
a functionalized chitosan containing urea and

thiourea bridges as a recoverable nanocatalyst for
efficient synthesis of 1H-tetrazolesy
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A cost-effective and convenient method for supporting of Cu(i) nanoparticles on a modified chitosan

backbone containing urea and thiourea bridges using thiosemicarbazide (TS), pyromellitic dianhydride

(PMDA) and toluene-2,4-diisocyanate (TDI) linkers was designed. The prepared supramolecular (CS—

TDI-PMDA-TS-Cu()) nanocomposite was characterized by using Fourier-transform infrared (FT-IR)

spectroscopy, field emission scanning electron microscopy (FESEM), thermogravimetry/differential
thermogravimetry analysis (TGA/DTA), energy-dispersive X-ray spectroscopy (EDS), EDS elemental

mapping and X-ray diffraction

nanomaterial

multicomponent cascade Knoevenagel

was demonstrated

(XRD). The obtained
to act as a multifunctional

CS-TDI-PMDA-TS—-Cu(n)
nanocatalyst for

supramolecular
promoting of

condensation/click 1,3-dipolar azide-nitrile cycloaddition

reactions very efficiently between aromatic aldehydes, sodium azide and malononitrile under solvent-

free conditions and
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affording
derivatives. Low catalyst loading, working under solvent-free conditions and short reaction time as well

the corresponding (E)-2-(1H-tetrazole-5-yl)-3-arylacrylenenitrile

as easy preparation and recycling, and reuse of the catalyst for five consecutive cycles without

DOI: 10.1039/d3ra01989f

rsc.li/rsc-advances promoted by Cu species.

1. Introduction

Pristine biopolymers and especially their chemically-modified
derivatives have been recently found to serve as appropriate
leading materials in many research and technology areas
including vaccines, medical practice, antibacterial and wound
healing dressing, naturally degradable sensors, environmental
engineering, buildings, energy storage devices, electrochem-
istry, food packaging, and replacing conventional
petrochemical-based polymers as well as appropriate supports
for low-toxic and biodegradable catalytic systems.™* The use of
appropriate catalytic systems to prepare important medicinal
compounds through environmental-friendly protocols has
received significant interest in both academia and industry in
recent decades. Two types of catalytic systems are homogeneous
and heterogeneous. Homogeneous catalysts are less frequently
used in modern industrial and synthetic applications because
they suffer from low thermal stability, harsh and prolonged
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considerable decrease in its catalytic efficiency make it a suitable candidate for the catalytic reactions

work-up procedures, and waste generation.""® Interestingly, the
supramolecular and non-covalent supporting of the homoge-
neous catalytic species or anchoring of the functional groups on
the inorganic or organic supports as well as their hybrid ones to
form heterogeneous catalysts can overcome the encountered
problems.*'*'***  Various organic or inorganic supports
including synthetic polymers, natural polymers such as chito-
san and cellulose,>*'**¢% bentonite,**® Si0,,*"** perlite, gra-
phene oxide,**** MOFs, etc. have been used for this purpose.

The use of natural polymers, as proper supports, has
currently attracted much attention to produce various types of
heterogeneous catalysts. Chitosan, among other typical
biopolymers, has diverse advantages such as biocompatibility,
biodegradability, and non-toxicity. It's surface functional
groups including NH, and OH, make it an appropriate support
for the preparation of heterogeneous -catalysts.®""?*?%3%43
Although heterogeneous catalysts usually demonstrate lower
catalytic efficiency and selectivity in comparison with homoge-
neous ones due to their insolubility in the reaction medium, the
formation of active catalytic species nanoparticles or the use of
nanoscale assemblies of supports may overcome this
challenge.*** Indeed, nano-ordered heterogeneous catalytic
systems can form a bridge between the gap of homogeneous
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and heterogeneous catalysts through combination of syner-
gistic effects of both systems. The principal goal of nano-
chemistry and relevant technologies is to follow some useful
conditions or chemical reactions for modifying the size,
morphology, or surface chemical compositions of the obtained
nanomaterials with proper and adjustable chemical activity and
selectivity, thermal and mechanical stability, reusability, etc.*®
Among them, nanocomposites formed by biopolymeric
supports have a spread range of green and environmental
friendly beneficial for different applications including catalysts,
cosmetic orthodontics, modern construction, electronics, fuel
cell, energy storage, etc.”*** Hence, academia and chemical
industry are moving to safer and cleaner strategies of synthesis
and manufacturing required chemicals and products by the use
of such nanomaterials.>***

Heterogeneous nanocatalysts comprising modified chitosan
can be prepared through a variety of chemical modifications
such as metal chelation, carboxylation, acylation, sulfation,
cyanoethylation, Schiff base formation, etc., owing to the exis-
tence of reactive amino and hydroxyl groups.®'%>%® Thus, the
modified structures of chitosan are often produced by the
chemical manipulation of active sites of OH and NH, groups,
with the object of improving their efficiency for particular
applications. To expand the domain of application in the
modified chitosan-based nanomaterials,
comprising diverse functional groups grafted onto the chitosan
backbone are expected to be prepared competitively. For
example, by using thiosemicarbazide (TS), pyromellitic dia-
nhydride (PMDA) and toluene-2,4-diisocyanate (TDI), as linkers,
the chitosan backbone can be modified to afford preferable
structures having diverse and appropriate functional groups
than the pristine chitosan.®®”?

Indeed, PMDA is generally a powerful electrophilic
compound due to the presence of anhydride functional
groups.’*”® Consequently, it can react with both -NH, and -OH
functional groups of chitosan to form new amide or ester ones,
respectively, as well as free carboxylic acid functional groups.
Furthermore, the existence of TS, as a good donor ligand and
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hydrogen bond-forming moiety, increases the catalytic perfor-
mance of the as-prepared nanomaterial by strong chelation of
Lewis acid catalytic species such as transition metal ions on the
surface of modified chitosan.”®”” On the other hand, TDI can be
used as an appropriate linker due to the presence of reactive
isocyanate functional groups to combine with both -NH, and -
OH functional groups of chitosan. Therefore, design and facile
preparation of new chitosan-based nanomaterials by grafting of
PMDA, TS and TDI would be more desirable.”® >

“Click Chemistry (CC)”, which was firstly introduced in 1999
by K. Barry Sharpless, has emerged in the synthesis of hetero-
cyclic compounds as a fascinating research area. Indeed, this
concept resulted in joint awarding the 2022 Nobel Prize in
Chemistry to Carolyn R. Bertozzi, Morten Meldal and K. Barry
Sharpless for the development of CC and bioorthogonal
chemistry. In 2001, Sharpless defined CC reactions as a set of
organic transformations with high thermodynamic stimulant
energy that pushes them quickly and irreversibly to afford
a single reaction product.***” As one of the most well-known CC
reactions, 1,3-dipolar azide-alkyne and azide-nitrile cycload-
dition reactions are widely used for the synthesis of important
heterocyclic compounds, namely triazole and tetrazole deriva-
tives, respectively.®*~>

Tetrazoles are known as a class of synthetic heterocyclic
compounds that comprise a five-membered ring containing
four nitrogen and one carbon atoms. Remarkably, since pen-
tazoles are highly explosive even at low temperatures, tetrazoles
possess the highest number of nitrogen atoms among the stable
heterocycles.”* Furthermore, both donor and acceptor elec-
tronic characteristics of tetrazole derivatives arise from their
planar ring skeleton as well as the nitrogen-rich multi-electron
conjugated system.”*® Tetrazoles have a broad range of appli-
cations including in medicinal, material and coordination
chemistry, organometallic compounds and catalysis tech-
nology.****** The tetrazolyl functional group is often considered
as a carboxylic acid substitution in drug discovery. Indeed, not
only the pK, of tetrazolyl moiety is close to the -COOH func-
tional group, but also it has nearly the planar delocalized system
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(a) Tetrazole scaffold as bioisostere of the carboxylic group, Cl-amidine, or heterocyclic furan ring in the medicinal chemistry; (b) active

pharmaceutical ingredients having tetrazole moiety: losartan, forasartan, and pemirolast.
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space requirements and provides maximum nitrogen content of
any heterocyclic compound.*® Hence, tetrazole moiety can be
considered as a bioisosteric alternative analogue for the
carboxylic acid, Cl-amidine, or furan ring (Fig. 1a). Conse-
quently, tetrazoles have found applications as antihyperten-
sive,'®* antiviral,"® antinociceptive,'* antibacterial,'*® and anti-
allergic compounds (Fig. 1b) as well as in agriculture and
material engineering'®” as herbicides, plant growth regulators,
explosives and energy storage devices.**>*10811¢

105
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The first tetrazole compound was prepared more than one
hundred years ago, and then many scientists have introduced
various synthetic strategies for preparation of these
compounds. A 1,3-dipolar cycloaddition reaction is the most
common method which takes place between azide ion or
hydrazoic acid with various simple nitrile derivatives under
high pressure."* Different catalytic systems have been used in
this approach during different decades. Some recent examples
consist of the use of zinc(u) salts,"*> copper(r) salt,"** MCM-41-
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Scheme 1 Schematic preparation of the CS—-TDI-PMDA-TS-Cu(i) hanocomposite (1).
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SOs;H,"* Fe;0,@r-lysine-Pd(0),"** FeCl;-Si0,,"*® Zn/Al hydro-
talcite,"” Amberlyst-15 ***'* and urea-bridged PMO supporting
Cu(u) nanoparticles™ mostly at high temperatures or dialkyl
aluminum azides, as the substrate, in the presence of an
appropriate catalyst. Indeed, many of these methods suffer
from drawbacks for example the use of costly catalytic systems,
undesirable yields, the use of toxic and carcinogenic solvents
including DMF, long reaction times, and no recycling of the
catalyst despite their merits. In continuation of our ongoing
studies to explore efficient nanocatalysts for different organic
transformations,®1:21:22:33:43,66-68,120-123 . qur  attention  was
deployed to the design and application of supramolecular Cu(u)
nanoparticles on a modified chitosan backbone. It contains
urea and thiourea bridges using thiosemicarbazide (TS), pyro-
mellitic dianhydride (PMDA) and toluene-2,4-diisocyanate (TDI)
linkers (CS-TDI-PMDA-TS-Cu(u), 1) for the synthesis of tetra-
zole derivatives through multicomponent cascade Knoevenagel
condensation/click 1,3-dipolar azide-nitrile cycloaddition
reactions. Various aromatic aldehydes 4a-q and malononitrile
(2) were well survived in the presence of nanocomposite 1 to
afford corresponding Knoevenagel intermediate and subse-
quent [3 + 2] cycloaddition desired products 5a-q by reacting
with sodium azide (Scheme 1). Indeed, various tetrazole deriv-
atives 5a-q were efficiently synthesized using a low loading of
CS-TDI-PMDA-TS-Cu(u) nanocatalyst (1), as a reusable cata-
lytic system, under solvent-free conditions in short reaction
times.

2. Experimental

2.1. Materials and instrumentation

All chemicals and reagents were purchased with high purity from
Merck or Aldrich and used as received, except for liquid aldehydes
which were distilled before their use. The progress of reactions
and the purity of the obtained products were monitored by thin
layer chromatography (TLC) using Merck aluminum plates coated
with 0.2 mm silica gel F254. Melting points were measured using
an electrothermal 9100 device and are uncorrected. Character-
ization of the CS-TDI-PMDA-TS-Cu(u) nanocatalyst (1), as well as
identification of products, was performed using KBr discs on
a Shimadzu FTIR-8400S spectrometer. A Bruker DRX-500 Avance
spectrometer was used for the recording of 'H NMR (500 MHz)
spectra of products in DMSO-dg at ambient temperature. Thermal
gravimetric analysis data were gathered by a Bahr company STA
504 equipment. The X-ray diffraction pattern was carried out
using an STOE apparatus with a CuKa radiation source. Field
emission scanning electron microscopy images were recorded by
a TESCAN-MIRA III device. All the products are known
compounds and were identified by comparison of their physical
and spectral data with those of authentic samples.

2.2. Preparation of the chitosan modified with urea and
thiourea bridges using TS, PMDA and TDI linkers (CS-TDI-
PMDA-TS)

In a single-neck round-bottom 20 mL flask equipped with
a condenser, a mixture of TS (2.00 mmol) and PMDA (1.00

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

View Article Online

RSC Advances

mmol) in THF (10 mL) was heated under reflux conditions for
24 h. Then, the mixture was cooled to ambient temperature and
the obtained white powder was washed with THF and dried at
70 °C for 6 h. The product was dispersed in 20 mL of dry toluene
at room temperature. After 30 min of stirring, TDI (1.0 mmol)
was added to the prepared mixture dropwise under an argon
atmosphere. The mixture was heated in a two-neck round-
bottom flask equipped with a condenser under reflux condi-
tions for 12 h. Afterward, CS (0.2 g) was added to the mixture for
36 h under the same conditions. The obtained light-yellow
powder was washed with dry toluene and dried at 70 °C for 24 h.

2.3.
@
At this stage, CS-TDI-PMDA-TS in the presence of copper(i)
acetate monohydrate was used to embed copper into the CS-
TDI-PMDA-TS backbone. Copper(u) acetate monohydrate (0.2
g) was added to a mixture of the CS-TDI-PMDA-TS (0.4 g)
dispersed in EtOH 96% (15 mL) and stirred for 12 h at room
temperature. Finally, the light green powder of CS-TDI-PMDA-
TS-Cu(u) nanomaterial (1) was filtered off and washed with
EtOH 96% (3 x 10 mL) and then dried at 70 °C for 24 h.

Preparation of CS-TDI-PMDA-TS-Cu(u) nanocatalyst

2.4. General procedure for the synthesis of 5-substituted-1H-
tetrazoles derivatives 5a—q catalyzed by CS-TDI-PMDA-TS-
Cu(n) nanocatalyst (1)

In a screwed test tube, a mixture of aryl aldehyde (4a-q, 1.00
mmol), malononitrile (2, 1.10 mmol), and sodium azide (3, 1.50
mmol) was heated in the presence of CS-TDI-PMDA-TS-Cu(u)
nanocatalyst (1, 20 mg) under solvent-free conditions at 110 °C
in an oil bath and stirred for the time indicated in Table 1. The
reaction progress was monitored by TLC (n-hexane/EtOAc, 1:1).
After completion of the reaction, the nanocatalyst 1 was easily
separated through filtration of the obtained aqueous mixture by
adding of distilled water (2.5 mL). To separate the products,
aqueous HCI (2.0 N, 2.5 mL) and EtOAc (3 x 3.0 mL) were added
to the filtrate with vigorous stirring. Then, the two-phase
mixture was separated using a separatory funnel each time.
The desired products 5a—q were crystallized by adding n-hexane
and scraping the bottom of the container. After filtering and
drying the precipitate at 70 °C, tetrazole compounds 5a-q were
obtained. By employing "H NMR, and FT-IR spectroscopy and

melting point, the as-synthesized compounds 5 were
characterized.
2.5. Spectral data of the selected products

2.5.1 (E)-3-(2-Chlorophenyl)-2-(1H-tetrazole-5-yl) acryloni-
trile (5b). Cream solid powder; M,: 174-176 °C; FT-IR (KBr) v: 3241,
3025, 2207, 1573, 1475, 973, 824, 672 cm™'; "H NMR (500 MHz,
DMSO-dq): 6 (ppm) 7.55-7.57 (m, 2H), 7.65-7.67 (d, ] = 8.4 Hz, 1H),
8.10-8.11 (d, J = 6.3 Hz, 1H), 8.42 (s, 1H, CH), 13.19 (s, 1H, NH).

2.5.2 (E)-3-(4-Methoxyphenyl)-2-(1H-tetrazole-5-yl) acrylo-
nitrile (51). Pale yellow powder; M,: 155-158 °C; FT-IR (KBr) :
3148, 2256, 1573, 1416, 1118, 930, 810, 681, 649 cm™*; 'H NMR
(500 MHz, DMSO-dg): 6 (ppm) 7.13-7.14 (d, J = 8.3 Hz, 2H),
8.00-8.02 (d,J = 8.3 Hz, 2H), 8.27 (s, 1H, CH), 13.40 (s, 1H, NH).
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Table 1 Optimization of the conditions for the synthesis of 1H-tetrazoles in the model reaction of malononitrile (2), NaNs (3) and 4-chlor-
obenzaldehyde (4a) under different conditions”

O H I N\N
NC N’
CN CS-TDI-PMDA-TS-Cu(ll) (1) | H
+ + NaNj > H
CN
cl cl
4a 2 3 5a
Entry Catalyst Catalyst loading (mg) Solvent Temperature (°C) Time (min) Yield of 5a (%)
1 — — Solvent-free 110 24 h 60
2 — — DMF Reflux 20 h 50
3 CS-TDI-PMDA-TS-Cu(u), (1) 10 Solvent-free 110 30 65
4 CS-TDI-PMDA-TS-Cu(u), (1) 15 Solvent-free 110 30 80
5 CS-TDI-PMDA-TS-Cu(n), (1) 20 Solvent-free 110 30 92
6 CS-TDI-PMDA-TS-Cu(u), (1) 40 Solvent-free 110 45 94
7 CS-TDI-PMDA-TS-Cu(u), (1) 20 EtOH Reflux 60 80
8 CS-TDI-PMDA-TS-Cu(n), (1) 20 CH,Cl, Reflux 60 50
9 CS-TDI-PMDA-TS-Cu(u), (1) 20 H,0 Reflux 60 87
10 CS-TDI-PMDA-TS-Cu(u), (1) 20 DMF Reflux 60 90
11 CS-TDI-PMDA-TS-Cu(u), (1) 20 EtOAc Reflux 60 55
12 CS-TDI-PMDA-TS-Cu(u), (1) 20 Solvent-free 120 50 93
13 CS-TDI-PMDA-TS-Cu(u), (1) 20 Solvent-free 100 70 90
14 CS-TDI-PMDA-TS-Cu(u), (1) 20 Solvent-free 80 110 60

“ Reaction conditions: malononitrile (2, 1.10 mmol), sodium azide (3, 1.50 mmol), and 4-chlorobenzaldehyde (4a, 1.00 mmol) in the presence of
CS-TDI-PMDA-TS-Cu(u) nanocatalyst (1, 20 mg) and solvent (2.0 mL) unless otherwise noted. ” Isolated yield.

2.5.3 (E)-3-(4-Methylphenyl)-2-(1H-tetrazole-5-yl) acryloni- NMR (500 MHz, DMSO-de): 6 (ppm) 7.41-7.43 (d, J = 8.0 Hz,
trile (5n). Cream solid powder; M,,: 189-191 °C; FT-IR (KBr) »: 2H), 7.92-7.94 (d, J = 8.0 Hz, 2H), 8.34 (s, 1H, CH), 13.40 (s,
3029, 2217, 1575, 1556, 1376, 1217, 1174, 813, 609 cm™'; '"H  1H, NH).

X b
'_
a
M v VNNV TN
3900 3400 2900 2400 1900 1400 900 400
V (ecm)
— CS = PMDA-TS CS-TDI-PMDA-TS = CS-TDI-PMDA-TS-Cu(1II)

Fig.2 FT-IR spectra of the commercial CS (a), PMDA-TS (b), CS-TDI-PMDA-TS (c), and the CS-TDI-PMDA-TS-Cu(i) nanocomposite (1, d).
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3. Results and discussion

3.1. Characterization of the heterogeneous CS-TDI-PMDA-
TS-Cu(u) nanocatalyst (1)

After the preparation of the CS-TDI-PMDA-TS-Cu(u) nano-
material (1), its structural, morphological, and textural proper-
ties were characterized by using different suitable methods and
techniques such as Fourier-transform infrared (FT-IR) spec-
troscopy, field emission scanning electron microscopy (FESEM),
thermogravimetry/differential thermogravimetry analysis (TGA/
DTA), energy-dispersive X-ray spectroscopy (EDS), elemental
mapping, and X-ray diffraction (XRD).

3.1.1. Fourier transform infrared (FTIR) analysis. In Fig. 2,
the FT-IR spectra of commercial chitosan (CS, a), PMDA-TS (b),
CS-TDI-PMDA-TS (c), and CS-TDI-PMDA-TS-Cu(n) nano-
material (1, d) have been compared. In Fig. 2a, the stretching
vibrations of N-H and O-H bonds of CS appears, as a broad
absorption band, at 3100-3426 cm ™" in the FT-IR spectra. Also,

MIRA3 TESCAN

View Article Online
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the C-H stretching vibrations can be seen as the bands at
2926 cm . In Fig. 2b the C=S of thiourea group and carbonyl
group of carboxylic acid bands are appeared at 1654 cm™ " and
1702 ecm ™", respectively. In Fig. 2c, the band at 1708 cm™*
corresponds to the carbonyl group of carboxylic acid, while the
bands at 1622 and 1504 cm ™' are assigned to the urea and
thiourea groups, respectively. We believe that the small shift in
locations of these characteristic bands can be attributed to their
interactions with the -OH, -NH,, and N-H groups. The peaks at
1200-1400 cm ™" are assigned to the bending of -NH groups.
The C-O stretching band is located at about 1100 cm .
Consequently, the CS containing TS and PMDA by TDI linker
were successfully prepared. By interacting the copper(u) species
with the surface of catalyst, the vibration signal is observed at
814 cm™ ', as shown in Fig. 2d, which confirms the efficient
chelation of copper(u) on the modified biopolymeric support’s
surface.

MIRA3 TESCAN,

D1=237.450m

D3 =37.82 nm

SEM MAG: 200 kx
WD: 523 mm BI: 7.
View field: 1.04 ym  Date(midiy):

Det: InBsam MIRAZ TESCAN

Ll

200 nm

Fig. 3 FESEM images of the CS—-TDI-PMDA-TS—-Cu(i) nanocomposite (1).
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Fig. 4 TGA/DTA analysis of the CS-TDI-PMDA-TS—-Cu(i) nanomaterial (1).

3.1.2. Scanning electron microscopy (FESEM) analysis. The
morphology and particles size distribution of CS-TDI-PMDA-
TS-Cu(u) nanomaterial (1) were determined by using FESEM
technique (Fig. 3). Indeed, the layered modified chitosan
backbones are observed obviously while grafted linkers as well
as spherical chelated Cu(u) nanoparticles have been distributed
on the surface of them. Furthermore, the average particle size is
between 37 and 49 nm, denoting uniform distribution of
particles and appropriate morphology for the CS-TDI-PMDA-
TS-Cu(u) nanocatalyst (1).

3.1.3. Thermogravimetric analysis (TGA). The
thermogravimetry/differential thermogravimetry analysis (TGA/
DTA) were measured for the as-prepared nanocatalyst in the

cps/eV
B P

range of 50-500 °C. Fig. 4 demonstrates that the physically
adsorbed organic solvents' weight loss of CS-TDI-PMDA-TS-
Cu(u) nanocatalyst (1) is observed at the range of 50-200 °C.
Indeed, physically adsorbed THF, toluene, alcoholic or water
molecules which were remained from the preparation steps are
removed at first weight loss stage. The next two weight losses of
the CS-TDI-PMDA-TS-Cu(u) nanocatalyst (1) at 200-500 °C are
attributed to the elimination of urea and thiourea bridges
grafted onto the surface of chitosan by using TDI and PMDA
linkers. These data show the good thermal stability of the CS-
TDI-PMDA-TS-Cu(u) nanocomposite (1), which is highly
significant in the design and application of reusable heteroge-
neous catalytic systems.

CRL-S00131-1-0904-A 835
Mass Norm.
Element At. No. Netto
(%]
(¢] 8 3161 31.80
Cu 29 1147 9.29
N 7 1390 27.69
C 6 708 22.08
S 16 3963 9.14
Sum 100.00
—
8 10 12 14

Energy [keV]

Fig. 5 EDX spectrum of the CS—-TDI-PMDA-TS-Cu(i) nanocatalyst (1).
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Fig. 6 Elemental mapping of the CS—-TDI-PMDA-TS—-Cu(i) nanocatalyst (1).

3.1.4. Energy dispersive X-ray spectroscopy (EDX) analysis.
The composition of nanomaterial 1 was determined by energy
dispersive X-ray (EDX) spectroscopy. Fig. 5 shows the EDX spec-
trum of the nanocomposite 1. The signals of copper, nitrogen,
sulfur, carbon, and oxygen were distinguished in the as-prepared
material. In addition, this analysis proves that copper(u) species
are well embedded in the structure of nanocatalyst successfully.

3.1.5. Elemental mapping analysis. Another useful tech-
nique to demonstrate the distribution of elements in the
structure of nanomaterials is elemental mapping. As shown in
Fig. 6, the elements of copper, nitrogen, sulfur, carbon, and
oxygen are well uniformly distributed throughout the chosen
area of the EDX image. This property in the heterogeneous
catalytic systems is very important to demonstrate higher

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

catalytic activity at lower concentration of active species such as
Cu cations in the structure of CS-TDI-PMDA-TS-Cu(u) nano-
catalyst (1).

3.1.6. X-Ray diffraction spectroscopy (XRD) analysis. The
XRD was also employed to study the crystalline structures of CS-
TDI-PMDA-TS-Cu(u) nanocatalyst (1). The wide-angle XRD
patterns shown in Fig. 7 demonstrate the crystallinity and
arrangement of CS-TDI-PMDA-TS-Cu(u) nanocomposite (1)
and full compliance with the CS (JCPDS card no. 00-039-1894),
PMDA (JCPDS card no. 00-024-1864), TS (JCPDS card no. 00-008-
0726), copper(u) acetate monohydrate (JCPDS card no. 00-004-
0836). Also, chemical modifications led to decrease of peak
intensities of the chitosan.
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Fig. 7 XRD pattern for the CS—-TDI-PMDA-TS—-Cu(i) nanocatalyst (1).

3.2. Optimization of conditions for the synthesis of tetrazole
derivatives in the presence of CS-TDI-PMDA-TS-Cu(u)
nanocatalyst (1)

After characterization of the CS-TDI-PMDA-TS-Cu(u) nano-
catalyst (1), its performance for the preparation of 1H-tetrazole
derivatives was assessed. Thus, the effect of parameters
including various catalyst loadings, temperature, and solvent
on the yield and reaction time were studied in this step
systematically to recognize optimal conditions for the synthesis
of 1H-tetrazole derivatives. Therefore, the reaction between 4-
chlorobenzaldehyde (4a, 1.00 mmol), malononitrile (2, 1.10
mmol) and sodium azide (3, 1.50 mmol) was chosen as the
model reaction in this study. Table 1 summarizes the obtained
results. Initially, in the absence of any catalyst, the model
reaction was performed in DMF under reflux conditions or
solvent-free conditions. The dependency of the obtained yield of
the model reaction to the catalyst and temperature was obvious
because of moderate yields of the desired product (E)-3-(4-
chlorophenyl)-2-(1H-tetrazole-5-yl) acrylonitrile (5a) after pro-
longed reaction times (entries 1-2, Table 1). Remarkably, the
obtained yield of desired product of 5a was significantly
improved in the presence of CS-TDI-PMDA-TS-Cu(u) nano-
catalyst (1) after very short reaction times (entries 3-6, Table 1).
These findings demonstrate appropriate performance of the

27096 | RSC Adv, 2023, 13, 27088-27105

°2 Theta

nanocatalyst 1 in promoting of the model reaction to afford the
desired product 5a, which originates from very good dispersion
of active catalytic sites and proper surface area of the CS-TDI-
PMDA-TS-Cu(11) nanomaterial (1).

In the next step, the effects of different polar and nonpolar
solvents as well as solvent-free conditions were examined on the
reaction times and yields (Table 1, entries 5 and 7-14). Conse-
quently, when the model reaction was carried out under solvent-
free conditions, the best results were achieved (Table 1, entry 5).
Furthermore, with decreasing applied temperatures from 120 to
80 °C, the yield of desired product diminishes (Table 1, entries 5
and 12-14). It is noteworthy that when the model reaction was
performed at 110 °C, the best results in terms of yield and
reaction time were gained. Indeed, higher temperature cannot
improve the amount of yield or reaction time (entry 12, Table 1).
Furthermore, separation of the nanocatalyst 1 is much easier
under solvent-free conditions compared to experiments in
different solvents during work-up procedure and remaining the
heterogeneous catalyst 1.

Afterward, the optimized conditions were expanded to other
aromatic aldehydes 4b-q to investigate the scope of reaction
for synthesizing of 1H-tetrazole derivatives in the presence of
CS-TDI-PMDA-TS-Cu(u) nanocatalyst (1). A diversity of
aromatic carbocyclic or heterocyclic aldehydes 4a-q well

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Synthesis of 5-substituted-1H-tetrazole derivatives 5a—q catalyzed by the CS-TDI-PMDA-TS—-Cu(i) nanomaterial (1)*

o NC w/:N
N
CN CS-TDI-PMDA-TS-Cu(ll) (1) _ | H
| <CN v Nals Solvent-Free o | S H
R A
R
2 3 5a-q
Entry Aldehyde (4) Product (5) Time (min) Yield® (%) M.p. (°C) [Obs.] M.p. (°C) [Lit.]
O H N-N
| °N
CN N’
| H
1 H 40 92 158-160 156-159 (ref. 20)
Cl cl
4a 5a
Os_H N-N
I N
Cl CN ’ H
2 H 40 90 174-176 175-177 (ref. 124)
4b Cl
5b
N-"\,
O~__H N I N
N
| H
3 H 55 90 162-164 161-163 (ref. 125)
Br
4c
Br
5c
@) H N-N
| °N
CN N
| H
4 H 45 92 166-168 166-168 (ref. 126)
Br Br
4d 5d
-N
O M N
CN N’
| H
5 H 40 85 160-163 161-163 (ref. 127)
NO,
4e
NO,
5e
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Table 2 (Contd.)
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Paper

Os_H l\f”‘!\N
NC N
N . <CN .y, CSTDI-PMDA-TS-Cu(ll) (1) | | H
| 3 - X H
S CN Solvent-Free
R =
4a-q 2 3 5a-q
Entry Aldehyde (4) Product (5) Time (min) Yield? (%) M.p. (°C) [Obs.] M.p. (°C) [Lit.]
o H N-N
CN / N/N
| H
6 H 45 88 165-167 166-168 (ref. 128)
NG, O,N
O H N-N,
CN / N/N
| H
7 H 50 92 169-172 169-171 (ref. 20)
~ N ~ > III
4
g 5q
0] H N- N\
| N
Cl CN N’
| H
8 H 40 90 142-145 142-144 (ref. 20)
Cl Cl Cl
4h 5h
-N
N N
9 L
H CN N
N7 | H
- - f.
9 o g H 60 86 185-187 185-186 (ref. 20)
4i L N
5i
o H N/N\
N Ay
| H
10 H 30 90 164-166 164-166 (ref. 127)
4j
5
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Table 2 (Contd.)

N-N
N CN CS-TDI-PMDA-TS-Cu(ll) (1) | H
| + + NaN3 ' AN H
S CN Solvent-Free |
R A
R
4a-q 2 3 5a-q
Entry Aldehyde (4) Product (5) Time (min) ield® (%) M.p. (°C) [Obs.] M.p. (°C) [Lit.]
o H N-N
| N
CN N’
| H
11 H 55 82 162-165 161-164 (ref. 20)
4k 5k
(@) H N-N
CN / N’N
| H
12 H 55 90 155-158 156-160 (ref. 20)
OCH
3 H,CO
41 51
0] H N’N\
| N
OCHs CN N
13 H 50 86 157-159 157-159 (ref. 20)
4m OCHs
5m
@) H N-N
| °N
CN N’
| H
14 H 50 88 189-191 190-192 (ref. 110)
CH
3 HsC 5n
4n
i
[_B\( : CN N
) | H
15 0O 55 82 132-137 132-137 (ref. 110)
40 ~ H
\_S
50
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Table 2 (Contd.)
N-
(©) H N
NC | N/N
N CN CS-TDI-PMDA-TS-Cu(ll) (1) | H
| + (4 NaNs - N K
S CN Solvent-Free |
R A
R
4a-q 2 3 5a-q
Entry Aldehyde (4) Product (5) Time (min) ield® (%) M.p. (°C) [Obs.] M.p. (°C) [Lit.]
-N
N7
| N
/ \_ H CN
S | H
16 (@) 60 88 136-139 135-140 (ref. 110)
4p = H
\_s
S5p
N - N
| N
CN N
T\ H N
17 O 0 ~ H 70 88 253-256 253-254 (ref. 20)
4q \_0
59

“ Reaction conditions: malononitrile (2, 1.10 mmol), sodium azide (3, 1.50 mmol), aryl aldehyde (4a-q, 1.00 mmol) in the presence of CS-TDI-
PMDA-TS-Cu(n) nanocatalyst (1, 20 mg), 110 °C under solvent-free conditions. ? Isolated yields.

survived to involve smoothly in the optimized conditions. As
can be observed in Table 2, high to excellent yields were ob-
tained for the desired products 5a-q within very short reaction
times. Accordingly, aromatic aldehydes with a carbocyclic ring
bearing electron withdrawing groups 4a-h or electron-
deficient heterocycle 4i were examined (entries 1-9, Table 2).
On the other hand, aromatic aldehydes with a carbocyclic ring
bearing electron donating groups 4j—q as well as electron-rich
heterocycle 40 were studied to involve in the optimized
conditions to afford corresponding 1H-tetrazole derivatives 5j—
q (entries 10-17, Table 2). Indeed, the required reaction time
for completion is usually lower for the aldehydes containing an
electron-withdrawing group compared to those ones having
a donor group. This implies that formation of the Knoevenagel
intermediate is the rate-determining step for all studied
aldehydes.

3.3. Proposed mechanism for the preparation of 5-
substituted-1H-tetrazole derivatives catalyzed by CS-TDI-
PMDA-TS-Cu(u) nanocatalyst (1)

A plausible mechanism for the one-pot synthesis of (E)-2-(1H-
tetrazole-5-yl)-3-aryl/heteroarylacrylenenitrile derivatives 5a-q

27100 | RSC Adv, 2023, 13, 27088-27105

using CS-TDI-PMDA-TS-Cu(u) nanocatalyst (1) is shown in
Scheme 2. Initially, the aromatic aldehydes 4 are activated by
CS-TDI-PMDA-TS-Cu(u) nanocatalyst (1) step by step to
condensate with the nucleophilic tautomer of malononitrile (2)
having C-H acids and affording Knoevenagel intermediate
(I).*** In order to form the 5-membered tetrazole ring, the
activated aryl/heteroarylidine malononitrile Knoevenagel inter-
mediate (II) by the nanocatalyst 1 is subsequently involved in
a cascade reaction with sodium azide (3) through the concerted
[3 + 2] cycloaddition to afford corresponding tetrazole sodium
salt (III). Finally, the desired tetrazole derivatives are formed by
the addition of HCI (aq). Furthermore, the CS-TDI-PMDA-TS-
Cu(u) nanocatalyst (1) is liberated and can start next catalytic
cycle.

3.4. Comparison of the catalytic activity of CS-TDI-PMDA-
TS-Cu(u) nanocatalyst (1) in the synthesis of tetrazole
derivatives with other catalytic systems

A comparison of the previously reported methods for the
synthesis of tetrazole 5a with the present protocol is shown in
Table 3. It is apparent that high to excellent yields, short reac-
tion time, and avoiding the use of toxic or carcinogenic solvents

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 The proposed mechanism for the synthesis of tetrazole derivatives 5 catalyzed by the heterogeneous supramolecular CS-TDI-

PMDA-TS-Cu(i)nanocatalyst (1).

such as DMF is the advantages of the present protocol
compared to the most of previously reported methods.

3.5. Examining the recyclability of CS-TDI-PMDA-TS-Cu(u)
nanocatalyst (1) for the synthesis of 5-substituted-1H-tetrazole
derivatives 5

Currently, reusability is a significant parameter in the field of
nano-ordered heterogeneous catalytic systems to address green

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

and sustainable chemistry principles and reducing the impact
of chemical processes on the environment. In this context, the
recyclability of as-prepared CS-TDI-PMDA-TS-Cu(u) nano-
catalyst 1 was assessed under optimal conditions for the model
reaction. Hence, after the completion of the model reaction, the
nanocatalyst 1 was easily separated by filtration after addition of
aqueous HCl. Then, the recycled CS-TDI-PMDA-TS-Cu(u)
nanocatalyst (1) was dispersed in EtOH and H,O for 15 min,
respectively. The recycled catalyst was kept in an oven at 70 °C

RSC Adv, 2023, 13, 27088-27105 | 27101
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Table 3 Comparison of the catalytic efficiency of the CS-TDI-PMDA-TS-Cu(i) nanocatalyst (1) with other catalytic systems
Entry Catalyst Catalyst loading Reaction conditions Time (h) Yield (%) Reference
1 CS-TDI-PMDA-TS-Cu(u), (1) 20.0 mg Solvent-free/110 °C 30 min 92 Present work
2 Nano-Fe;0, 20 mol% Solvent-free/80 °C 4.5 90 124
3 Fe;0,@fibroin-SO;H 10 mol% Solvent-free/100 °C 2.0 86 130
4 Fe;0,-CNT-SO;H nanocomposite 20.0 mg Solvent-free/80 °C 2.5 90 131
5 NiO nanoparticles 4.5 mg DMF/70 °C 6.0 90 132
6 NH-Cu(ir)@MNP 20.0 mg EtOH/80 °C 5.0 92 133
7 Zn (mettalic) 130.7 mg H,0/50 °C 3.0 68 134
8 (CuOTf),-CeHe 36.2 mg Toluene/r.t. 7.0 81 135
9 Fe(OAc), 17.4 mg DMF/H,0 (9:1) 80 °C 24.0 89 136
10 OPNSA 45.4 mg Solvent-free/100 °C 10.0 80 137
100
90
80
70
60
X
2 50
&)
>
40
30
20
10
1 2 3 4 5
H Run 92 87 85 82 81
Run

Fig. 8 Reusability data for the CS—=TDI-PMDA-TS—-Cu(i) nanocatalyst (1) in the synthesis of 5a.

for one hour and reused for the next run under optimized
conditions. Fig. 8 provides the results of the catalyst recycling
for five consecutive runs. As data in Fig. 8 demonstrate, a little
decrease in the reaction yield was observed in each run under
optimized conditions. These data indicate the capability of the
catalyst to be reused with structural stability and high efficiency.

4. Conclusions

In conclusion, a new supramolecular CS-TDI-PMDA-TS-Cu(u)
nanocomposite based on the naturally occurring chitosan
biopolymer with urea and thiourea bridges was designed,
easily prepared, and fully characterized by appropriate spec-
troscopic and analytical methods or techniques used for
nanomaterials. The catalytic activity of CS-TDI-PMDA-TS-

27102 | RSC Adv, 2023, 13, 27088-27105

Cu(n) nanomaterial was demonstrated in the one-pot synthesis
of tetrazole derivatives through cascade Knoevenagel
condensation and concerted 1,3-cycloaddition reactions as
a representative of the Click Chemistry concept. The desired 5-
substituted-1H-tetrazole derivatives were prepared under
solvent-free conditions in good purity and high to excellent
yields under mild conditions. Low catalyst loading, solvent-
free conditions, very short reaction times, and reusability of
the catalyst for at least five consecutive runs without signifi-
cant loss of its activity can be considered as desirable features
of this new protocol.
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