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Triazoles are class of heterocyclic compounds with significant pharmaceutical and industrial applications. An effective catalyst for the |
synthesis of triazoles using the Click reaction is developed. Highly stable cuprous oxide nanoparticles were dispersed on active carbon |
prepared from palmyra palm fruit shells. The Cu,O nanoparticles, characterized by their small particle size and high surface area, were
successfully synthesized and supported on activated carbon to enhance the catalytic efficiency. Thus, the prepared catalyst exhibited excellent |
catalytic activity, high selectivity and good reusability in the cycloaddition reaction of azides and alkynes, leading to the efficient synthesis |
of various triazole derivatives. The Cu,0-AC nanocomposites demonstrated the superior catalytic performance compared to pure Cu,O |
and activated carbon. All Cu,O supported and unsupported active catalysts were characterized using XRD, FT-IR, SEM and EDX techniques |
to know the morphology, phase and functional group analysis. The reaction mechanism was investigated using density functional theory
(DFT) analyses. I
|
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INTRODUCTION

Nanoparticle catalysts exhibit superior activities in compa-
rison to bulk surfaces. This enhancement is attributed to their
high surface-to-volume ratio and the presence of newly exposed
sites, which contribute to their elevated intrinsic activity. More-
over, nanoparticles with well-controlled size and shape are
useful to understand the catalytic trends and design efficient
catalysts [1,2]. However, nanoparticles have always been susp-
ected whether their initial morphologies remain intact during
the catalytic reactions. Small-sized particles may agglomerate
into larger ones or high-index facets may transform into lower-
index facets through a thermodynamically driven spontaneous
process during thermal reactions [3]. This phenomenon leads
to a decline in catalytic performance and may influent their
recycling process. Therefore, increasing efforts have been made

by loading metal nanoparticles on various supports [4]. The
supporting matrices documented in the literature typically
exhibit low surface areas and nanoparticles are often embedded
within these supports. This arrangement can lead to limited
accessibility of the catalysts to their targets. Thus, supporting
materials with a highly porous structure can offer numerous
accessible channels for diffusion and transport, maximizing
the catalytic potential of metal nanoparticles [5,6].

Cuprous oxide (Cu,O) is one of the most intensively
examined metal oxide semiconductor materials and has been
applied in many fields such as sensors, photocatalysis and
antibacterials [7-10]. The Cu,O nanoparticles act as a catalyst
in many organic reactions such as C—C, C-N and C-S bond
formation [11]. Cuprous oxide (Cu,O) is also extensively used
as catalysts for many organic reactions such as reduction,
oxidation, azide/alkyne cycloaddition, cross coupling, Ullmann
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reaction, gas-phase reactions, electrocatalysis, photocatalysis,
coupling reactions, water-gas shift reactions, ezc. [12-21].

Thus, the low cost, highly efficient and simple methods
of synthesis of Cu,O makes it a popular choice for catalyst in
organic reactions. In most of the coupling reactions Pd used
as catalyst but it is toxic in nature and highly expensive. Due
to its non-toxic and low cost, Kar & Srivastava [22] used the
CuO catalysts in place of Pd catalyst for coupling reactions.
Moreover, in catalysis, the noble metal catalysts (Au, Ag, efc.)
have been widely used due to their high selectivity and catalytic
efficiency but these metals are of highly expensive which hinders
its practical applications [23]. With a growing focus on cost-
effectiveness, efficiency and sustainability, there is an increasing
interest in using non-noble metal materials as substitutes. Copper
is substituted for noble metals but it is easily oxidizable by the
atmospheric air and moisture. To prevent this oxidation diffe-
rent types of capping reagents have been used [24]. Metal
nanoparticles with nanometer-scale dimensions are unstable
and self-aggregation due to their high surface energy and large
specific surface area. This tendency can lead to reduced catalytic
efficiency and affect their recyclability [25]. As aresult, signifi-
cant efforts have been directed towards loading metal nano-
particles onto various supports.

The Cu,O-based catalysts supported on different supports
have significant effects on catalysis. Generally used supports
are Al,Os, Si0,, MgO, activated carbon, etc. The main role of
the supports is dispersing and stabilizing active species [26].
The carbon matrix will act as a support for an active catalyst
and as a catalyst itself [27]. Carbon materials are widely used
in catalysis due to their high specific surface area and well-
developed pore structure [28]. Active carbons are character-
ized by a surface area between 300 and 3200 m*/g, with high
capacity and versatility to adsorb certain compounds [29]. The
combination of Cu,O (cuprous oxide) nanoparticles with activ-
ated carbon (AC) has become a significant area of research due
to the synergistic effects that enhance the activity of Cu,O.
The deposition of Cu,O nanoparticles onto activated carbon
allows for the utilization of extensive surface area, porosity,
and adjustable surface chemistry of activated carbon, resulting
in the superior catalytic performance and increased stability
during reaction conditions. The high surface area of activated
carbon facilitates the fine dispersion of Cu,O nanoparticles,
promoting the activity with increasing the number of active
sites and improving the contact between the catalyst and reac-
tants. Moreoer, porous structure of activated carbon provides
easy access for reactants and products, enhancing the mass
transport. In environmental applications, Cu,O nanoparticles
on activated carbon have demonstrated promising role in waste
water treatment [30], air purification [31] and the removal of
pollutants such as radioactive iodine [32], organic compounds
[33] and toxic gases [34]. In present work, Cu,O nanoparticles
were dispersed on activated carbon and studied their activity for
triazole synthesis using Click reaction. The Cu,O nanoparticles
supported on the activated carbon materials used for various
reactions like methanol oxidative carbonylation [35], reduction
of 4-nitrophenol to 4-aminophenol [36], propargylamine syn-
thesis [37], selective hydroamination [38], photocatalytic activity

[39], aluminium-air batteries [40]. Cu,O nanoparticles supp-
orted on activated carbon materials are also used in the glucose
sensing [41]. Here in this research, the catalytic activity of the
Cu,0O nanoparticles supported on activated carbon material were
explored in Click reaction. The density functional theory (DFT)
serves as a highly effective approach for understanding the reac-
tion mechanisms involved in catalysis. The synergistic effects
arising due to the Cu,O nanoparticles supported on the activated
carbon material were examined using DFT simulations.

EXPERIMENTAL

Preparation of activated carbon: Palmyra palm fruit
shells (10 g) were weighed and mixed with 30 g of K,COs in
mortar to ensure a more homogeneous dispersion. Subsequently,
the mixture was transferred to a stainless steel reactor. This
mixture was carbonized in N, flow 140 mL/min at 750 °C. After
carbonization, the solution was allowed to cool down to room
temperature, filtered and washed repeatedly with deionized
water and anhydrous alcohol until it reached neutral pH. The
solid product obtained was dried in a hot air oven at 80 °C for
12 h. Subsequently, the solid was also washed with a 10% HCI
to remove inorganic salts present in it. Again, it was washed
with deionized water until the filtrate reached neutral pH. After
drying in an oven at 80 °C for 12 h, K,COsactivated carbon
obtained is indicated as PS-750-1-3. The different loadings of
Cu,0 were deposited on carbon by wet impregnation method
[42]. Highly stable nitrogen doped carbon encapsulated nano
Cu,0 discs were synthesized and impregnated on the carbon
support on different 5%, 10%, 15% concentrations and denoted
as 5SCu,0-AC, 10Cu,0-AC and 15Cu,0-AC, respectively.

Characterization: As prepared activated carbon and Cu,O
supported on activated carbon (Cu,O-AC) catalyst were charac-
terized using the following instrumental techniques. Rigaku
XRD 6000 diffractometer with Ni filtered CuKo radiation at
40 kV, 30 mA was used for X-ray diffraction analysis. FT-IR
spectrophotometer (IR prestige-21, Shimadzu, Japan) was used
for the functional group analysis using KBr powder in the
wavelength 4000-400 cm™ range. The morphology of the acti-
vated carbon and XCu,0O-AC catalysts was characterized by a
Zeiss EVO-50 Field Emission Scanning Electron Microscope
(FESEM), model Supra 55 VP instrument. The Gaussian09
software [43] was used for all of the computational parameters
described in this study. The computational approach was DFT/
B3LYP/6-31 G (d,p), where DFT stands for density functional
theory, B3 for Beck’s three-parameter hybrid exchange funct-
ional [44], LYP for the Lee-Yang-Parr gradient-corrected corre-
lation functional [45] and 6-31G(d,p) for the augmented split
valence basis set used in the calculations. The initial structural
characteristics for the target molecule were needed in order to
start the geometry optimization process. Following standard
procedures, Gauss View was used in absence of the experimental
structural data [46].

Catalytic activity: The catalyst activity was investigated
in batch reaction method. The catalyst (5 mg) was taken in a
50 mL round bottom flask containing 4-nitroazido benzene
(5 mmol), prop-2-yn-1-o0l (5 mmol) and 5 mL of solvent (DMF,
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Scheme-I: Triazole synthesis using 10% Cu,O-AC catalyst in 1:1 DMF-water solvent

EtOH and H,0). The reaction was continued for 60 min with
continuous stirring at room temperature. The progress of the
reaction was monitored using TLC method (Scheme-I).

RESULTS AND DISCUSSION

X-ray diffraction studies: An X-ray diffraction analysis
was performed on activated carbon and XCu,0O-AC (X =35, 10,
15) within the 10° to 90°26 range to identify the phase of the
support as well as copper oxide present on the activated carbon.
Fig. 1a showed the amorphous nature of the support carbon.
The activated carbon has two broad peaks in 26 with peak maxi-
mum at 25° to 45° corresponds to the 002 and 101 planes resp-
ectively, it resembles the graphite hexagonal structure of the
support carbon [47]. The XRD pattern of the Cu,O-AC exhibits
four diffraction peaks that can be indexed to Cu,O at specific
20 values at 36.60° (111), 42.40° (200), 61.50° (220), 73.69°
(311), which indicates the presence of the Cu,O phase with a
cubic lattice structure [48]. As the weight percentage of Cu,O
increases the intensity of the cuprous oxide peaks increases
from 5Cu,0-AC to 15Cu,0-AC. Broadness of the peaks indi-
cates the material present in the XRD amorphous i.e. nanosized.
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Fig. 1. X ray diffraction patterns of (a) activated carbon, (b) 5Cu,0-AC,
(c) 10Cu,0-AC and (d) 15Cu,0-AC

FTIR studies: In the FTIR spectra within the 3750-3000
cm™' range, a broad band corresponding to the hydroxyl (-OH)
group is observed, indicating the presence of hydroxyl funct-
ionalities (Fig. 2). The peaks at 1604 cm™ and 1409 cm™ are
attributed to C=C stretching vibrations and C-H bending modes,
respectively, suggesting the presence of aromatic or unsatu-
rated structures in the sample. Moreover, the region between
500-700 cm™ is indicative of the C-O stretching vibrations,
which further supports the presence of oxygenated functional
groups [49]. Signficantly, the peak at 625 cm™ is the characte-
ristic of Cu,O, confirming the presence of copper(I) oxide in
the sample [50].
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Fig. 2. FT-IR spectral patterns of (a) activated carbon, (b) 5Cu,O-AC, (c)
10Cu,0-AC and (d) 15Cu,0-AC

SEM studies: SEM images of the XCu,0O-AC (X =35, 10,
15) sample are shown in Fig. 3. These micrographs reveal that
the external surface of the activated carbons displays cracks,
crevices and grains of varying sizes, along with porous structure.
The SEM images were taken samples after carbonization at
750 °C suggests that a porous structure was formed as most of
the volatile compounds were escaped, leaving behind a rup-
tured activated carbon surface. The Cu,O decorated activated
carbon samples exhibit the spherical shape Cu,O nanoparticles.
At high concentration of Cu,O loading shows the aggregation
of nanoparticles. At 10 % concentration of Cu,O loading
nanoparticles are embedded uniformly in mesoporous activated
carbon. Presence of nitrogen, carbon, oxygen and copper in
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Fig. 3. SEM micrographs and EDX spectrum of 15Cu,O-AC sample

the sample confirmed as observed from the SEM-EDX spectrum
(Fig. 3d).

Click reaction-catalytic activity of Cu,O-AC: Catalytic
activities of Cu,O-AC samples were studies in synthesis of
triazoles. Initially, we carried out the reactions of 4-nitro azido
benzene (5 mmol) and prop-2-yn-1-ol (5 mmol) with 5 mg of
5% Cu,O-AC catalyst under DMF solvent at room temperature.
Time taken for the reaction to complete is 80 min, 60% yield
was obtained. Above same reaction was also carried out with
10% Cu,0-AC, this reaction completed in 60 min with 88%
yield. As percentage of Cu,O increased on AC the reaction time
is decreased and product yield increased. At 15% Cu,O-AC
reaction completed 60 min, 88% yield of product was isolated.
It was observed that 10% Cu,O-AC catalyst is enough for the
triazole synthesis. Optimization of the Cu,O loading was given
in Fig. 4a. This reaction was carried out in different solvents
EtOH and H,O the product yield in EtOH obtained was 70%
and in H,O is 65%. DMF and H,O 1:1 (v/v) ratio the product
yield obtained was 90 %. The EtOH and H,O the reaction yield
is 85 %. The excellent yield obtained in the DMF and H,O 1:1
(v/v) ratio. The same catalyst after completion of the reaction
was filtered and reused. No significant change in the yield of
the triazole was observed up to five cycles; however, after the
fifth cycle, the percentage yield of the product decreased. For
the reusability test, the catalyst demonstrated continuous activity
for up to five cycles, as shown in Fig. 4b.

10
keV

DFT studies: Fig. 5 shows the gas phase optimized struc-
tures of propargyl alcohol, nitro azidobenzene and the resultant
product. Reactant and product bond lengths and angles alter
as a result of product formation (Table-1). Among the three
catalysts, only Cu,O-AC nanocomposites showed the highest
activity compared to activated carbon and/or Cu,O nanoparticles.
This enhancement in activity can be attributed to the strong
n—7 electron interaction between AC-Cu,O nanocomposite,
which supports with nitro azidobenzene organic molecules by
which it can easily adsorb the substrate molecule.

The molecular electrostatic potential (MEP) maps of pro-
pargyl alcohol, p-nitro azidobenzene and the product ratio are
illustrated in Fig. 6. Using molecular electrostatic potential,
electron-rich or electron-deficient areas suitable for electro-
philic or nucleophilic assault may be identified by the circu-
lation of positive and negative potential across a system [51].
The MEP surfaces are labelled with a variety of colours; the
neutral zone is shown by green, while the most positive and
negative sections are shown by blue and red. Propargyl alcohol
may function as a nucleophile if it exhibits a red coloration on
the alkyne group. The blue colour of the benzene moiety group
in p-niro azidobenzene indicates that it is the electrophile.

A substantial amount of the contributions to molecular
interactions with other species are attributed to frontier mole-
cular orbitals [52]. Electron donation is represented by the
highest occupied molecular orbital (HOMO), whereas electron
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Fig. 4. (a) Optimization of the Cu,O loading and (b) reusability of the catalyst 10Cu,O-AC

Fig. 5. Optimized structures of (a) para-nitro azido benzene, (b) propargyl alcohol and (c) resultant product

TABLE-1
OPTIMIZED STRUCTURAL PARAMETERS OF MOLECULE-BOND LENGTH (A)
AND BOND ANGLE (°) AS PREDICTED BY DFT/B3LYP/6-31 G(d,p)

Bond Bond Bond Bond
Ean length (A) Epnd length (A) Epnd length (A) o length (A)
C1-C2 1.382 N7-C8 1.382 C12-013 1.472 C8-H19 1.022
C2-C3 1.384 C8-C9 1.354 Cl1-H14 1.034 N10-H20 1.022
C3-C4 1.389 C9-N10 1.432 C2-H15 1.056 NI11-H21 1.033
C4-C5 1.402 N10-N11 1.469 C3-H16 1.098 C12-H22 1.045
C5-C6 1.411 NI11-N7 1.477 C4-H17 1.074 C12-H23 1.076
C6-Cl1 1.399 C9-C12 1.427 C6-H18 1.063 0O13-H24 0.753
C5-N7 1.372 - - - - - -
Bond Bond Bond Bond
Ean angles (°) Epnd angles (°) Epnd angles (°) o angles (°)
C1-C2-C3 120.6 C1-C6-H18 C2-C3-Hl16 123.1 N11-N10-C9 120.6
C2-C3-C4 116.9 C5-C6-H18 122.1 C3-C2-H15 122.9 N10-C9-C8 116.9
C3-C4-C5 119.9 C6-C5-N7 116.9 C1-C2-Hl15 122.9 C9-C8-C7 119.9
C4-C5-C6 123.4 C4-C5-N7 122.1 C2-C1-H14 115.8 C5-N7-N11 123.4
C5-C6-Cl1 123.6 C5-C4-H17 122.1 C6-C1-H14 115.8 C5-N7-C8 123.6
C6-C1-C2 119.8 C3-C4-H17 121.8 C8-N7-N11 123.7 NI10-N11-H21 119.8
C2-Cl1-H14 120.8 C4-C3-H16 123.2 N7-N11-N10 122.3 N7-N11-H21 120.8
C6-C1-H14 120.3 - - - - - -




452 Anumandla et al.

Asian J. Chem.

Fig. 6. Molecular electrostatic potential maps of (a) para-nitro azido benzene, (b) propargyl alcohol and (c) resultant product

uptake is represented by the lowest unoccupied molecular orbital
(LUMO), which are shown in Fig. 7. While the LUMO was
mostly found on the benzene molecule, the product HOMO
was mostly found around the triazole ring.

Fig. 8 shows the Mulliken effective charge for the product,
as well as azidobenzene and propargyl alcohol in the gas phase.
These Mulliken atomic charges were found using DFT. The

HOMO HOMO-1

HOMO-2

main differences can be seen both before and after the reactive
molecules have been complexed.

Conclusion

In present work, an economic, practically viable Cu,O nano-
particles supported on mesoporous activated carbon as catalysts
were prepared successfully for the synthesis of triazoles using

HOMO-3 HOMO-4

Fig. 8. Mulliken atomic charges of (a) azido benzene, (b) propargyl alcohol and (c) resultant product
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Click reaction. Activated carbon derived from the shell of
palmyra palm fruit has served as a support for the dispersion
of cuprous oxide nanoparticles. The XRD and FT-IR analyses
characterized the Cu,O-AC nanocomposites. Topographic,
morphological information of the carbon was observed from
the SEM images. Good yield of triazole was achieved with
10% Cu,0 on active carbon sample. DFT analysis shows that
the synergistic effect between the surface of Cu,O-AC, propargyl
alcohol and p-nitro azidobenzene to form triazoles.
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