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ted cuprous iodide nanoparticles
(Cell-CuI NPs): a new heterogeneous and
recyclable catalyst for the one pot synthesis of 1,4-
disubstituted – 1,2,3-triazoles in water†

Pramod V. Chavan,a Kapil S. Pandit,a Uday V. Desai,*a Makarand A. Kulkarnia

and Prakash P. Wadgaonkarb

Cellulose supported cuprous iodide nanoparticles (Cell-CuI NPs) have been demonstrated for the first time

as an efficient heterogeneous catalyst in the click synthesis of 1,4-disubstituted 1,2,3-triazoles by a one-pot

three component reaction between aralkyl/alkyl bromides, alkynes and sodium azide in water. The catalyst

has been characterized by XRD, HRTEM, SEM, ICP–AES, EDS as well as IR spectroscopy. It was found to be

reusable for five consecutive runs without significant loss of activity.
Introduction

With the growing concern over environmental protection a
great deal of attention has recently been focused on the devel-
opment of green synthetic methodologies. In this context, the
coupling of three or more components in a single step, the use
of eco-benign solvents and the selection of a heterogeneous and
reusable catalysts can be looked upon as three corners of an
equilateral triangle representing green chemistry.1 In particular,
the last decade has witnessed tremendous developments in the
eld of heterogeneous catalysis.2a One important development
in the eld of heterogeneous catalysis is nano-catalysis.2b This is
because nano catalysts, while retaining their intrinsic proper-
ties, are known to offer advantages as regards improvement in
reactivity, selectivity as well as yields. Thus, design of a novel
nano catalyst and exploration of it's catalytic potential in the
synthesis of compounds having diverse applications is an
attractive area of research.

1,2,3-Triazoles constitute an important class of heterocycles
having diverse applications in the eld of material science as
well as pharmaceutical chemistry.3–6 Many compounds con-
taining 1,2,3-triazole structural motif are known to possess
important biological activities such as anti-viral, anti-epileptic,
anti-allergic, anti-cancer, anti-microbial as well as anti-HIV
activities.7–10 In addition, compounds belonging to this class
are also useful as dyes, corrosion inhibitors, photographic
materials, photo sensitizers, etc.11 Owing to such a wide range of
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applications, synthesis of 1,2,3-triazoles is receiving increased
attention.

For the synthesis of 1,2,3-triazoles several approaches are
available.12 However, thermally induced 1,3-dipolar cycloaddi-
tion between alkynes and azides is the most preferred
pathway.13 In overcoming few of the limitations associated with
this cycloaddition protocol, Sharpless as well as Meldal intro-
duced Cu(I) catalysed synthesis of 1,2,3-triazoles.14a,b Develop-
ment of copper catalysed azide alkyne cycloaddition (CuAAC)
proved to be an important milestone in the synthesis of 1,2,3-
triazoles15,16 and plethora of protocols were subsequently
reported for their synthesis.17–27 It is worthy to note that, most of
these protocols, with variation in the nature of copper source,
were two-component protocols involving the reaction between
pre-synthesized azides and alkynes. In light of the well docu-
mented advantages of one-pot reactions and the difficulties
associated with handling of low molecular weight azides,
Appukkuttan et al. and Feldman et al. reported one-pot, three
component synthesis of triazoles using copper (0)-copper(II) and
copper(II) – sodium ascorbate combination as catalysts,
respectively.28a,b These reports in fact opened a new door for
copper catalysed one-pot synthesis of 1,2,3-triazoles. Thus,
manymodied protocols, mainly aimed at recovery and reuse of
copper catalyst, were subsequently reported.29a,b With recent
advances in the eld of nano catalysis and aer the discovery
that, transition metal nano particles do serve as efficient cata-
lysts,30a,b copper nanoparticles supported on alumina,31a CuI–Cu
nanoparticles on activated carbon,31b copper-NPs on activated
carbon,31c CuFe2O4 nanoparticles,32a graphene-g-Fe2O3

magnetic nanoparticles,32b Cu–SiO2 composites,33a Cu2O nano
crystals,33b CuBr supported on Oyster Shell Powder,34a CuBr
supported on graphene oxide/Fe3O4,34b Cu(II) PBS bridged
HPMOs,34c silica immobilised NHC-CuI,35a Cu1-Zeolite,35b P4VPy-
RSC Adv., 2014, 4, 42137–42146 | 42137
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Scheme 1 Cell-CuI-NPs catalysed synthesis of 1,2,3-triazoles.
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CuI nanoparticles,35c Cu(II)-TD@nSiO2,36a g-Fe2O3/HAP nano-
particles,36b etc. have been reported in one-pot synthesis of 1,4-
disubstituted �1,2,3-triazoles. Most of these protocols are
although efficient, a few of them suffer from the drawbacks of
tedious preparation of the catalyst, high reaction temperature,
longer reaction time, etc. With these observations in mind and
in tune with our continued interest in the development of green
synthetic methodologies37 we surmised that, there certainly
exists scope for the development of a green and easily adaptable
protocol for the synthesis of 1,2,3-triazoles. At the same time it
was quite evident that, for the known synthesis of a target
molecule, the main variant in practicing its green synthesis
should essentially be aimed at the design of an easy to prepare,
efficient, bio-compatible and reusable catalyst.
Fig. 1 EDS spectrum of Cell-CuI.

Fig. 2 XRD analysis of (a) CuI (b) cellulose and (c) cellulose supported
CuI.

42138 | RSC Adv., 2014, 4, 42137–42146
Cellulose is a naturally occurring biopolymer abundantly
available in nature and serves as a bio-compatible support for
the catalysts. Literature survey revealed that, Xu et al. have
reported the use of cellulose supported Pd in Heck reaction38

while Reddy et al. have reported the use of cellulose supported
Cu (0) as catalyst in aza-Michel reaction.39 In this article, we
report the synthesis as well as use of cellulose supported CuI
nanoparticles (Cell-CuI NPs) as a new catalyst in one-pot
synthesis of 1,2,3-triazoles (Scheme 1).
Results and discussion

A simple method was developed for the preparation of cellulose
supported CuI catalyst. In a typical procedure, to a stirred
suspension of CuI (0.190 g, 1 mmol) in methanol (30 mL) was
Fig. 3 SEM images of Cell – CuI. Before reaction: (a) 10 mm, (b) 20 mm;
after reaction (c) 10 mm, (d) 20 mm.

Fig. 4 HRTEM images of Cell-CuI on (a) 50 nm (b) 200 nm (c) 1 mm (d)
SAED.

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4ra05080k


Fig. 5 FT-IR spectra of (a) cellulose and (b) cellulose supported CuI.
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View Article Online
added microcrystalline cellulose (2 g) and stirring was
continued overnight. The reaction mixture was ltered and the
residue was washed repeatedly with methanol and nally with
acetone. It was dried in air and then at 50 �C for six hours under
vacuum. The resultant catalyst (Cell-CuI NPs) was characterised
by XRD, HRTEM, SEM, ICP-AES, EDS, and FT-IR spectroscopy.

Copper content in the prepared catalyst was estimated by
ICP-AES technique and it was found to be 2.4% (w/w). EDS
image (Fig. 1) of the catalyst indicated the presence of CuI
supported on cellulose. The analysis also conrmed the pres-
ence of CuI on support as its respective energy position at 0.92
keV (L line) and 8.04 keV (K line).

XRD pattern of CuI and cellulose supported CuI (Fig. 2a and
c) showed eight peaks at 2q ¼ 25.5�, 29.5�, 42.2�, 50.0�, 61.2�,
67.45�, 77.20�, 82.8�. All the diffraction peaks and their posi-
tions for CuI, match well with JCPDS card (no. 01-076-0207) for
cubic CuI. The crystallite size of CuI in Cell-CuI was determined
Table 1 Optimization of the reaction conditions for one-pot synthesis o

No. Reaction medium Catalyst (mg)

1 Water 200, 150, 100, 75, 50
2 Ethanol 200, 150, 100
3 Acetonitrile 200, 150, 100
4 Tetrahydrofuran 200
5 Toluene 200
6 Dichloromethane 200
7 Dimethylformamide 200
8 Acetonitrile + water (1 : 1) 200
9 Acetonitrile + water (1 : 3) 200
10 t-Butanol + water (3 : 1) 200

a Reaction conditions: benzyl bromide (1 mmol), phenyl acetylene (1 mmo
to isolated product.

This journal is © The Royal Society of Chemistry 2014
using Scherer's formula. The peak of highest intensity [25.5� (1,
1, 1)] was selected to evaluate the particle diameter of CuI and it
was found to be 33 nm. The average size of CuI particles on
cellulose was estimated to be 28 nm. SEM image of the prepared
catalyst indicated the deposition of nano-sized CuI crystals on
cellulose (Fig. 3a and b). This reveals that, during preparation of
the catalyst, possibly due to very low solubility of CuI in meth-
anol, CuI gets converted to nano sized CuI and gets deposited
over the surface of cellulose. HRTEM image of Cell-CuI (Fig. 4a–
c) further conrms the presence of CuI on cellulose support
with particle size 20–25 nm. SAED image (Fig. 4d) in HRTEM
shows different lattice fringes whichmatches well with different
planes of CuI according to XRD pattern.
f 1,2,3-triazole, 3a, using Cell-CuI as catalysta

Temperature (�C) Time (h) Yield (%)b

100, 90, 80, 70, 60 3, 3, 3, 3, 5 95, 94, 94, 84, 79
Reux 4, 4, 4 86, 85, 82
Reux 4, 4, 4 76, 73, 69
Reux 5 37
100 5 67
Reux 5 42
100 5 61
Reux 5 78
Reux 5 83
Reux 5 73

l), sodium azide (1. 1 mmol), solvent, catalyst, temperature. b Yields refer

Scheme 2 Plausible mechanism of formation of 1,2,3-triazoles.

RSC Adv., 2014, 4, 42137–42146 | 42139
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Comparison of the FT-IR spectra of cellulose and cellulose
supported CuI indicated that, when CuI gets supported on
cellulose intensity of broad band due to hydroxyl group in
cellulose decreases appreciably (Fig. 5a). Furthermore, IR
Table 2 Cell-CuI catalyzed click synthesis of 1,4-disubstituted-1,2,3-tria

Entry Halide (1) Alkyne (2) Product (4) Time (h

1 1a 2a 4aa 2
2 1b 2a 4ba 4
3 1c 2a 4ca 4
4 1d 2a 4da 3
5 1e 2a 4ea 4
6 1f 2a 4fa 5
7 1g 2a 4ga 5
8 1h 2a 4ha 5
9 1i 2a 4ia 6
10 1j 2a 4ja 6
11 1a 2b 4ab 3
12 1b 2b 4bb 4
13 1c 2b 4cb 4
14 1d 2b 4db 4
15 1e 2b 4eb 4
16 1f 2b 4 4
17 1a 2c 4ac 4
18 1b 2c 4bc 4
19 1c 2c 4cc 4
20 1d 2c 4dc 4
21 1f 2c 4fc 4
22 1g 2c 4gc 5
23 1h 2c 4hc 5
24 1a 2d 4ad 3
25 1b 2d 4bd 4
26 1c 2d 4cd 4
27 1d 2d 4dd 4
28 1g 2d 4gd 4
29 1a 2e 4ae 4
30 1a 2f 4af 3
31 1b 2f 4bf 4
32 1c 2f 4cf 3
33 1d 2f 4df 3
34 1e 2f 4ef 4
35 1f 2f 4ff 4

a Reaction conditions: benzyl bromide(1 mmol), alkyne(1 mmol) and sodi
refer to pure isolated compounds.

42140 | RSC Adv., 2014, 4, 42137–42146
spectrum of cellulose supported CuI (Fig. 5b) exhibits a char-
acteristic band at 670 cm�1 indicating the presence of copper.

Aer the preparation followed by adequate characterisation
of the prepared catalyst, we planned to initially explore it's
catalytic potential in click synthesis of 1,2,3-triazoles using
zolesa

) Yieldb (%) TON TOF M.P. �C Obs./(Lit)Ref

96 2487 1243 127–130/(128–130)31b

89 2355 588 142–145/(143–144)41d

91 2408 602 128–130/(129–131)41a

89 2355 785 104–107/(105–106)41b

87 2302 575 133–135/(136–137)41e

88 2328 465 79–81/(79–81)41c

94 2487 497 150–155/(156–157)31b

85 2249 450 99–102/(99)41a

82 2170 361 66–68/(68–70)36b

81 2143 357 75–77/(74–75)41a

89 2355 785 142–146/(150)41f

88 2328 582 140–143
92 2434 608 140–144/(150–151)41g

89 2355 588 118–120/(—)41g

93 2461 615 132–135/(—)35a

87 2302 575 115–118
86 2276 568 110–113/(114–115)41h

85 2249 562 115–117
90 2381 595 102–104/(104–106)41i

87 2302 575 105–108/(—)32a

84 2223 555 107–110
87 2302 460 156–159/(177–178)41j

83 2196 439 117–120
85 2249 749 105–108/(99–100)41k

90 2381 595 108–111
89 2355 585 101–104
85 2249 562 118–122
96 2545 635 128–132
80 2116 529 63–66/(65)41l

85 2249 749 177–179/(176–177)41e

85 2249 562 175–176
95 2513 837 143–146
87 2302 767 164–166
84 2222 555 145–148/(149–150)41e

85 2249 562 145–148

um azide (1.1 mmol), Cell-CuI (3.5 mol%), water (3 mL), 70 �C. b Yields

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Reusability of the Cell-CuI catalyst.
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View Article Online
benzyl bromide, phenyl acetylene and sodium azide as model
substrates (Scheme 1).

To begin with, to a well stirred mixture of benzyl bromide (1
mmol), phenyl acetylene (1 mmol) and sodium azide (1.1 mmol)
was added Cell-CuI (200 mg; �0.07 mmol of CuI) as catalyst.
Stirring was continued at room temperature under solvent-free
condition. Timely analysis of the reaction mixture (TLC) did not
indicate any appreciable progress of the reaction. So as to
examine the effect of solvent, the model reaction was then
carried out in different reaction media. However, the results
were not encouraging. Hence the model reactions were then
carried out at the reux temperature of the selected reaction
medium and it was truly gratifying to notice that, the formation
of desired 1-benzyl-4-phenyl-1H-1,2,3-triazole, 4aa, proceeds to
completion with the choice of water as an eco-benign reaction
medium. Further optimisation of the reaction conditions with
respect to reaction temperature as well as catalyst loading
revealed that, in aqueous medium desired triazole 4aa is
obtained in excellent yield at 70 �C using 100 mg of Cell-CuI
(�0.035 mmol of CuI, 3.7 mol%) as the catalyst (Table 1).
Compared to benzyl bromide, benzyl chloride being less toxic,
less expensive and easier to handle, the model reaction was
then carried out using benzyl chloride as the substrate.
However, the reaction required longer time and furnished a
mixture of products (TLC).

Mechanism of copper catalysed synthesis of 1,2,3-triazoles
has been the subject of exhaustive study and those have recently
been reviewed by Berg et al.40 They have emphasised on dinu-
clear mechanism of CuAAC. Based upon their studies we
propose following mechanism for the formation of 1,2,3-tri-
azoles (Scheme 2).

The nano sized catalysts are claimed to offer the advantages
of better yields, more reactivity as well as selectivity. In support
of this claim, we planned to compare the catalytic efficiency of
Cell-CuI NPs with commercially available CuI. Accordingly, two
model reactions were carried out under the established reaction
conditions using Cell-CuI NPs (100 mg, 3.7 mol% CuI) and
commercially available CuI (7 mg, 3.7 mol%) as catalysts. Upon
completion of the reactions followed by routine work-up, the
expected triazole, 4aa, was obtained in 94% and 72% yield,
respectively. The results clearly justify the choice of Cell-CuI NPs
as the catalyst in one-pot synthesis of 1,2,3-triazoles (Table 1).

Next, we turned our attention to examine generality of the
reaction conditions. Accordingly benzyl bromide component in
the model reaction was replaced with 4-chloro, 4-uoro, 4-
methyl, 4-methoxy, 4-nitro as well as 2-chloro benzyl bromide
(1a–g). In each case, corresponding 1,2,3-triazole was obtained
in excellent yield (Table 2, entries 1–7) andmost gratifyingly, the
resultant product did not require any further purication by
conventional methods. During the extension of the protocol
towards aliphatic bromides it was observed that, with the choice
of ethyl bromoacetate as an activated aliphatic bromide, the
reaction furnished desired triazole, 4ha, in acceptable yield
(Table 2, entry 8). However, in case of non-activated alkyl
halides like n-pentyl bromide as well as n-octyl bromide, the
reaction required longer reaction time and furnished corre-
sponding triazoles in lower yields (Table 2, entry 9, 10). During
This journal is © The Royal Society of Chemistry 2014
evaluation of the scope of the protocol, it was further observed
that the protocol developed was also effective with structurally
diverse alkynes viz. p-tolyl ethyne, 2-pyridyl ethyne, phenyl
propargyl thioether, 4-(prop-2-ynyloxy) benzaldehyde, and N-
propargyl phthalimide (2b–f). The reactions once again fur-
nished expected 1,2,3-triazoles in excellent yields as well as
purity (Table 2). Since the protocol developed proved to be of
wide generality to furnish range of 1,2,3-triazoles in excellent
yields as well as purity, we believed that, the protocol would be
of general use if scaled up. Accordingly, the model reaction
between benzyl bromide, phenyl acetylene and sodium azide
was carried out on 20 mmol scale when the reaction proceeded
smoothly and furnished corresponding 1,2,3-triazole, 4aa, in
96% yield.

In heterogeneously catalysed reactions reusability as well as
stability of the catalyst is of importance both from economical
and environmental point of view. Hence, aer completion of
gram scale model reaction, the catalyst was separated by
ltration, washed with ethyl acetate, acetone, dried in air and
was used in next run. It was noticed that the recovered catalyst
could be used for ve consecutive cycles without appreciable
change in the yield of desired triazole (Fig. 6). From the stability
view point, we initially checked the leaching behaviour of the
catalyst. Thus, aer separation of the catalyst, the resultant
ltrate was analysed using AAS. The results were negative. In
substantiation of this observation, we also performed ICP-AES
analysis of the recovered catalyst. During the analysis of the
catalyst recovered aer h cycle, only 0.6% leaching of the
catalyst was noticed. SEM images (Fig. 4c and d) of the reused
catalyst did not exhibit any morphological changes during
recycling of the catalyst.

In recent years there being many reports on the development
of new catalysts for one-pot synthesis of 1,2,3-triazoles, lately we
planned to compare the protocol developed by us with the
protocols reported recently for the same purpose. From the
results summarized in Table 3, we concluded that, each
protocol has its own merits as well as demerits. However, from
view point of cost, operational simplicity, ease of preparation of
the catalyst, its easier separation from the reaction mixture and
avoidance of conventional purication, the protocol developed
by us is superior and easily adaptable.
RSC Adv., 2014, 4, 42137–42146 | 42141
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Table 3 Comparison of catalytic efficiency of Cell-CuI with other reported catalysts in synthesis of 4aa

No. Catalyst (mol% mg�1) Conditions Time (h) Yield (%) Ref.

1 Cell-CuI NPs 100 mg 70 �C, H2O 2 96 This work
2 Cu–Al2O3 NPs, 10 mg RT, H2O 3 92 31a
3 Cu NPs on charcoal (1 mol%) 100 �C, H2O 0.6 91 31b
4 Cu NPs on activated carbon (0.5 mol%) 70 �C, H2O 3 98 31c
5 Zn/C, (10 mol%) 50 �C, DMF 15 81 41c
6 CuI–Zeolite (CuI-USY),10 mol% 90 �C, H2O 15 90 35b
7 CuFe2O4 NPs, 5 mol% 70 �C, H2O 3 93 32a
8 Cu/SiO2 composite (10 mol%) 70 �C, H2O 12 93 33a
9 Silica immobilised NHC-Cu(I), 0.5 mol% Cu 80 �C, H2O 6 98 35a
10 P4VPy-CuI NPs (100 mg) 100 �C, H2O 15a 90 35c
11 Cu2O nanocrystals (cube) 55 �C, EtOH 7 88 33b
12 OSPs – CuBr, 2.5 mol% 70 �C, H2O 4 91 34a
13 g-Fe2O3/HAP NPs, 5 mol% 100 �C, H2O 5 87 36b
14 CuBr on graphene oxide/Fe3O4 (benzyl

chloride), 5 mol%
80 �C, H2O microwave 8 h, 10a 98, 98 34b

15 Cu(II)/PBS/HMPO, 10 mg 100 �C, H2O 3.5 96 34c
16 Graphene-g-Fe2O3 magnetic nano–composite,

50 mg
60 �C, H2O, inert atmosphere NR 92 36c

a Time in minutes; NA: not reported.
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Conclusion

In summary, we have reported the preparation, characterisation
as well as use of cellulose supported CuI nanoparticles (Cell-CuI
NPs) as a new heterogeneous catalyst in click synthesis of 1,2,3-
triazoles. Use of water as an eco-benign reaction medium,
excellent yields, avoidance of conventional purication tech-
niques and reusability of the catalyst for ve consecutive runs
without appreciable change in composition as well as activity of
the catalyst make this green protocol a viable alternative for
one-pot synthesis of 1,4-disubstituted-1,2,3-triazoles.
Experimental
General methods

Benzyl halides (Aldrich), alkynes (Aldrich/Alfa Aesar), sodium
azide (Sd Fine Chemicals, Mumbai), copper(I) iodide (Spec-
trochem, Mumbai) and microcrystalline cellulose (SRL, Mum-
bai) were used as received. All the melting points were recorded
using Kumar melting point apparatus. IR spectra were recorded
as neat using Thermo Scientic Nicolet iS10 FT-IR Spectrom-
eter. 1H NMR (300 MHz) and 13C NMR (75.4 MHz) spectra were
recorded using Bruker Avance-II spectrometer. High resolution
mass spectra (HRMS) were recorded using Thermo Scientic Q-
Exactive, Accela 1250 pump, instrument. X-Ray Powder
Diffraction (XRD) data were collected on X-Ray Powder
Diffractometer D2 PHASER, Bruker. Copper content in the
supported catalyst was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) using ARCOS
ICP-AES. Scanning electron micrographs were obtained using
JSM-7600 F instrument. HRTEM were obtained using Trans-
mission Electron Microscopy (TEM) micrographs, TECNAI F20
Philips operated at 200 kV.
42142 | RSC Adv., 2014, 4, 42137–42146
Preparation of cellulose supported cuprous iodide (Cell-CuI)
catalyst

To a stirred well suspension of CuI (0.190 g, 1 mmol) in meth-
anol (30 mL) was added microcrystalline cellulose (2 g) and
stirring was continued overnight. The reaction mixture was
ltered and residue was washed repeatedly with methanol and
nally with acetone. It was dried in air and then at 50 �C for six
hours under vacuum. The resultant catalyst (Cell-CuI) was
characterised by XRD, HRTEM, SEM, ICP-AES, EDS, and FT-IR
techniques.

Representative procedure: synthesis of 1-benzyl-4-phenyl-1H-
1,2,3-triazole, 4aa

Benzyl bromide (1 mmol), sodium azide (1.1 mmol) and phenyl
acetylene (1 mmol) were placed in a round bottom ask. Water
(2 mL) and cellulose-CuI (0.1 gm) were added and the reaction
mixture was heated at 70 �C. Aer completion of the reaction
(TLC), the reaction mixture was ltered and the lter was
washed with ethyl acetate (4 � 10 mL). The organic extract was
washed with water, brine and dried over Na2SO4. The removal of
solvent under vacuum furnished corresponding 1,2,3-triazole,
which did not require further purication. The recovered cata-
lyst was washed with acetone, dried in air and reused.

Gram-scale synthesis of 1-benzyl-4-phenyl-1H-1,2,3-triazole,
4aa

Benzyl bromide (20 mmol), phenyl acetylene (20 mmol) and
sodium azide (22mmol) were placed in 100mL of round bottom
ask. Water (30 mL) and cellulose-CuI (2 gm) were added and
the reaction mixture was heated at 70 �C. Aer completion of
the reaction (TLC), the reactionmixture was ltered and washed
with ethyl acetate (4� 20 mL). The collected organic extract was
washed with water, brine and dried over Na2SO4. The solvent
This journal is © The Royal Society of Chemistry 2014
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was removed under vacuum to give corresponding 1-benzyl-4-
phenyl-1H-1,2,3-triazole, in excellent yield (96%) as well as
purity.

All the compounds were adequately characterised by phys-
ical as well as chemical methods. Spectral data of unknown
compounds is summarised below. For original spectra of
unknown compounds please see ESI.†

1-(4-Chlorobenzyl)-4-p-tolyl-1H-1,2,3-triazole, 4bb. Off-white
solid; M.P.: 140–143 �C; IR (neat): 2917, 2359, 1716, 1559,
1489, 1340, 1219, 1089, 1048, 848, 754, 723 cm�1; 1H NMR (300
MHZ, CDCl3): d 2.38 (s, 3H), 5.55 (s, 2H), 7.23 (d, 2H, J¼ 7.8 Hz),
7.27 (d, 2H, J ¼ 2.4 Hz), 7.35–7.38 (m, 2H), 7.38 (d, 2H, J ¼ 1.8
Hz), 7.64 (s, 1H), 7.70 (d, 2H, J ¼ 8.4 Hz);13C NMR (75.4 MHz,
CDCl3): d 21.27 (CH3), 53.47 (CH2), 119.09 (ArCH), 125.64
(ArCH), 127.48 (ArC), 129.36 (ArCH), 129.37(ArCH), 129.52
(ArCH), 133.22 (ArC), 134.84 (ArC), 138.19 (ArC), 148.36 (ArC);
HRMS: mass calculated for [C16H14ClN3]: 284.0955 [M + H]+ and
306.0774 [M + Na]+; obs. mass: 284.0949 [M + H]+ and 306.0768
[M + Na]+.

1-(4-Methoxybenzyl)-4-p-tolyl-1H-1,2,3-triazole, 4eb. Yellow-
brown solid; M.P. 132–135 �C; IR (neat): 3091, 2917, 1716,
1599, 1513, 1456, 1108, 1078, cm�1; 1H NMR (300 MHz, CDCl3):
d 2.37 (s, 3H), 3.82 (s, 3H), 5.51 (s, 2H), 6.93 (d, 2H, J ¼ 8.7 Hz),
7.21–7.29 (m, 4H), 7.60 (s, 1H),7.69 (d, 2H, J ¼ 8.1 Hz); 13C NMR
(75.4 MHz, CDCl3): d 21.27 (CH3), 53.79 (CH2), 55.35 (OCH3),
114.51 (ArCH), 118.97 (ArCH), 125.61 (ArCH), 126.65 (ArC),
127.69 (ArC), 129.50 (ArCH), 129.68 (ArCH), 137.99 (ArC),
148.16(ArC), 159.95(ArC); HRMS: mass calculated for
[C17H17N3O]: 280.1450 [M + H]+ and 302.1269 [M + Na]+; obs.
mass: 280.1444 [M + H]+ and 302.1264 [M + Na]+.

1-(2-Chlorobenzyl)-4-p-tolyl-1H-1,2,3-triazole, 4. White
solid; M.P.: 115–118 �C; IR (neat): 2359, 1498, 1475, 1447, 1353,
1221, 1116, 1080, 1048, 836, 774, 752, 697 cm�1; 1H NMR (300
MHz, CDCl3): d 2.38 (S, 3H), 5.72 (s, 2H), 7.22 (s, 1H), 7.248 (s,
2H), 7.30–7,36 (m, 2H), 7.47 (m, 1H), 7.72 (d, 2H, J ¼ 8 Hz), 7.74
(s, 1H); 13C NMR (75.4 MHz, CDCl3): d 21.28(CH3), 51.41(CH2),
119.46 (ArCH), 125.64 (ArCH), 127.63(ArCH), 129.50 (ArCH),
129.91 (ArCH), 130.20(ArCH), 130.25 (ArCH), 132.61 (ArC),
133.42 (ArC), 138.08 (ArC), 148.23 (ArC); HRMS: mass calculated
for [C16H14ClN3]: 284.0955 [M + H]+ and 306.0774 [M + Na]+; obs.
mass: 284.0949 [M + H]+ and 306.0768 [M + Na]+.

2-(1-(4-Chlorobenzyl)-1H-1,2,3-triazol-4-yl) pyridine, 4bc.
Pale yellow solid; M.P.: 115–117 �C; IR (neat): 2917, 2848, 2342,
1716, 1683, 1594, 1540, 1430, 1344, 1228, 1079, 995, 783, 765,
740 cm�1; 1H NMR (300 MHz, CDCl3): d 5.58 (s, 2H), 7.25–7.39
(m, 5H), 7.80–7.86 (m, 1H), 8.17 (s, 1H), 8.22 (d, 1H, J ¼ 8.1 Hz),
8.56 (d, 1H, J ¼ 3.6 Hz); 13C NMR (75.4 MHz, CDCl3): d 3.67
(CH2), 120.61 (ArCH), 122.51 (ArCH), 123.12 (ArCH), 129.40
(ArCH), 129.60 (ArCH), 132.81 (ArC), 134.98 (ArC), 137.83
(ArCH), 147.89 (ArC), 148.85 (ArCH), 149.49 (ArC); HRMS: mass
calculated for [C14H11ClN4]: 271.0750 [M + H]+ and 293.0570 [M
+ Na]+; obs. mass: 271.0745 [M + H]+ and 293.0564 [M + Na]+.

2-(1-(2-Chlorobenzyl)-1H-1,2,3-triazol-4-yl) pyridine, 4fc. Pale
yellow solid; M.P.: 107–110 �C; IR (neat): 3160, 3050, 1716, 1680,
1604, 1434, 1355, 1226, 1193, 1088, 1072, 994 cm�1; 1H NMR
(300 MHz, CDCl3): d 5.73 (s, 2H), 7.21–7.35 (m, 4H), 7.44 (d, 1H,
J¼ 7.5 Hz), 7.76–7.82 (m, 1H), 8.19 (s, 1H), 8.21 (m, 1H), 8.56 (m,
This journal is © The Royal Society of Chemistry 2014
1H); 13C NMR (75.4 MHz, CDCl3): d 51.65 (CH2), 120.43 (ArCH),
122.42 (ArCH), 122.96 (ArCH), 127.61 (ArCH), 130.02 (ArCH),
130.38 (ArCH), 130.58 (ArCH), 132.15 (ArC), 133.77 (ArC), 137.29
(ArCH), 148.22 (ArC), 148.98 (ArCH), 149.95 (ArC); HRMS: mass
calculated for [C14H11ClN4]: 271.0750 [M + H]+ and 293.0570 [M
+ Na]+; obs. mass: 271.0745 [M + H]+ and 293.0564 [M + Na]+.

2-(1-(4-Nitrobenzyl)-1H-1,2,3-triazol-4-yl) pyridine, 4gc.
Yellow solid; M.P.: 156–159 �C; IR (neat): 2918, 2848, 2342, 1594,
1568, 1543, 1515, 1430, 1418, 1352, 1228, 1121, 1079, 995, 783
cm�1; 1H NMR (300 MHz, CDCl3): d 5.73 (s, 2H), 7.25–7.29 (m,
1H), 7.48 (d, 2H, J ¼ 8.4 Hz), 7.79–7.84 (m, 1H), 8.17 (s, 1H),
8.20–8.27 (m, 3H), 8.57 (d,1H J ¼ 4.8 Hz); 13C NMR (75.4 MHz,
CDCl3): d 53.35 (CH2), 120.62 (ArCH), 122.71 (ArCH), 123.29
(ArCH), 124.38 (ArCH), 128.78 (ArCH), 137.73 (ArCH), 141.35
(ArC), 148.18 (ArC), 148.73 (ArCH), 149.37 (ArC), 156.28(ArC);
HRMS: mass calculated for [C14H11N5O2]: 282.0991 [M + H]+ and
304.0810 [M + Na]+; obs. mass: 282.0986 [M + H]+ and 304.0805
[M + Na]+.

Ethyl 2-(4-(pyridin-2-yl)-1H-1 2 3-triazol-1-yl) acetate, 4hc.
Grey solid; M.P.: 117–120 �C; IR (neat): 3165, 3042, 2969, 2345,
1742, 1712, 1684, 1610, 1545, 1440, 1215 cm�1; 1H NMR (300
MHz, CDCl3): d 1.32 (t, 3H, J ¼ 7.2 Hz), 4.30 (q, 2H, J ¼ 7.2 Hz),
5.24 (s, 2H), 7.28–7.30 (d,1H, J ¼ 9 Hz), 7.81–7.87 (t, 1H, J ¼ 7.8
Hz), 8.23 (d, 1H, J¼ 7.8 Hz), 8.37 (s, 1H), 8.61 (d, 1H, J¼ 4.5 Hz);
13C NMR (75.4 MHz, CDCl3): d 14.07 (CH3), 51.08 (CH2), 62.57
(CH2), 120.42 (ArCH), 122.99 (ArCH), 123.51 (ArCH), 137.05
(ArCH), 148.69 (ArCH), 149.97 (ArC), 149.31 (ArC), 166 (C]O);
HRMS: mass calculated for [C11H12N4O2]: 233.1039 [M + H]+ and
255.0858 [M + Na]+; obs. mass: 233.1033 [M + H]+ and 255.0852
[M + Na]+.

4-((1-(4-Chlorobenzyl)-1H-1, 2, 3-triazol-4-yl) methoxy) benzal-
dehyde, 4bd. Off white solid; M.P.: 108–110 �C; IR (neat): 3100,
2918, 1675, 1601, 1572, 1507, 1457, 1160, 1112, 772, 756 cm�1;
1H NMR (300 MHz, CDCl3): d 5.28 (s, 2H), 5.53 (s, 2H), 7.09 (d,
2H, J ¼ 8.4 Hz), 7.24 (d, 2H, J ¼ 8.4 Hz), 7.36 (d, 2H, J ¼ 8.4 Hz),
7.59 (s, 1H), 7.83 (d, 2H, J ¼ 8.7 Hz), 9.89 (s, 1H); 13C NMR (75.4
MHz, CDCl3): d 53.58 (CH2), 62.14 (CH2), 115.07 (ArCH), 122.77
(ArCH), 129.41 (ArCH), 129.46 (ArCH), 130.40 (ArC), 131.99
(ArCH), 132.80 (ArC), 135.01 (ArC) 143.84 (ArC), 163.08 (ArC),
190.75 (CHO); HRMS: mass calculated for [C17H14ClN3O2]:
328.0853 [M + H]+; obs. mass: 328.0847 [M + H]+.

4-((1-(4-Fluorobenzyl)-1H-1 2 3-triazol-4-yl)methyl) benzal-
dehyde, 4cd. White solid; M.P.: 101–104 �C; IR (neat): 3129,
2844, 1683, 1603, 1540, 1457, 1231, 1222, 1131, 1110, 744 cm�1;
1H NMR (300 MHz, CDCl3): d 5.27 (s, 2H), 5.52 (s, 2H), 7.09 (d,
4H, J ¼ 7.8), 7.29 (s, 2H), 7.57 (s, 1H), 7.83 (d, 2H, J ¼ 8.1 Hz),
9.89 (s, 1H, CHO); 13C NMR (75.4 MHz, CDCl3): d 53.57 (CH2),
62.16 (CH2), 115.07 (ArCH), 116.07 (ArCH), 116.36 (ArCH),
122.70 (ArCH),129.99 (ArC), 130.10 (ArCH), 130.40 (ArC), 131.97
(ArC), 143.76 (ArC), 163.09 (ArC), 190.72 (CHO); HRMS: mass
calculated for [C17H14FN3O2]: 312.1148 [M + H]+ and 334.0968
[M + Na]+; obs. mass: 312.1143 [M + H]+ and 334.0962 [M + Na]+.

4-((1-(4-Methylbenzyl)-1H-1,2,3-triazol-4-yl)methyl) benzal-
dehyde, 4dd. Off white solid; M.P.: 118–122 �C; IR (neat): 3145,
3095, 2890, 1693, 1643, 1623, 1555, 1465, 1248, 1200, 745 cm�1;
1H NMR (300 MHz, CDCl3): d 2.36 (s, 3H), 5.26 (s, 2H), 5.50 (s,
2H), 7.09 (d, 2H, J ¼ 8.7 Hz), 7.20 (s, 4H), 7.55 (s, 1H), 7.83 (d,
RSC Adv., 2014, 4, 42137–42146 | 42143
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2H, J¼ 8.7 Hz), 9.88 (s, 1H); 13C NMR (75.4 MHz, CDCl3): d 21.16
(CH3) 54.15 (CH2), 62.18 (CH2), 115.08 (ArCH), 122.73 (ArCH),
128.22 (ArCH), 129.85 (ArCH), 130.33 (ArC), 131.25 (ArC), 131.98
(ArCH), 138.90 (ArC), 143.51 (ArC), 163.15 (ArC), 190.78 (CHO);
HRMS: mass calculated for [C18H17N3O2]: 308.1399 [M + H]+ and
330.1218 [M + Na]+; obs. mass: 308.1394 [M + H]+ and 330.1213
[M + Na]+.

4-((1-(4-Nitrobenzyl)-1H-1,2,3-triazol-4-yl) methoxy) benzal-
dehyde, 4gd. Yellow solid; M.P.: 128–132 �C; IR (neat): 2917,
2849, 1703, 1684, 1653, 1600, 1540, 1472, 1457, 1345, 1128,
1108, 755 cm�1; 1H NMR (300 MHz, CDCl3): d 5.30 (s, 2H), 5.69
(s, 2H), 7.10 (d, 2H, J ¼ 8.7 Hz), 7.43 (d, 2H, J ¼ 8.4 Hz), 7.68 (S,
1H), 7.84 (d, 2H, J¼ 8.7 Hz), 8.23 (d, 2H, J¼ 8.7 Hz), 9.89 (s, 1H);
13C NMR (75.4 MHz, CDCl3): d 53.26 (CH2), 62.08 (CH2), 115.04
(ArCH), 123.09 (ArCH), 124.37 (ArCH), 128.68 (ArCH), 130.46
(ArC), 132.01 (ArCH), 141.33 (ArC), 144.23 (ArC), 148.16 (ArC),
162. 99 (ArC), 190.74 (CHO); HRMS: mass calculated for
[C17H14N4O4]: 339.1093 [M + H]+ and 361.0913 [M + Na]+; obs.
mass: 339.1088 [M + H]+ and 361.0907 [M + Na]+.

2-((1-(4-Chlorobenzyl)-1H-1,2,3-triazol-4-yl) methyl)isoindoline-
1,3-dione, 4bf. White solid; M. P.: 174–176 �C; IR (neat): 2918,
2849, 1771, 1709, 1653, 1466, 1436, 1104, 777, 755, 711 cm�1; 1H
NMR (300MHz, CDCl3): d 4.99 (s, 2H), 5.46 (s, 2H), 7.21 (d, 2H, J¼
8.4 Hz), 7.35 (d, 2H, J¼ 8.4 Hz), 7.53 (s, 1H), 7.73 (m, 2H), 7.86 (m,
2H); 13C NMR (75.4 MHz, CDCl3): d 33.04 (CH2), 53.44 (CH2),
122.66 (ArCH), 123.47 (ArCH), 129.34 (ArCH), 129.44 (ArCH),
132.02 (ArC), 132.93 (ArC), 134.11 (ArCH), 134.85 (ArC), 143.35
(ArC), 167.64 (C]O); HRMS: mass calculated for [C18H13ClN4O2]:
353.0805 [M + H]+ and 375.0625 [M + Na]+; obs. mass: 353.0800 [M
+ H]+ and 375.0619 [M + Na]+.

2-((1-(4-Fluorobenzyl)-1H-1,2,3-triazol-4-yl) methyl)isoindoline-
1,3-dione, 4cf. Off white solid; M.P.: 143–146 �C; IR (neat): 3140,
2850, 1765, 1643, 1593, 1550, 1448, 1235, 1200, 1140, 750, 708
cm�1; 1H NMR (300 MHz, CDCl3): d 4.97 (s, 2H), 5.46 (s, 2H), 7.05
(t, 2H, J¼ 8.7 Hz), 7.26 (dd, 2H, J¼ 4.5 & 5.1 Hz), 7.52 (S, 1H), 7.72
(m, 2H), 7.85 (m, 2H); 13C NMR (75.4 MHz, CDCl3): d 33.04 (CH2),
53.43 (CH2), 115.97 (ArCH), 116.26 (ArCH), 122.61 (ArC), 123.44
(ArCH), 129.94 (ArCH), 130.05 (ArC), 130.29 (ArC),132.03 (ArC),
134.09 (ArCH), 167.63 (C]O); HRMS: mass calculated for
[C18H13FN4O2]: 337.1101 [M + H]+ and 359.0920 [M + Na]+; obs.
mass: 337.1095 [M + H]+ and 359.0915 [M + Na]+.

2-((1-(4-Methylphenyl methyl)-1H-1,2,3-triazol-4-yl) methyl)-
isoindoline-1,3-dione, 4df. Yellow solid; M. P.: 164–166 �C; IR
(neat): 3123, 1771, 1713, 1613, 1462, 1425, 1131, 1115, 771, 708
cm�1; 1H NMR (300 MHz, CDCl3): d 2.35 (s, 3H), 4.97 (s, 2H),
5.44 (s, 2H), 7.17 (s, 4H), 7.49 (s, 1H), 7.72 (m, 2H), 7.85 (m, 2H);
13C NMR (75.4 MHz, CDCl3): d 21.15 (CH3), 33.08 (CH2), 54.01
(CH2), 122.53 (ArCH), 123.44 (ArCH), 128.16 (ArCH), 129.77
(ArCH), 131.39 (ArC), 132.05 (ArC), 134.06 (ArCH), 138.71 (ArC),
143.08 (Ar–C), 167.65 (C]O); HRMS: mass calculated for
[C19H16N4O2]: 333.1352 [M + H]+ and 355.1171 [M + Na] +; obs.
mass: 333.1346 [M + H]+ and 355.1165 [M + Na]+.

2-((1-(2-Chlorobenzyl)-1H-1 2 3-triazol-4-yl)methyl)isoindoline-
1,3-dione, 4ff. Pale yellow solid; M.P.: 145–148 �C; IR (neat): 3035,
2948, 1769, 1690, 1600, 1450, 1435, 1145, 1115, 765, 740 cm�1; 1H
NMR (300 MHz, CDCl3): d 4.99 (s, 2H), 5.63 (s, 2H), 7.15–7.44 (m,
4H), 7.62 (s, 1H), 7.72 (m, 2H), 7.85 (m, 2H); 13C NMR (75.4 MHz,
42144 | RSC Adv., 2014, 4, 42137–42146
CDCl3): d 33.43 (CH2), 51.37 (CH2), 122.99 (ArCH), 123.42 (ArCH)
127.57 (ArCH), 129.88 (ArCH), 130.18 (ArCH) 130.29 (ArCH),
131.98 (ArC), 132.48 (ArC), 133.48 (ArC), 134.04 (ArCH) 143.53
(ArC), 164.52 (C]O); HRMS: mass calculated for [C18H13ClN4O2]:
353.0805 [M +H]+ and 375.0625 [M +Na]+; obs. mass: 353.0800 [M
+ H]+ and 375.0619 [M + Na]+.
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