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Abstract 
A facile one-pot, three component reaction has been developed using aldehydes, nitroalkane and sodium azide with zinc 
oxide nanocatalyst for the synthesis of 4-aryl-NH-1,2,3-triazoles. ZnO nanoparticles with controlled size (15–25 nm) and 
morphology were prepared using a sonochemical strategy. Structural and morphological study revealed the growth of well 
crystalline particles along the c axis i.e. [0001] direction due to higher surface energy. The catalysis protocol used in this 
work offers an efficient and highly economical alternative to the existing methods since the reactions proceed smoothly in 
green solvent polyethyleneglycol (PEG) 400 under aerobic condition. The reaction has a broad substrate scope resulting in 
excellent yields of the desired products. The catalyst recovery part was tricky at the initial stages; however an alternative 
route was successfully introduced to recover the former and reused it for the next cycles of catalytic reaction with excellent 
retentivity in the catalytic activity. The observed high catalytic efficacy with no significant activity loss using recovered cata-
lyst is mainly due to the retention of morphology and crystal structure of ZnO nanoparticles after many catalytic reactions.
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1  Introduction

Over the past few decades, much attention has been paid on 
the development of novel methodologies to prepare active 
pharmacological agents that serve as new approaches to drug 
discovery. Multi-component reactions (MCRs) are of sig-
nificant importance for such discoveries over conventional 
linear type syntheses [1]. In such reactions, three or more 
reactants are taken in one pot to form a novel product which 
contains portions of individual reactants. Multi-component 
reaction strategy offers remarkable advantages such as 
operational simplicity, reduction in number of work-up steps 
thus reducing waste, considerably short reaction time, effi-
ciency and effectiveness in drug discovery research. Hence, 
design of new MCRs have acquired considerable interest 
as it may offer greater possibilities in synthetic processes 
by minimizing waste generation, time and effort. The first 
multicomponent reaction (MCR) was reported by Laurent 
and Gerhardt in 1838 [2]. Since then, many name reactions 
have been incorporated in MCRs such as Biginelli, Mannich, 
Grieco, Hantzsch, Tietze, Ugi, Robinson−Schopf etc. [3, 
4] including the synthesis of 1,2,3-triazoles [5, 6]. Follow-
ing historic studies in 2002 [7, 8], 1,2,3-triazole compounds 
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Scheme 1   Schematic diagram showing importance of NH triazole in 
various bioactive molecules
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have established a tremendous and widespread impact on 
the field of chemical science. Owing to their wide chemi-
cal versatility, triazoles show considerable importance in 
diverse disciplines ranging from organic synthesis and mate-
rial science to nanotechnology and drug discovery [9–11]. 
This class of compounds are of utmost importance in indus-
trial applications such as photo-stabilizers, agrochemicals, 
dyes, materials and corrosion inhibitors [12–14]. Moreover, 
1,2,3-triazoles possess a wide spectrum of medicinal proper-
ties such as herbicidal, anti-allergic, anti-bacterial and anti-
HIV properties [15–18]. Especially, 4-aryl-1,2,3-triazoles 
possess interesting medicinal values to treat various types of 
serious diseases such as cancer, Alzheimer’s disease, AIDS, 
etc. (Scheme 1) [19]. Researchers revealed that many drugs 
and natural products are composed of amide bonds. More 
than 25% of all drugs contain at least one amide bond. NH-
triazoles possess some of the unique properties that make 
them remarkable mimetics of amide bonds [20–26]. Hence, 
this class of heterocyclic compounds has been effectively 
utilized in drug discovery [27, 28].

Moreover, there has been an increasing awareness in the 
need of sustainable strategies for the maintenance of “green-
ness” in various synthetic organic pathways [29, 30]. The 
entire academic and scientific community has been focus-
sing on minimizing the use of volatile organic compounds 
(VOCs), hazardous reaction conditions and replace them by 
non-volatile, non-flammable and non-toxic greener alterna-
tive reaction medium. In this regard, the use of water, ionic 
liquids, supercritical fluids, glycerol, polyethylene glycol 
(PEG) etc. has become highly relevant in developing greener 
synthetic strategies [31–34]. The use of these environmen-
tally friendly solvents can have significant advantages such 
as increased reaction rate, easy isolation of products etc. 
PEGs have emerged as a new beneficial class of green sol-
vents because of their highly desirable properties such as 
non-toxic, non-volatile, chemically inert, commercially 
available and most importantly reusable [35–37]. All these 
factors encouraged us to switch our interest to use PEG as 
green reaction media and ZnO nanoparticles as non-toxic 
and highly stable catalyst.

ZnO is a commonly available metal oxide used since dec-
ades as an antibacterial, antioxidant [38], antiseptic [39], 
heterogeneous catalysts [40], in cancer cell treatment [41] 
and as semiconductor having wide band gap (3.37 eV) [42, 
43]. Nano-ZnO counterparts are used as effective alterna-
tives to many conventional catalysts [44] as they provide 
large surface area for reactivity, high stability under catalytic 
reaction condition and can be tuned to various morpholo-
gies like nanorods [45], nanowires [46], nanospheres [47], 
nanotetrapods [48, 49] by controlling various parameters 
such as reaction time, temperature, use of surface selective 
surfactants, surfactant to precursor ratio, reducing agent 
etc.[50]. Different synthetic processes also play a vital role 

towards the development of its morphology. Here, in this 
work we have employed ultrasonication as a greener route 
for the preparation of ZnO nanoparticles as it diminishes 
the use of harsh temperature and additional eco-unfriendly 
additives to obtain homogenously distributed and well crys-
talline nanoparticles. Ultrasonication is advantageous for 
nanoscale synthesis as it works on the principle of acoustic 
cavitations which involves the rise and fall of both tempera-
ture and pressure in short time width [51, 52]. For further 
control of the shape and size a non-ionic and low molecular 
weight polymer PEG-400, as capping agent was used. Fur-
thermore, we have developed a multi-component reaction 
strategy, which provides a simple and rapid access to a broad 
library of NH-triazoles with varied substitution patterns. Our 
protocol is highly effective for the synthesis of NH-triazoles 
using polyethylene glycol capped zinc oxide nanoparticles 
with > 98% yield.

2 � Experimental Section

2.1 � Chemicals

Zinc acetate (Zn(OAc)2·2H2O, 98.5%, Finar), Polyethylene 
glycol-400 (PEG-400, Merck), absolute ethanol(Ethanol, 
96%, Sigma Aldrich), Sodium Hydroxide (NaOH, 97%, 
Qualigens), Nitromethane (CH3NO2, 98%, TCI), Nitroeth-
ane (C2H5NO2, 98%, Spectrochem), Sodium Azide (NaN3, 
99%, Spectrochem) and all aldehydes (Spectrochem with 
98% purity) were purchased and used without any further 
purification. The products were purified by column chroma-
tography (120–200 mesh) over silica gel. Thin-layer chroma-
tography was carried out using silica gel 60F254 plates and 
visualization was carried out with UV light.

2.2 � Synthesis of ZnO Nanoparticles

A simple sonochemical technique was developed to syn-
thesize purely crystalline ZnO nanoparticles with the help 
of Zn(OAc)2·2H2O as zinc precursor and PEG-400 as cap-
ping agent. In a typical synthesis procedure Zn(OAc)2·2H2O 
(1 mmol) was dissolved in 1:1 (20 mL) ethanol and deion-
ised water, under stirring condition. On complete dissolu-
tion, 2 mL PEG-400 was added followed by drop wise addi-
tion of 0.4 N NaOH (5 mL) until complete precipitation. The 
resultant solution was then covered and placed in a sonica-
tor under ultrasonic irradiation for 90 min. The as-obtained 
product formed due to acoustic cavitation was then centri-
fuged and washed with water and ethanol for three times to 
remove excess surfactants or any other soluble products. A 
part of the sample was air dried at 60 °C for 5 h and the other 
part was dispersed in acetone for further characterization.
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2.3 � General Procedure for the Synthesis 
of NH‑1,2,3‑Triazoles

The mixture of correseponding benzaldehyde (1 mmol), 
nitroalkane (2 mmol), NaN3 (3 mmol), PEG capped ZnO 
nano catalyst (5 mg) were stirred at 100 °C in 3 mL PEG-
400 solvent under air. The progress of the reaction was mon-
itored by TLC. After completion of the reaction, the reaction 
mixture was cooled to room temperature and extracted with 
ethyl acetate (3 × 10 mL). The combined organic layer was 
dried over anhydrous Na2SO4. The filtrate was concentrated 
under reduced pressure. The final product was purified by 
column chromatography over silica gel using hexane/ethyl 
acetate mixture. The products were characterized by NMR 
and mass spectroscopy.

2.4 � Instrument Details

Powder X-ray diffraction (XRD) Measurements were per-
formed with a Bruker D8 discover X-ray diffractometer 
employing monochromatized Cu K alpha radiation (l¼ 
1.54056°A) at 298 K.

Transmission electron microscopy (TEM). Low reso-
lution transmission electron microscopy (TEM) images, 
phase-contrast high-resolution TEM (HRTEM) images and 
selected area electron diffraction (SAED) measurements 
were performed with a Philips Technai G230 transmission 
electron microscope operating at an accelerating voltage of 
200 kV.

Field emission scanning electron microscopy (FESEM). 
FESEM measurements were done on a FEI Quanta 200F 
equipped with Oxford-EDS system IE 250 X Max 80.

Thermogravimetric analysis (TG-DTA) The thermogravi-
metric analysis (TG–DTA) was performed in a Perkin Elmer 
STA 8000 instrument. The heating rate was 20 °C/min for 
the temperature range 0 °C to 1300 °C in a platinum pan.

Fourier transform infrared spectroscopy (FT-IR) A Per-
kin Elmer FT-IR 2000 spectrophotometer was used to record 
the FT-IR spectra (4000–400 cm−1).

Nuclear magnetic resonance (NMR) 1H and 13C NMR 
spectra were recorded at 500 MHz and 125 MHz respec-
tively, using a Bruker Ascend 500 MHz spectrophotometer.

3 � Results and Discussion

3.1 � Structural Purity and Morphology Study of ZnO 
Nanoparticles

The composition, phase purity and interference, if any, of 
the polymer on crystal planes of the synthesized ZnO-PEG 
were investigated by powder XRD. The XRD pattern of 
as synthesized ZnO nanoparticles in Fig. 1 shows peaks at 

2θ = 31.70, 34.37, 36.21, 47.41, 56.54, 62.89, 67.86, 69.02, 
76.99 corresponding to (100), (002), (101), (102), (110), 
(103), (200), (112), (201), (202) planes, respectively. These 
peaks are in complete agreement with the bulk XRD pattern 
of hexagonal wurtzite crystal structure of ZnO (space group: 
P63mc, a = b = 3.2494; c = 5.2038, JCPDS Card No. 005-
0664) and no impurity peak for metallic zinc and Zn(OH)2 
were observed. As there were no measurable shift observed 
in the peak positions between the experimental and bulk 
XRD patterns, this ruled out the possibility of any additional 
strain in the pure phase of as-synthesized ZnO nanoparticles. 
Both as-synthesized PEG-ZnO and the bulk ZnO do not have 
much difference in the peak intensity ratio as obtained from 
the XRD spectrum which leads to conclusion that there is no 
PEG interference on the crystal planes of ZnO but is actually 
adsorbed on the surface of the crystal. However, the distinct 
peak broadening in the experimental pattern (see Fig. 1) 
indicates the smaller grain boundaries of the as-synthesized 
particles. The crystallite size of PEG-ZnO was calculated 
to be 13 nm from the XRD pattern using Scherer formula.

It is clearly seen from the low magnification TEM images 
shown in Fig. 2a that the as-prepared ZnO nanoparticles 
have small plate/sheet type of architecture whose sizes are 
in the range of 15‒25 nm. When focused an individual nan-
oparticle under HRTEM it reveals clear lattice fringes of 
{002} facets of hexagonal wurtzite type structure with inter-
planar d-spacing of 0.53 nm (Fig. 2b). After nucleation the 
initial crystal growth along the c-axis i.e., [0001] direction 
of ZnO nanocrystals as shown in Fig. 2b (also see Fig. 2e for 
wurtzite type ZnO structure) are attributed to the high sur-
face energy and polar nature of {0001} facets. The growth 
was further restricted probably due to the use of surfactant 

Fig. 1   Powder XRD pattern of (i) bulk ZnO and (ii) as-synthesized 
ZnO nanoparticles
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PEG-400 and the final architecture thus obtained was kineti-
cally favoured one. As evidenced from the FT-IR and ther-
mal studies there were strong adsorption of PEG-400 on the 
surface of ZnO nanoparticles which do not exit up to 200 °C 
(see Figure S1). The peak at 543 cm−1 is the characteristic 
peak for Zn–O and the broad peak at 3416 cm−1 corresponds 
to hydroxyl group due to the PEG adsorption on ZnO. In 
addition to it the peaks at 2879 cm−1 (C–H stretching vibra-
tion), 1569 cm−1, 1505 cm−1 and 1395 cm−1 (C–H bending 
vibration) revealed the presence of PEG.

Furthermore, the phase-contrast HRTEM image show-
ing clear lattice fringes indicates the absence of any dis-
locations and stacking faults and the nature of particles 
are single crystalline. The two Dimensional Fast-Fourier 
Transform (2D-FFT) was generated from the selected sec-
tion of as-synthesized ZnO crystal seen in panel ‘b’ and is 
shown in Fig. 2c, where exposure of highly energetic (002) 
planes can be unambiguously identified. The corresponding 
selected area electron diffraction (SAED) image as depicted 
in Fig. 2d showing spotty rings clearly revealed their pure 

Fig. 2   a Low magnification 
TEM image of the as-synthe-
sized PEG capped ZnO nano-
particles. b HRTEM image of 
one ZnO particle showing (002) 
exposed planes along c-axis. c 
Corresponding 2D‒FFT image 
calculated from the selected 
area of HRTEM image in (b). 
d Corresponding SAED pattern 
clearly showing predominant 
crystal planes of ZnO wurtzite 
structure. e A pictorial repre-
sentation of hexagonal wurtzite 
structure. f Average particle size 
distribution histogram

Fig. 3   a FESEM image of the 
as-synthesized PEG capped 
ZnO nanoparticles. b Repre-
sentative SEM–EDS spectrum 
of the as-synthesized ZnO nano-
particles from different areas. 
SEM elemental mapping for 
stoichiometric characterization. 
c ZnO crystals showing both 
elements, d Zn and e O elemen-
tal maps showing distribution of 
both the elements in the sample 
from Zn L edge and O K edge 
respectively
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crystalline nature of as-synthesized ZnO nanoparticles. Vari-
ous crystallographic planes viz., (100), (002), (101), (102), 
(110), (103), and (112) of hexagonal wurtzite structure were 
clearly indexed in this SAED pattern. Finally a narrow size 
distribution of 15‒25 nm was obtained (as shown in Fig. 2f), 
from the size distribution histogram calculated for a large 
number of particles.

The surface topography along with the distribution of 
elements within the as-synthesized ZnO nanocrystals and 
the composition of the sample were investigated using high 
resolution field emission SEM (FESEM) and the results are 
shown in Fig. 3. FESEM image in Fig. 3a shows an unclear 
shape of ZnO nanoparticles with particle sizes ranging from 
15 to 30 nm which is almost near to the particle size cal-
culated from Scherrer formula (from corresponding XRD 
pattern) and consistent with HRTEM analysis. Elemental 
analysis via the Energy Dispersive X-ray Spectroscopy 
(EDS) under SEM-EDS mode revealed that there was no 
such compositional variation and the as-synthesized nano-
particles mainly consist of Zn and O with elemental ratio 
(Zn:O) of 1:1 (Fig. 3b). The appearance of gold (Au) peak 
in the spectra is due to gold coating of the sample during 
sample preparation. EDS technique was further applied via 
elemental mapping mode to confirm the uniform distribu-
tion of Zn and O among the hexagonal wurtzite structure 
of ZnO nanocrystals. Figure 3c showing both elements of 
ZnO crystals and Fig. 3d, e showing individual Zn and O 
element respectively are the clear evidences of homogene-
ous or symmetric distribution of constituent elements within 
the crystals.

Later on a potential mechanism of ZnO-PEG nano-
particle construction has been proposed in Scheme  2. 
Zn(OAc)2·2H2O was ionised in ethanol and distilled water 
followed by precipitation with NaOH in presence of PEG-
400. Drop wise addition of NaOH not only helps in the 
nucleation process but also restrict the growth of ZnO par-
ticles mainly along the [0001] direction as OH− ions prefer-
entially bind on {0001} surfaces. The polymer is adsorbed 
on the surface of the precipitate, which acts as a barrier and 
does not allow other particles to grow on it. The overall 
effect finally gives rise to very small sizes of (15-25 nm) 
irregular nanoplates/broken nanosheets type of architec-
ture. Since PEG-400 is soluble in water and wide variety of 

organic solvents, its presence makes the ZnO-PEG nanopar-
ticles versatile in catalytic study.

3.2 � Catalytic Study

We began to investigate the optimal parameters for the 
synthesis of NH-triazoles using 4-bromo-benzaldehyde, 
nitromethane and sodium azide as the model substrates 
under different reaction conditions. In our initial screening, 
we explored the most effective solvent and temperature con-
dition for synthesis of NH-triazoles. A wide array of solvents 
including both organic and aqueous medium were examined 
(Table 1, entry 1–14). Interestingly, it was noticed that there 
is a significant variation in the yield of the desired products 
in each case. It can be seen from Table 1 that the best results 
were obtained when PEG-400 was used as solvent at 100° 
C (Table 1, entry 10). The reaction was also carried out 
in water but very low yield of the product was observed 
(Table 1, entry 1). Subsequently, a range of solvents such 
as Dichloromethane (DCM), Dimethylformamide (DMF), 
Dimethylsulphoxide (DMSO), ethylene glycol and toluene 
were investigated but inferior yields of NH-triazoles were 
obtained (Table 1, entry 2–6). Further, in order to optimise 
the temperature, the cycloaddition reaction of 4-bromo-ben-
zaldehyde, nitromethane and sodium azide was performed in 
PEG-400 solvent at 80 °C. Notably, the yield of the product 
went down at this temperature (Table 1, entry 11). Moreover, 
only a trace amount of desired product was obtained when 
the reaction was performed at room temperature (Table 1, 
entry 12). It was worth noting, decreasing the stoichiometry 
of nitromethane (2 to 1.5 eq.) as well as sodium azide (3 to 
2 eq.) affects reactivity and deliver the product in inferior 
yield (Table 1, entries 13, 14).  

Intrigued by the exceptional reactivity of the newly syn-
thesized catalyst, the effect of the ZnO catalyst amount was 
studied (Table 2, entries 1–7). From Table 2, it can be seen 
that excellent yield of the desired product was obtained 
within 2 h with 20 mg of catalyst (Table 2, entry 1). Decreas-
ing the catalyst loading to 15 mg and 10 mg also afforded the 
desired NH-triazole in 2 h with magnificent yield (Table 2, 
entries 2, 3). With 5 mg of the catalyst, the reaction gave 
98% yield in just 3 h (Table 2, entries 4, 7). However, a fur-
ther decrease of catalyst loading resulted in decrease in yield 

Scheme 2   Schematic diagram 
showing the formation of PEG 
capped ZnO nanoparticles 
under the reaction condition
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Table 1   Optimization of reaction conditions 

CHO

Br

CH3NO2 NaN3

Br

NH
NN

catalyst, 100°C
solvent

Reaction conditions: 4-bromobenzaldehyde (1 mmol), nitromethane (2 mmol), NaN3 (3 mmol), and catalyst (5 mg), solvent (3 mL), in air
a Isolated yield
b Reaction was carried out with 1.5 eq. of nitromethane
c Reaction was carried out with 2 eq. of NaN3

Entry Solvent Temperature Time (h) Yielda (%)

1 H2O 100 °C 3 52
2 DCM 100 °C 3 75
3 DMF 100 °C 3 82
4 DMSO 100 °C 3 70
5 EG 100 °C 3 83
6 Toluene 100 °C 3 65
7 EG:H2O 100 °C 3 79
8 DMF:H2O 100 °C 3 75
9 DMSO:H2O 100 °C 3 78
10 PEG-400 100 °C 3 98
11 PEG-400 80 °C 3 76
12 PEG-400 RT 24 Trace
13b PEG-400 100 °C 3 86
14c PEG-400 100 °C 3 72

Table 2   Optimization of catalyst loading in the synthesis of 4-aryl-NH-1,2,3-triazoles 

CHO

Br

CH3NO2 NaN3

Br

NH
NN

catalyst, 100°C
PEG 400

Reaction conditions: 4-bromobenzaldehyde (1 mmol), nitromethane (2 mmol), NaN3 (3 mmol), catalyst, solvent (PEG-400) (3 mL), in air
a Isolated yield

Entry Catalyst (mg) Time (h) Yielda (%)

1 20 2 98
2 15 2 98
3 10 2 98
4 5 3 98
5 2 4 70
6 - 3 25
7 5 2 84

1 68
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Table 3   Substrate scope for synthesis of 4-aryl-NH-1,2,3-triazoles 

Entry Aldehyde Nitro alkane Product Time (h) Yieldb(%)

1

CHO

Br

CH
3
NO

2

Br

NH
NN

3 98

2

CHO

F

CH
3
NO

2

F

NH
NN

2 96

3

CHO

Cl

CH
3
NO

2

Cl

NH
NN

3 95

4

CHO

CN

CH
3
NO

2

NC

NH
NN

3 90

5

CHO
Cl

CH
3
NO

2

NH
NN

Cl

3 90

6

CHO
Br

CH
3
NO

2

NH
NN

Br
3 95

7

CHO
F

CH
3
NO

2

NH
NN

F

3 90

Ar-CHO+ RCH2NO2 + NaN3

catalyst, 100 °C

PEG-400 At
R

NH
NN
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Table 3   (continued)

10

CHO

F
CH

3
NO

2

NH
NN

F

3 86

11

S
CHO

CH
3
NO

2

S

NH
NN

4 80

12

O
CHO

CH
3
NO

2

O

NH
NN

4 77

13

CHO

Br

CH
3
CH

2
NO

2

Br

NH
NN

4 78

14

CHO

CH
3
CH

2
NO

2

NH
NN

4 73

15

CHO

Cl

CH
3
CH

2
NO

2

Cl

NH
NN

4 71

16

CHO
F

CH
3
CH

2
NO

2

NH
NN

F

3 86

8

CHO

Cl Cl

CH
3
NO

2

Cl Cl

NH
N

N
2 98

9

OH
CHO

CH
3
NO

2

NH
NN

OH

3 84

Reaction conditions: aromatic aldehydes (1 mmol), nitroalkanes (2mmol), NaN3 (3 mmol), catalyst (5 mg), PEG-400 (3 mL), 100 °C, in air
a Isolated yields
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of the desired triazole along with increased reaction time 
(Table 2, entry 5). It is noteworthy to mention that when 
the reaction was carried out in the absence of the catalyst 
keeping other reaction parameters intact result obtained is 
quite unsatisfactory which enunciate the indispensability of 
the catalyst in order to obtain desired triazole in requisite 
time and yield. After exploring a wide spectrum of reaction 
conditions, 5 mg of ZnO-PEG catalyst in PEG-400 solvent 
was chosen as the optimised condition throughout this work. 

Having established the optimized reaction conditions, a 
series of aldehydes were explored to investigate the sub-
strate scope as summarised in Table 3 (entries 1–16). To 
our delight, the one-pot reaction condition adopted here 
afforded good yields of the desired NH-triazoles irrespec-
tive of whether functional group on the aldehyde is electron-
withdrawing or electron-donating. In all cases, the ortho-, 
meta- and para-substituted aldehydes gave satisfactory yield 
of the corresponding products. Aromatic aldehydes bear-
ing electron withdrawing functional groups such as halo-
gen and cyanide displayed effective results with excellent 
yields of the NH-triazoles. Furthermore, salicylaldehyde 
and 2,4-dichlorobenzaldehyde also proceeded smoothly and 
afforded 84% and 98% yields respectively (Table 3, entries 
8,9). Further, we examined the effect of heterocyclic moie-
ties such as thiophen-2-aldehyde and furan-2-aldehyde for 
the synthesis of NH-triazoles. Heterocyclic compounds are 
of tremendous importance in the field of pharmaceutical sci-
ences [53]. Hence, development of milder methodologies for 
the synthesis of these compounds is still a demanding task 
in the field of chemistry. Interestingly, these heterocyclic 
moieties are quite congenial with this transformation reac-
tion (Table 3, entries 11, 12). In order to establish a broader 

range of triazoles, we extended our study to another nitro 
compound that is nitroethane under standard reaction condi-
tion. Apparently, the reactions proceeded smoothly deliver-
ing the corresponding triazole products (3, entries 13–16). 
The spectral data of the purified triazole products are 
included in the supporting information (see Figure S2–S20).

An important factor that determines the efficiency of a 
heterogeneous catalytic system is its reusability. This fac-
tor serves to be beneficial both from commercial as well as 
green chemistry point of view [54]. To check the reusability 
of the catalyst as well as the solvent, consecutive one-pot 
multi-component reaction was performed by using 4-bromo 
benzaldehyde, nitromethane and sodium azide with PEG 
capped ZnO nanocatalyst and PEG-400 as solvent. We were 
gratified to observe that the PEG capped ZnO nanoparticles/
PEG-400 system can be effectively re-used up to four cata-
lytic cycles without significant loss of activity. After initial 
set of experiment, the reaction mixture containing products 
were extracted with diethyl ether (3 × 10 mL) leaving behind 
the catalyst dispersed in the PEG-400 solvent. For the next 
cycle of reaction, same substrates (4-bromo-benzaldehyde, 
nitromethane and sodium azide) were added with same stoi-
chiometry without further addition of catalyst and solvent. 
The experimental results of consecutive four runs showed 
that the results were almost consistent in terms of yields and 
reaction rate up to 4th cycle, which confirmed the efficiency 
of the ZnO nano catalyst as well PEG-400 solvent system as 
recyclable catalytic system. The efficiency of reused catalyst 
is due to the unaltered morphology under the catalytic reac-
tion condition after many cycles (See Figure S21 for TEM 
images of recovered catalyst) (Table 4).

Table 4   Recyclability of the catalytic system 

CHO

Br

CH3NO2 NaN3

Br

NH
NN

catalyst, 100 °C
solvent

Reaction conditions: aromatic aldehydes (1 mmol), nitroalkanes (2 mmol), NaN3 (3 mmol), catalyst (5 mg), PEG 400 (3 mL), 100 °C, in air
a Isolated yield

Entry Run Time (h) Yielda 
(%)

1 1st 3 98
2 2nd 3 98
3 3rd 3 97
4 4th 3 93
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4 � Conclusion

Highly stable, pure hexagonal wurtzite structure of ZnO 
nanocrystals having plates/sheets type of architecture with 
sizes 15‒25 nm have been prepared from Zn(OAc)2·2H2O 
precursor in the presence of PEG-400 under ultrasonic irra-
diation. The as-synthesized nanoparticles were well char-
acterized for structural purity and morphology study. The 
as-synthesized ZnO nanocrystals catalysed one-pot, three 
component reaction described here provides an efficient, 
facile and step-economic method for the synthesis of 4-aryl-
NH-1,2,3-triazoles using aldehydes, nitroalkane and sodium 
azide in PEG 400 solvent. The reaction condition tolerated 
a wide array of electronically diverse substrates and also 
employed readily available cheap starting materials, thus 
providing a convenient approach for synthesis of these sub-
stituted NH-1,2,3-triazoles.
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