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Nickel oxide nanoparticles were prepared using nickel nitrate as precursor with extract of Tamarix serotina flowers and were
characterized using powder X-ray diffraction, infrared and UV spectroscopies, transmission electronmicroscopy, vibrating sample
magnetometry and BET surface area measurements. Also, the nickel oxide nanoparticles were used as a green and recyclable
nanocatalyst for the synthesis of quinoline derivatives. The products are obtained in good to high yields (60–90%) from a
one-pot reaction of 2-aminobenzophenone and various carbonyl compounds. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

In recent years, among various nanomaterials, nickel oxide nano-
particles have attracted increasing attention because of their use
in a variety of applications such as catalysis,[1] battery cathodes,[2,3]

gas sensors,[4] electrochromic films[5] and magnetic materials.[6,7]

They are also extensively used in dye-sensitized photocathodes.[8]

Also, because of the volume effect, the quantum size effect, the sur-
face effect and the macroscopic quantum tunnel effect, nanocrys-
talline NiO is expected to possess many improved properties
compared to micrometre-sized NiO particles. Therefore, nickel
oxide nanoparticles have attractedmuch attention as an inexpensive
and non-hazardous catalyst or an effective promoter that can en-
hance the reactivity and selectivity of various organic reactions.[9,10]

On a different note, the syntheses of quinolines have been of
considerable interest to chemists because their oxygen heterocy-
cles may contribute to potential anti-malarial, anti-bacterial,
anti-asthmatic, anti-hypertensive, anti-inflammatory, anti-platelet
and tyro kinase PDGF-RTK inhibiting properties.[11–17] For the syn-
thesis of quinolines, variousmethods have been reported including
the Skraup,[18] Conrad–Limpach–Knorr,[19,20] Pfitzinger,[21,22]

Friedländer[23,24] and Combes[25,26] methods. However, the
Friedländer condensation is still considered as a popular method
for the synthesis of quinoline derivatives.[27–31] In this method,
2-aminobenzophenone condenses with ketones or β-diketones to
yield quinolines. Nevertheless, the development of new synthetic
methods for the efficient preparation of heterocycles containing
quinoline fragments is therefore an interesting challenge.

In continuation of our work on the synthesis of efficient and
nontoxic nanocatalysts and their application in syntheses of biolog-
ically important compounds,[32–38] in the work reported here, we
synthesized nickel oxide nanoparticles using aqueous extract of
Tamarix serotina and evaluated their catalytic activity in the prepa-
ration of quinoline derivatives. Quinolines were produced in good
to high yields (60–90%) by treatment of 2-aminobenzophenone
with various carbonyl compounds (Scheme 1).

Results and discussion

Synthesis and characterization of nickel oxide nanoparticle
catalyst

Due to the reasonable needs for clean and green recovery of the
heterogeneous catalyst, we synthesized nickel oxide nanoparticles
using aqueous extract of T. serotina. The aqueous extract was pre-
pared using dried flowers in deionized water as precursor. For the
formation of nickel oxide nanoparticles, nickel nitrate hexahydrate
in deionized water was reacted with aqueous extract of T. serotina
by heating at 115 °C for 1.5 h in an oil bath. The resulting compound
was dried and was calcined at 400 °C for 1 h (Scheme 2). Various
approaches such as transmission electron microscopy (TEM), infra-
red (IR) and UV spectroscopies, vibrating sample magnetometry
(VSM), powder X-ray diffraction (XRD) and BET surface area mea-
surements were used to characterize the precursors and NiO
nanoparticles.

TEM analysis of NiO nanoparticles

TEM analysis of the products (Fig. 1) provides information on the
size and morphology of the NiO nanoparticles and their status of
agglomeration. The results show the average product size of NiO
nanoparticles as 10 and 14 nm (Fig. 2) similar to the results from
XRD patterns. The uniform NiO particles have spherical shapes with
weak agglomeration. According to the TEM image, it can be
concluded that this preparation method for the precursor
obtained by homogeneous precipitation had successfully over-
come the problem of agglomeration and the calcination condition
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(400 °C for 1 h) was appropriate for obtaining the NiO nanoparticles
of small crystalline size.

XRD analysis of NiO nanoparticles

The XRD pattern of NiO nanoparticles was obtained. As shown in
Fig. 3, the XRD pattern of NiO nanoparticles indicates a crystallized
structure with peaks at 2θ = 37.10°, 43.30°, 62.88°, 75.55° and 79.30°
and their lattice parameters are quite consistent with those of
JCPDS card no. 04–0835 for the standard spectrum of pure NiO.
The results indicate that the products were nano-NiO crystals of cu-
bic structure; they have a high purity and small particle size with a
fine crystal phase. The size of these particles could be estimated
using the Debye–Scherrer equation (D=0.89λ/β cos θ, where D is
the average particle size, β is the full width at half-height of the
peaks, λ is the X-ray wavelength and θ is the diffraction angle of
the peak), from which the mean particle size of the as-synthesized
products is calculated at about 5.29–8.31 nm.

IR spectral analysis of NiO nanoparticles

The IR spectra from 4000 to 600 cm�1 for Ni(OH)2 and NiO powders
as a function of heat treatment temperature were obtained, and
the results are shown in Fig. 4. The broad absorption peak at
3450 cm�1 belongs to OH stretching vibrations. The peak located
at 1628 cm�1 is attributed to the bending mode (H–O–H) of water
molecules. According to the IR spectrum of Ni(OH)2, the vibration
bands at 2395, 1762 and 812 cm�1 are due to NaNO3 as a by-
product of the reaction. The intense and sharp band at
1430 cm�1 is characteristic of interlayer NO3

�. The small band at
about 698 cm�1 is ascribed to the Ni–O–H vibration. The absence

Scheme 1. Green synthesis of quinolines catalysed by nickel oxide
nanoparticles.

Scheme 2. Biosynthesis of nickel oxide nanoparticles.

Figure 1. TEM images of (a) NiO nanoparticles and (b) NiO nanoparticles
reused after five runs.

Figure 2. Particle size distribution of NiO nanoparticles.
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of a band at 698 cm�1 in the spectrum of NiO indicates the loss of
hydroxyl group of Ni(OH)2. The obtained peak at 510 cm�1 is
caused by the Ni–O vibration.

UV spectral analysis of NiO nanoparticles

UV–visible spectra of NiNO3, Ni(OH)2 and NiO nanoparticles are
shown in Fig. 5. In to the UV spectrum of NiNO3, the absorption
peak at 350–450 nm is due to water in the structure of NiNO3�6H2O.
This absorption peak is absent in the UV–visible spectra of Ni(OH)2
and NiO. A strong absorption peak at 296 nm is observed, attribut-
able to the n to π* transition of Ni–O bonds.

BET analysis of NiO nanoparticles

The BET surface area and the pore size distribution of the calcined
nanopowders were determined with a BET surface area analyser
using nitrogen as the adsorptive gas. The specific surface area of
the nano-NiO products calculated using the BET method is

126.16 m2 g�1. The much higher external surface area of the NiO
nanoparticles is most likely attributed to their smaller particle size.
The BET specific surface areas were obtained from the isotherms
(Fig. 6) for the specimens and the resulting pore size distribution
curves are shown in Fig. 7. According to the results, the pore size
of nano-NiO products calculated from the BJH curve is 13 nmwhich

Figure 3. XRD pattern of NiO nanoparticles.

Figure 4. IR spectra of Ni(OH)2 (bottom) and NiO nanoparticles (top).

Figure 5. UV–visible spectra of NiNO3, Ni(OH)2 and NiO nanoparticles.

Figure 7. BJH spectrum of NiO nanoparticles.

Figure 6. BET isotherm of NiO nanoparticles.
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is obtained by substituting the XRD results in the Debye–Scherrer
formula.

VSM analysis of NiO nanoparticles

The magnetic properties of the sample containing a magnetite
component were studied using VSM at 300 K (Fig. 8). Figure 8
shows the absence of hysteresis phenomenon and indicates that
the product has superparamagnetism at room temperature. The
saturation magnetization for nano-NiO particles is 353 emu g�1.

Evaluation of catalytic activity of NiO nanoparticles for syn-
thesis of quinolines

As we know, the much higher external surface areas of the nano-
NiO products indicate the possibility of their application as an effi-
cient catalytic material. In order to show the merit of the synthe-
sized nanocatalyst in organic reactions, the NiO nanoparticles
were used for the synthesis of quinolines by treatment of
2-aminobenzophenone and carbonyl compounds. In order to eval-
uate the catalytic efficiency of the NiO nanoparticles and to deter-
mine the most appropriate reaction conditions; initially a model
study was carried out of the synthesis of quinoline by the conden-
sation of 2-aminobenzophenone and acetylacetone under a variety
of reaction conditions. In a preliminary experiment, this reaction
was carried out in various solvents, with NiO nanoparticles
(0.004 g) as a catalyst. The reaction can be carried out in various sol-
vents and gives product in low yield (Fig. 9). It is very surprising that
the reaction proceeds in excellent yields (86%) in ethylene glycol as
solvent. To determine the effect of the amount of solvent on the
synthesis of quinoline, we changed the amount of ethylene glycol.

The results are summarized in Fig. 10 showing that 0.1 ml of
ethylene glycol is the optimum amount of solvent.

To further optimize the reaction conditions, we also changed the
temperature and the amount of catalyst. The results are summa-
rized in Figs 11 and 12. The reaction proceeds perfectly at high
temperature, but the yields decrease when the reaction is carried
out at low temperature. Consequently, among the tested tem-
perature and the amount of catalyst, the condensation of
2-aminobenzophenone and acetylacetone is best catalysed by
0.004 g of NiO nanoparticles at 100 °C in 0.1 ml of ethylene glycol
as solvent.

To evaluate catalytic activity of the NiO nanoparticles, the model
reaction was carried out in ethylene glycol at 100 °C for 2.5 h in the
presence of each of various catalytic systems (0.004 g). The results
are shown in Fig. 13. As is evident from the results, NiO nanoparti-
cles are the most effective catalyst in terms of yield of quinolines

Figure 8. VSM pattern of NiO nanoparticles.

Figure 9. Effect of solvent on synthesis of quinoline.

Figure 10. Effect of amount of solvent on synthesis of quinolines.

Figure 11. Effect of temperature on synthesis of quinolines.

Figure 12. Effect of amount of catalyst on synthesis of quinolines.
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(90%) while the other catalysts lead to product in yields of 5–60%.
Control experiments indicate that in the absence of the catalyst,
the reaction under the same condition gives quinoline in a rather
low yield of 5%.

To establish the generality and applicability of this method,
2-amino-5-chlorobenzophenone/2-aminobenzophenone and car-
bonyl compounds were subjected to the same reaction conditions
to furnish the corresponding quinolines (Table 1). Not only diketones
(Table 1, entries 1–4) but also ketones (Table 1, entries 5–10) afford
the desired products in good to excellent yields (60–90%) in short
reaction time (1–3.5 h). Also, the reaction time of 2-amino-5-
chlorobenzophenone and dicarbonyl compounds is longer than that
of 2-aminobenzophenone. The reaction of cyclic diketones takes
place faster than that of open-chain analogues. These reactions also
proceed with ketone derivatives (Table 1, entries 5–8 and 12). In
these cases the reaction times are longer. Thismay be due to the less
activity of ketone derivatives than dicarbonyl compounds.

In Table 2, the efficiency of our method for the synthesis of quino-
lines is compared with some other published works. Each of these
methods have their own advantages, but they often suffer from some
troubles including the use of organic solvent, long reaction time (en-
tries 3–9) and employ of non-recyclable catalyst (entries 6, 7 and 10).

At the end of the reaction, the catalyst could be recovered by cen-
trifugation. The recycled catalyst was washed with dichloromethane
and subjected to another reaction process. The results show that
the yield of product after four runs is only slightly reduced (Fig. 14).

A reasonable pathway for the reaction of 2-aminobenzophenone
with carbonyl compounds conducted in the presence of nano-NiO
is presented in Scheme 3. The first step involves the formation of ac-
tivated benzophenone by nano-NiO followed by its reaction with car-
bonyl compound that subsequently undergoes elimination reaction
to produce the compound intermediate. The intermediate undergoes
further elimination reaction to afford the heterocycle of quinoline.

Experimental

General methods

Quinoline derivatives were purchased from Merck Chemical Com-
pany. Purity determination of the products was accomplished using
TLC with silica gel Polygram SILG/UV 254 plates. Melting points
were measured with an Electro Thermal 9100 apparatus. IR spectra
were obtained with a PerkinElmer 781 spectrometer in KBr pellets
and reported in cm�1. 1H NMR and 13C NMR spectra were mea-
sured with a Bruker DPX-250 Avance instrument at 250 and
62.9 MHz in CDCl3 or DMSO-d6 with chemical shifts given in ppm
relative to tetramethylsilane as internal standard. The morphology
of the products was determined using a CMPhilips10model TEM in-
strument at an accelerating voltage of 100 kV. Powder XRDwas per-
formed using a Bruker D8-Advance X-ray diffractometer with Cu Kα
(λ = 0.154 nm) radiation.

Figure 13. One-pot synthesis of quinoline in the presence of various
catalytic systems.

Table 1. Synthesis of quinolinesa

Entry Substrate 1 Substrate 2 Time (h) Yield (%)b M.p. (°C)

1 2-Aminobenzophenone 1,3-Cyclohexadione 2 85 155–156a

2 5-Chloro-2-aminobenzophenone 1,3-Cyclohexadione 1 90 184b

3 2-Aminobenzophenone Dimedone 3 75 192–194a

4 5-Chloro-2-aminobenzophenone Dimedone 1 80 207–209a

5 2-Aminobenzophenone Cyclohexanone 2 80 153–154a

6 5-Chloro-2-aminobenzophenone Cyclohexanone 3 70 164–166a

7 2-Aminobenzophenone Cyclopentanone 2 80 130–131a

8 5-Chloro-2-aminobenzophenone Cyclopentanone 3 60 106–108a

9 2-Aminobenzophenone Acetylacetone 2.5 90 110–112a

10 2-Aminobenzophenone Methyl acetoacetate 2 80 99–100a

11 5-Chloro-2-aminobenzophenone Ethyl acetoacetate 2 70 269–272c

12 2-Aminobenzophenone 4-Chloroacetophenone 3.5 70 103–105d

Biosynthesis and application of NiO nanoparticles
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Plant collection and extraction

Tamarix serotina flowers were collected in July 2014 from South
Khorasan province, Iran. The AP and R of these plants were sepa-
rated, washed, shade-dried in air and ground in a mixer. Plant pow-
der (10 g) was added to 100ml of water and themixture was stirred
for 5 min at boiling temperature and filtered to obtain a clear
extract.

Synthesis of NiO nanoparticles

Nickel nitrate hexahydrate (2.63 g) was accurately weighed and dis-
solved into 40 ml of deionized water and placed under ultrasonic
treatment. Ni(NO3)2�6H2O solution (30 ml) was mixed with 30 ml
of the obtained biological extract and the two solutions weremixed
in a beaker and stirred with a magnetic stirrer at room temperature
until a homogeneous solution was obtained. Thereafter, the mix-
ture was transferred into a round-bottom flask, sealed and main-
tained heating at 115 °C for 1.5 h in an oil bath. In this process, a

kind of light green sediment was formed. After the reaction was
completed, the precipitated powders were filtered and washed
with deionized water to neutral to remove the adsorbed ions and
chemicals so as to reduce the potential for agglomeration. After
being dried in an oven at 90 °C for 6 h, the precursor was calcined
in a muffle furnace at 400 °C for 1 h to afford the products with a
dark colour (NiO nanoparticles).

General procedure for preparation of quinoline derivatives

To a mixture of carbonyl compounds (1.0 mmol), 2-amino-5-
chlorobenzophenone or 2-aminobenzophenone (1.0 mmol) and
ethylene glycol (0.1 ml) was added nano-NiO (0.004 g). The mixture
was stirred at 100 °C for the appropriate reaction time (Table 1).
The progress of the reaction was monitored by TLC. After comple-
tion of the reaction, the mixture was dissolved in acetone and the
catalyst was isolated by centrifugation. Then the solvent was re-
moved from solution under reduced pressure and the resulting
product was purified by recrystallization using ethanol to afford
the pure quinoline product in excellent purity and yield. Structural
assignments of the products are based on their 1H NMR, 13C NMR,
mass and IR spectra.
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