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Abstract
A heterogeneous and magnetically recyclable Ni–chitosan nanocatalyst was synthesized and thoroughly characterized by powder
Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), highresolution transmission electron microscopy (HRTEM), energy-dispersive X-ray (EDX) spectroscopy, etc. It was effectively
utilized in the eco-friendly synthesis of new C5–C6-unsubstituted 1,4-DHPs under ultrasonic irradiation. The important focus of the
methodology was to develop an environmentally friendly protocol with a short reaction time and a simple reaction procedure. The
other advantages of this protocol are a wide substrate scope, a very good product yield, the use of an eco-friendly solvent and a recyclable nanocatalyst, as well as reaction at room temperature.

Introduction
Homogeneous catalysts, despite having an outstanding application in the field of synthetic chemistry, suffer various notable
disadvantages, such as difficulties in the recovery and reuse of
the catalyst. These drawbacks can cause both economic and

environmental concerns that strongly reduce the applicability in
various organic syntheses. Therefore, efforts towards heterogenization of the catalytic systems used in the field of environmental chemistry keep growing day by day. These allow com-
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plete separation of novel or harmful catalysts from the mixture
and reuse for further treatment. This makes the whole catalytic
processes more efficient and cost-effective for industrial
purposes [1-3]. In this regard, different insoluble supports, such
as alumina [4], silica [5], zeolites [6], polymers [7], carbon
nanotubes [8], etc. have been reported. Recently, the use of biobased natural polymers became one of the interesting features
of heterogeneous catalysts. Chitosan is one of the most abundant bio-based polymers in nature [9]. It is the N-deacetylated
form of chitin found in industrial waste [10]. Chitosan is a
broadly used natural polymer because of properties such as biocompatibility, low cost, and nontoxicity. It has diverse applications, such as drug delivery [11], biomedical uses [12], removal
of toxic metals from wastewater [13], in manufacturing processes [14], in the food industry [15], in agriculture [16], and as
catalyst in transesterification reactions [17]. Chitosan is
regarded as one of the most effective bio-based polymers to
chelate transition metal ions due to the presence of abundant
amino and alcohol groups in the structure [18]. Because of this
chelating character, as well as due to the hydrophilicity, unique
three-dimensional structure, and mechanical properties,
chitosan has several catalytic applications [19,20]. In this work,
we synthesized a Ni–chitosan complex and exploited the coordination properties of the complex to use it as an effective and
recyclable catalyst towards the green synthesis of C5–C6-unsubstituted 1,4-dihydropyridine (1,4-DHP) scaffolds.
Ultrasonic irradiation is an important technique in the toolbox
of green chemistry [21]. The application of ultrasound in “traditional” reactions results in a lower reaction time, higher conversion, and simpler methodology and is termed sonochemistry.
Ultrasonication is a modern trend in synthetic chemistry that
supports the objective of green chemistry, namely the reduction
of the environmental effects of chemical synthesis [22]. The use
of ultrasonic irradiation allows for optimal mixing of the reactants and the catalyst by enhancing the homogeneity of the reaction medium. It also decreases the chance of agglomeration of
the heterogeneous nanoparticles (NPs) and therefore automatically increases the dispersibility of the catalyst throughout the
medium, resulting in a higher catalytic activity [23].
1,4-DHPs are considered one of the most useful molecular scaffolds in medicinal chemistry. The scaffold is the main
constituent of several crucial drugs, including amlodipine and
nifedipine [24]. The structure of 1,4-DHP resembles the coenzyme NADH, which is very important in oxidation and reduction reactions in biological systems. 4-Substituted 1,4-DHPs
have been used in the treatment of cardiovascular diseases as
organic calcium channel modulators [25], which further increases the importance of this compound class. Much work has
been dedicated to the synthesis of 1,4-DHPs, but in most of

these reports, the DHP ring is fully substituted. There are only
few methods available for the synthesis of C5–C6-unsubstituted 1,4-DHPs. The presence of an unsubstituted double bond
next to the nitrogen atom permits a DHP to react as an enamine,
for further transformation to complex heterocyclic scaffolds
[26]. The exposed double bond can also undergo modification
to produce different kinds of moieties. There are only few
reports on the synthesis of C5–C6-unsubstituted 1,4-DHPs, to
the best of our knowledge. However, no previous report on the
synthesis of the above-mentioned moiety was found using a
magnetically separable Ni–chitosan nanocatalyst. Further, the
use of ultrasonic irradiation, allowing for a very short reaction
time and a very good yield, undoubtedly highlights the importance of this work.
In this work, we attempted to highlight the synthesis of 5,6-unsubstituted 1,4-DHPs, which are quite rarely found in the literature in comparison to simple 1,4-DHPs, which are quite
common. There are many examples for the synthesis of conventional 1,4-DHPs in the literature, which generally involve four
components. These include one primary amine, two multiple
bonds, and one aldehyde function [27]. However, one advantage of our study is that we only used three components since
the cinnamaldehyde derivatives 3 played the role of two components at the same time, namely that of an aldehyde and that of
one multiple bond. Generally, aldehydes and multiple bonds are
very reactive in the presence of primary amines. However, since
we used cinnamaldehyde derivatives 3, which are conjugated
systems of a double bond and an aldehyde, the reactivity was
rather low compared to other aldehydes. Thus, herein we had to
use a metal catalyst to increase the reactivity of the carbonyl
moiety. Moreover, the catalyst was thoroughly characterized by
various methods and is easily recyclable.

Results and Discussion
Characterization of the catalyst
An FTIR analysis of bare chitosan was carried out, and the
spectrum exhibited characteristic peaks for the O–H and N–H
stretching vibrations in the range of 3300–3400 cm −1
(Figure 1b). For the chitosan-supported nickel catalyst, the band
around 3400 cm−1 became much sharper and stronger compared to bare chitosan (Figure 1a). The spectroscopic FTIR
study revealed the interaction between the metal and the NH2
and OH groups of chitosan. In both spectra, the peaks around
1100, 1400, 1600, and 2900 cm−1 corresponded to the C–O,
C–N, and N–H (bending) as well as to the C–H bonds of the
chitosan moiety, respectively. The similarity of the two spectra
may have been due to the low content of nickel in the catalyst.
To understand the crystallinity of the material, we carried out a
powder XRD (PXRD) analysis (Figure 2). Chitosan, in general,
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Figure 1: FTIR spectra of (a) the Ni–chitosan NPs and (b) bare chitosan.

gives rise to a characteristic, partially crystalline phase by virtue
of intramolecular H-bonding. The presence of diffraction peaks
at 2Θ 9.2 and 19.7 (in degree) indicated the presence of a
chitosan framework [28], whereas the other minor diffraction
peaks were observed due to the presence of Ni(II).

oration after the sample had been drop-casted on the carboncoated Cu grid. This might have happened due to specific surface interactions of the particles. On the other hand, the SEM
sample was prepared under dry conditions. As such, we observed different particle sizes in the SEM and TEM analyses.
Since small particles of 40–60 nm were present consistently
throughout the grid, they fell within the definition of NPs.

Figure 2: PXRD data for the Ni–chitosan NPs.

From the SEM and TEM images of the catalyst, we confirmed
the morphological features of the material (Figure 3a and
Figure 3b). The TEM images showed agglomeration of spherical NPs, leading to the formation of multiple scaffolds. In the
SEM images, the presence of spheres of 40–60 nm was clearly
visible (Figure 3c and Figure 3d). Often, these small NPs were
agglomerated to form bigger particles of over 100 nm. The
agglomeration of the TEM samples occurred upon solvent evap-

Figure 3: TEM (a and b) and SEM images (c and d) of the Ni–chitosan
NPs.

The EDX study of the catalyst (Figure 4) confirmed the presence of nickel in this sample. In the spectrum, the peaks for car-
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Figure 4: EDX spectrum of the Ni–chitosan NPs.

bon and nitrogen appeared at very close energy values. Since
the amount of nitrogen was small, the corresponding peak may
have been overlaid by that of carbon, so that both could not be
distinguished clearly. To avoid an inaccurate estimation of the
elemental composition, nitrogen was therefore not marked separately. Rather, the total contribution of carbon and nitrogen was
summarized.
We performed an inductively coupled plasma–optical emission
spectroscopy (ICP–OES) analysis of the catalyst for the determination of the nickel loading. The obtained data is given in
Table 1.
Thus, according to Equation 1, the nickel loading of the catalyst was found to be 2.264 wt % by ICP–OES analysis.

Standardization of reaction conditions
Due to the remarkable medicinal activity of 1,4-DHPs, we became interested in developing a simple synthetic route to this

type of moiety. We mainly focused on the synthesis under green
aspects and towards a high product diversity. We initially chose
three green solvents with a relatively low boiling point, ethanol,
water, and acetone, respectively, as a reaction medium. A series
of reactions was examined in these solvents, using an equimolar
mixture of p-toluidine, trans-cinnamaldehyde, and dimethyl
but-2-ynedioate, applying both stirring at room temperature and
ultrasonication, respectively, in the presence of the synthesized
catalyst. For all solvents, the result was much better under sonication compared to stirring at room temperature. In the ultrasonication procedure, the reaction was started at room temperature,
and after completion of the reaction, the final temperature of the
solution was found to be 40 °C. Among the solvents, ethanol
afforded the highest yield under sonication within a very short
reaction time. When we varied the reaction time, it was found
that the highest yield was achieved with 15 minutes of ultrasonic irradiation (Table 2, entry 10). The use of chitosan
(Table 2, entry 12) as a catalyst resulted only in traces of the
product. We also used various Lewis acids, such as NiCl 2 ,

Table 1: ICP–OES analysis of the Ni–chitosan NPs.

element, wavelength (nm)

weight of sample/volume

dilution factor

concentration in ppm

Ni, 231.604

0.0071 g/50 mL

1

3.215 mg/L

(1)
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Table 2: Optimization of the reaction conditions.a

entry

catalyst

amount of catalyst
(mol % of Ni)

solvent

conditions

time

yield (%)b

1

Ni–chitosan NPs

40 mg
(1.54 mol %)

EtOH

stirring (rt)

4h

42

2

Ni–chitosan NPs

40 mg
(1.54 mol %)

acetone

stirring (rt)

4h

34

3

Ni–chitosan NPs

40 mg
(1.54 mol %)

H2O

stirring (rt)

4h

22

4

Ni–chitosan NPs

40 mg
(1.54 mol %)

EtOH

ultrasound

10 min

68

5

Ni–chitosan NPs

40 mg
(1.54 mol %)

acetone

ultrasound

10 min

40

6

Ni–chitosan NPs

40 mg
(1.54 mol %)

H2O

ultrasound

10 min

52

7

Ni–chitosan NPs

40 mg
(1.54 mol %)

EtOH

ultrasound

6 min

52

8

Ni–chitosan NPs

40 mg
(1.54 mol %)

EtOH

ultrasound

8 min

58

9

Ni–chitosan NPs

40 mg
(1.54 mol %)

EtOH

ultrasound

12 min

74

10

Ni–chitosan NPs

40 mg
(1.54 mol %)

EtOH

ultrasound

15 min

88

11

Ni–chitosan NPs

40 mg
(1.54 mol %)

EtOH

ultrasound

20 min

88

12

chitosan

40 mg

EtOH

ultrasound

20 min

trace

13

NiCl2

20 mol %

EtOH

ultrasound

15 min

42

14

ZnCl2

20 mol %

EtOH

ultrasound

20 min

28

15

FeCl3

20 mol %

EtOH

ultrasound

20 min

36

16

Ni–chitosan NPs

50 mg
(1.93 mol %)

EtOH

ultrasound

15 min

88

17

Ni–chitosan NPs

30 mg
(1.16 mol %)

EtOH

ultrasound

15 min

88

18

Ni–chitosan NPs

25 mg
(0.96 mol %)

EtOH

ultrasound

15 min

70

aReaction

conditions: p-toluidine (1 mmol), dimethyl but-2-ynedioate (1 mmol), and trans-cinnamaldehyde (1 mmol). bIsolated yield.

ZnCl2, and FeCl3 (Table 2, entries 13–15). A moderate to low
yield was obtained when using these Lewis acids. To identify
the optimal quantity of the catalyst, we altered the amount in
several model reactions. It was found that the highest yield was
obtained when 30 mg of the catalyst was used (Table 2, entry
17), and further increasing this quantity did not result in an enhanced yield. As such, the optimized conditions were sonica-

tion for 15 min in ethanol using 30 mg of the Ni–chitosan NPs
(Table 2, entry 17). The optimization studies using this standard amount of catalyst are summarized in Table 2.

Substrate scope
The substrate scope and the generality of the reaction under the
optimized conditions were explored through the synthesis of
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various products using differently substituted primary amines 1,
cinnamaldehydes 3, and dialkyl but-2-ynedioates 2. Aromatic,
aliphatic, benzylic, and various other types of primary amines 1
afford an excellent yield. Ortho-, meta-, and para-substituted
aromatic amines with both electron-donating and -withdrawing
groups were used in this protocol. Aromatic amines with electron-donating groups offered a slightly higher yield compared to

those with electron-withdrawing groups. Para-substituted
cinnamaldehydes with both electron-donating and -withdrawing groups also resulted in a very good yield under the optimized conditions. Under the reaction conditions, both methyland ethyl-substituted but-2-ynedioates 2 were well tolerated. A
total of 17 new compounds were synthesized with this methodology, as shown in Figure 5.

Figure 5: Synthesis of dialkyl 1,4-dihydropyridine-2,3-dicarboxylate derivatives.
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The synthesized products were characterized by 1 H NMR,
13C NMR, HRMS, and melting point analysis. The structure of
the compounds was also confirmed by single-crystal XRD analysis of 4a (CCDC1949329, Figure 6).

Plausible mechanism
A plausible reaction mechanism for the synthesis of C5–C6-unsubstituted 1,4-DHPs is described in Scheme 1.
The reaction initiates with the formation of an enamine moiety
(see A) by the reaction of a primary amine 1 and a but-2ynedioate 2. We isolated the intermediate A in the form of 4fA
[30], corresponding to compound 4f, and the complete NMR
data can be found in Supporting Information File 1. This enamine moiety reacts with a cinnamaldehyde compound 3 to
give the desired product. Here, the role of the catalyst is to activate the cinnamaldehyde species 3. The nickel of the catalyst
coordinates to the oxygen atom of the cinnamaldehyde molecule 3, enhancing the reactivity. The reaction between the enamine and the cinnamaldehyde derivative 3 advances via two
steps: Initially, the enamine attacks the cinnamaldehyde compound 3 at the double bond and undergoes 1,4-addition to give
intermediate B. The enol form is readily converted to the more
stable aldehyde form C. In the second step, the nitrogen atom of
the enamine function attacks the aldehyde carbon atom of the
cinnamaldehyde unit in 3, and one water molecule is elimi-

Figure 6: ORTEP representation of product 4a (CCDC 1949329).

Scheme 1: A plausible mechanistic route for the synthesis of C5–C6-unsubstituted 1,4-DHP derivatives using the Ni–chitosan nanocatalyst.
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nated to give the desired product. Both steps are accelerated by
the presence of the catalyst. In support of our mechanistic pathway, we included a mass spectrum of the crude mixture of compounds 4k and 4m in Supporting Information File 1. Both spectra point at the presence of the respective intermediate A (in the
form of 4kA and 4mA) and intermediate D (in the form of 4kD
and 4mD).

Recycling experiment of the Ni–chitosan
nanocatalyst
The reusability of the catalyst was studied to validate the
catalytic adaptability of the Ni–chitosan nanocatalyst. A
model reaction for the synthesis of 4a was monitored, using the
catalyst under the optimized conditions. After each run,
the catalyst was recovered in up to 97% using an external
magnet. In a series of five reactions, the catalyst was used
repeatedly without significant decrease in catalytic activity
(Figure 7). The slight reduction of the yield in later reactions
may have been a result of the loss of catalyst in the recycling
process.

Comparison between present work and
previously reported syntheses
A summarized comparison with previous reports on the synthesis of C5–C6-unsubstituted 1,4-DHPs is shown in Table 3. In all
of the three previous studies, a longer reaction time or a higher
temperature was required, or a lower product yield was noted.
In contrast, our work unites various aspects of green chemistry,
such as a minimal reaction time, a high conversion rate, a green
solvent, environmentally friendly reaction conditions, and an
effortless separation and recyclability of the catalyst. Altogether, the detailed summary in Table 3 highlights the advantages of employing the Ni–chitosan NPs for the synthesis of
C5–C6-unsubstituted 1,4-DHPs under ultrasonication compared to the previous methodologies.

Conclusion
In this protocol, our aim was to develop an environmentally
friendly green methodology for the synthesis of biologically important 1,4-DHPs. Under these aspects, we utilized a heterogeneous and magnetically separable Ni–chitosan nanocatalyst
under ultrasonic radiation in a green solvent to develop a new
eco-compatible synthesis. A small amount of catalyst was required for the reaction, and the catalyst could be reused in up to
five consecutive reactions without significant reduction of catalytic activity. To the best of our knowledge, no previous work is
known using a Ni–chitosan nanocatalyst for the synthesis of
C5–C6-unsubstituted 1,4-DHPs.

Experimental
Materials and instrumentation
All starting materials were purchased from commercial sources
and used without further purification. Medium-molecularweight chitosan (75–85% deacetylated) from Sigma-Aldrich,
nickel(II) chloride hexahydrate (97% purity) from Loba
Chemie, as well as trans-cinnamaldehyde (98+% purity),
4-nitrocinnamaldehyde (predominantly trans, 98% purity), and
trans-4-methoxycinnamaldehyde (98+% purity) from Alfa
Aesar were used. Dimethyl acetylenedicarboxylate (99% purity)
and diethyl acetylenedicarboxylate (95% purity) were bought

Figure 7: Recycling experiment of the Ni–chitosan nanocatalyst.

Table 3: Comparison between the previous reports on the synthesis of C5–C6-unsubstituted 1,4-DHPs and the present work.

entry

reaction conditions

solvent

time

temperature

catalyst

yield (%)

reference

1

heating

PhCN

36 h

50 °C

chiral phosphorus
complex

82

[31]

2

heating (reflux)

H2O/DMF

10 h

85 °C

TMSCl

67

[32]

3

stirring

EtOH

6h

rt

nanosized CuO

60

[33]

4

ultrasonication

EtOH

15 min

rt

Ni–chitosan NPs

88

present work
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from Sigma-Aldrich. p-Toluidine (99% purity for synthesis),
p-anisidine (99% purity for synthesis), 2,4-dichloroaniline (98%
extra pure), p-nitroaniline (98.5% extra pure), m-nitroaniline
(99% extra pure), and n-butylamine (98% purity) were bought
from Loba Chemie. Benzylamine (99% purity) and p-methoxybenzylamine (98% purity) were bought from Sigma-Aldrich.
The reactions were performed under sonication in a TAKASHI
ultrasonic cleaning bath, and the progress of the reactions was
monitored by TLC analysis using silica gel. 1H and 13C NMR
spectra were recorded on Bruker 300 MHz and 400 MHz instruments using CDCl3, with TMS as internal reference. Melting
points were recorded on an electrical melting point apparatus
with an open capillary. XRD analysis was performed on a
Bruker SMART diffractometer. PXRD data was recorded using
a Bruker AXS D8 Advance SWAX diffractometer with Cu Kα
(λ = 0.15406 nm) radiation. HRTEM data was obtained using a
JEOL JEM 2010 transmission electron microscope. SEM data
was obtained on a Hitachi S-5200 field-emission scanning
electron microscope. FTIR data was recorded with a
PerkinElmer Spectrum 100 spectrophotometer. ICP–OES data
was obtained using a PERKIN ELMER OPTIMA 5300 DV
ICP–OES device.

Preparation of the Ni–chitosan nanocatalyst
NiCl2·6H2O (500 mg) was added slowly under continuous stirring to a suspension of chitosan (5 g) in 100 mL of water. An
ammonia solution was used to adjust the pH value of the mixture to 9. The solution was further stirred continuously
overnight at room temperature. After that, the green catalyst
was separated by filtration and dried under vacuum at 60 °C.
The synthesized pure Ni–chitosan nanocatalyst was characterized by powder FTIR and XRD spectroscopy, TEM, FESEM,
and EDX analysis.

Preparation of 1,4-dihydropyridine-2,3dicarboxylate derivatives
A primary amine 1 (1 mmol), a dialkyl but-2-ynedioate 2
(1 mmol), a cinnamaldehyde 3 (1 mmol), and 30 mg of the
Ni–chitosan nanocatalyst were added to EtOH (5 mL), and the
reaction mixture was then subjected to ultrasonic irradiation
for 10 min. After completion of the reaction (as monitored
by the disappearance of the starting materials via thin-layer
chromatography), ethyl acetate (5 mL) was added to the
mixture, and the solid catalyst was separated from the mixture
by an external magnet. The recovered catalyst was washed with
water and acetone, dried in a desiccator, and stored for a
consecutive reaction. The crude products were obtained by
evaporation of the solvent in a rotary evaporator and purification of the residue via silica gel (100–200 mesh) column chromatography using ethyl acetate/petroleum ether (bp 60–80 °C)
as eluent.
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