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Synthesis, properties, 
and application of the new 
nanocatalyst of double layer 
hydroxides in the one‑pot 
multicomponent synthesis 
of 2‑amino‑3‑cyanopyridine 
derivatives
Sarieh Momeni  & Ramin Ghorbani‑Vaghei *

A new heterogeneous nanocatalyst LDH@3‑chloropyltrimethoxysilane@1,3‑benzenedisulfonyl 
amine@Cu (LDH@TRMS@BDSA@Cu) was synthesized and confirmed by analyzes such as Fourier 
transform infrared spectroscopy, Field Emission Scanning Electron Microscopy, energy scattered X‑ray 
spectroscopy (EDX), elemental mapping, X‑ray diffraction analysis, heat gravity/heat derivatization 
(TGA) and differential scanning calorimetry. The newly synthesized nanocatalyst effectively 
catalyzed the reaction between different aryl aldehydes, malononitrile, different acetophenones and 
ammonium acetate in solvent‑free conditions and they were converted into 2‑amino‑3‑cyanopyridine 
derivatives with high efficiency. The reaction showed advantages such as simplicity, high stability, 
environmental friendliness, excellent efficiency and short time. Also, this catalyst is recyclable and 
was recycled 4 times without losing significant catalytic power.

In recent years, two-dimensional nanomaterials have been widely studied and used as attractive candidates for 
the construction of heterogeneous solid catalysts, electrodes, adsorbents, metal-sulfur batteries,  etc1–3. Double-
layered hydroxides known for more than a decade, are abundant in nature and easily extracted, and represent a 
large class of anion- and cation-exchangeable layered structures with the general formula  [M2+ (1-x)  Mx3+(OH)2 
is](An-) x/n.zH2O]. Metal cations that are used in divalent and trivalent form are  Mn2+,  Fe2+,  Mg2+,  Co2+,  Zn2+, 
 Ca2+ and  Mn3+,  Fe3+,  Co3+,  Cr3+,  Al3+ and the anions used often contain carbonate, bromide, chloride or are 
 nitrates4–6. There are various methods for the synthesis of LDHs, among which can be mentioned ion exchange, 
hydrothermal and co-precipitation methods. LDHs are neutral materials, the middle parts of the anion and 
the layers themselves have a positive charge, which have many applications in different fields due to their easy 
synthesis and the ability to replace and modify the hydroxide layers, which have attracted a lot of attention from 
researchers, such as  adsorbents7, catalyst  bases8, 9, anion exchangers, water  electrolysis10, energy  storage11, 12, sen-
sors. The easy separation of heterogeneous catalysts such as bilayer hydroxides provides an easy and fast route 
for catalyst recovery, and catalyst recovery is valid both green chemistry and economically. Due to the unique 
characteristics and interesting physical properties of copper iodide, including high optical transparency with 
wide band gap, high conductivity with unusual diamagnetic behavior, wide band slit, synthesis at low tempera-
ture has been investigated in many research  works13–15. Copper iodide crystallizes with three different phases 
α, β and γ with temperature changes during synthesis, which at a temperature higher than 407 °C is the cubic 
alpha phase, which at a temperature above 369 °C is the hexagonal beta phase, and at low temperatures, copper 
iodide with high crystallinity is the cubic gamma phase, which is a type of semiconductor in which iodide ions 

OPEN

Department of Organic Chemistry, Faculty of Chemistry, Bu-Ali Sina University, Hamedan, Iran. *email: rgvaghei@
yahoo.com; ghorbani@basu.ac.ir

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-27940-6&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1627  | https://doi.org/10.1038/s41598-023-27940-6

www.nature.com/scientificreports/

tetrahedrally surround copper ions. The applications of this nanocopper can be mentioned such as diodes, solar 
cells, semiconductor patterns, and organic  catalysts16.

A useful strategy for the synthesis of heterocyclic compounds such as pyridines is multicomponent reactions 
involving at least three components to produce the product with all the starting materials involved, which is 
cost-effective in terms of green  chemistry17, 18. Heterocyclic compounds such as pyridine due to their unique 
biological and medicinal properties such as antibacterial, anticonvulsant, anti-malarial, antioxidant, anti-diabetic 
agent, anti-inflammatory, analgesic, anti-cancer, anti-tumor, liver protector, anti-atherosclerotic, anti-fungal and 
anti-pest properties have attracted the most attention among heterocyclic compounds. Compounds containing 
the 2-amino-3-cyanopyridine framework are used as useful therapeutic precursors in the medical field due to 
their biological  activity19–21. Various synthesis methods have been reported for their synthesis, in which the 
multicomponent reactions of ammonium acetate, malononitrile, acetophenone, and aldehydes are the most 
important synthesis routes. A wide range of multicomponent syntheses have been reported by different catalysts, 
including: Boric acid sulfate  nanocatalysts21,  HBF4

22, microwave  facile23, Amberlyst-1524, salicylic  acid4, MNPs 
 CoFe2O4@SiO2-SO3H25, nano solid magnetic acid,  Fe3O4

26,  Fe3O4@g-C3N4-SO3H27,  Fe3O4@SiO2@(CH2)3NH28, 
 (CH2)2O2P(OH)2

29, poly N,N-dimethylaniline-formaldehyde30, Copper Nanoparticles on  Charcoal31,  Fe3O4@
Niacin32,  Bu4N+Br-18, Cu@imineZCMNPs17. However, simpler and milder methods for their synthesis are still 
valuable. However, simpler and milder methods for their synthesis are still valuable. According to the points men-
tioned, the aim of the study is to develop fast and simple methods based on green chemistry, recovery and reuse 
of catalyst for the synthesis of new derivatives of cyanopyridines. Here, we succeeded to make a unique catalyst 
with 1,3-benzenedisulfonyl amide (BDSA) ligand placed on LDH to immobilize copper iodide nanoparticles 
(LDH@TRMS@BDSA@Cu) as a new and efficient nanocatalyst. For the one-pot synthesis of four-component 
2-amino-3-cyanopyridine, the reaction was used between different aryl aldehydes 1, malononitrile 2, different 
acetophenones 3 and ammonium acetate 4 in mild conditions without solvent (Supplementary file 1).

Experimental
General. All chemical materials in this work were purchased from Merck company, and used without fur-
ther purifications. Fourier transform infrared (FT-IR) spectroscopy was obtained on a Perkin Elmer GX FT-IR 
spectrometer in the range of 4000–400  cm−1. 1H NMR and 13C NMR spectra were recorded in DMSO-d6 solvent 
on Bruker BioSpin GmbH 300 MHz FT NMR spectrometers. Melting points of the samples were identified in 
open tubes on a BUCHI 510 apparatus. The structure of the new LDH@TRMS@BDSA@Cu catalyst was identi-
fied using FTIR, FESEM, XRD, EDX, MAPPING, TGA, and DSC analysis. Field Emission Scanning Electron 
Microscopy (FESEM) was performed with FE-SEM TESCAN MIRA3 instrument and X-ray Diffraction (XRD) 
patterns of samples were recorded with a philips PW1730 in a range from 10 and 90° (2θ). Energy dispersive 
X-ray (EDX) analysis of the synthesised catalyst obtained by the EDAX-EDS apparatus. Thermo-gravimetric 
analysis (TGA) was recorded on a TGA-DTA apparatus in the  N2 at a heating rate of 10 °C  min−1 in the tempera-
ture range of 25–600 °C, differential scanning calorimetry (DSC) was record on a DSC apparatus. The reaction 
progress and the purity of the products were assessed by thin-layer chromatography (TLC) with silica gel plates.

General procedure for preparation of LDH. Zn-Cr -LDH was synthesized according to the previous 
command, which is briefly described below. Salts of Cr  (NO3) 3.9H2O and Zn  (NO3) 2·6H2O with a molar ratio of 
2/1 were dissolved in deionized water; during intense stirring pH of the solution was reached up 11.5 with 2 M 
NaOH aqueous solution, then the resulting solution was placed at the same temperature for 18 h. The obtained 
green compound was filtered, rinsed with distilled water, and dried in an oven at 60 °C for 24 h.

General procedure for synthesis of LDHs coated by 3‑chloropropyltrimethoxysilane (LDHs@
TRMS). To activate LDH from 3-chloropropyltrimethoxysilane was used. For this purpose, 1 g of the LDH 
synthesized in the previous step was dissolved in 50 mL of toluene, then 2 mL of 3-chloropropyltrimethoxysilane 
was added, and the resulting solution was refluxed with constant stirring for 12 h. The precipitate was then col-
lected with filter paper, washed with toluene and ethanol several times, and placed in an oven at 50 °C for drying.

Procedure for synthesis of 1,3‑benzenedisulfonyl chloride. First,  PCl5 (16.5 mmol), as chlorination 
agent, was added to a container containing of 1,3-benzenedisulfonic acid disodium salt (5.00 g, 18 mmol), then 
sterilized and heated to 65 °C, and the reaction was continued for 2 h; after completion of the reaction, dry ice 
(100 g) and chloroform (100 ml) were added to the reaction vessel, and the organic layer was  separated33.

Procedure for synthesis of ligand: 1,3‑benzenedisulfonyl amide (BDSA). In a 50 mL flask con-
taining 1 g of 1,3-benzenedisulfonyl chloride and 5 mL of amide were added and placed under reflux conditions 
for 12 h. After the reaction was completed, the lid of the container was closed with paraffin and placed 0 °C to 
synthesize the desired crystals, and then the desired crystals were collected and dried.

Procedure for synthesis of LDH@TRMS@BDSA. The activated double-layer hydroxide with 3-chlo-
rotrimethoxysilane, was dispersed homogeneously in 50 mL of toluene for 15 min by ultrasonic device, then 
was refluxed for 24 h. The resulting mixture was collected with filter paper and washed with distilled water and 
ethanol several times, and dried in an oven at 60 °C for 24 h.

Procedure for synthesis of LDH@TRMS@BDSA@Cu. According to the description of the  article34, 
nano copper was synthesized. For loading Cu NPs, to a container of content LDH in the ethanol (0.5 g in 20 mL) 
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which was dispersed for 5 min, 0.3 g of Cu NPs was added into the mixture and was refluxed for 12 h. Finally, the 
LDH nanoparticles were collected through centrifugation, washed with distilled water and dried under vacuum 
conditions at 60 °C for 24 h.

General procedure for synthesis of one‑pot four‑component 2‑amino‑3‑cyanopyridine deriva‑
tives. To a vial containing a mixture of acetophenone (1.0 mmol), malononitrile (1.0 mmol), ammonium 
acetate (2.5 mmol) as a source of nitrogen and aromatic aldehydes (1 mmol) and LDH@TRMS@BDSA@Cu 
nanocatalyst (0.05 g) entered. The mixture was stirred at 60 °C in an oil bath and the reaction was followed by 
TLC. After formating the desired composition, the mixture was cooled to room temperature, then hot ethanol 
(2 mL) was added to the reaction vessel. The LDH@TRMS@BDSA@Cu nanocatalyst was easily separated from 
the solution by centrifugation. After evaporating the solvent, a pure composition was obtained in ethanol.

Results and discussion
Properties of catalyst. The synthesis steps of the new LDH@TRMS@BDSA@Cu nanocatalyst are shown 
in Fig.  1. As can be seen, copper nanoparticles were stabilized on the LDH surface using 1 and 3 benzene 
disulfonylamide, and the synthesized nanocatalyst was characterized by Fourier transform infrared (FT‐IR), 
Field Emission Scanning Electron Microscopy  (FESEM), energy‐dispersive X‐ray spectroscopy (EDS), X‐ray 
mapping, X‐ray diffraction (XRD), differential scanning calorimetry (DSC) and thermal gravimetric analysis 
(TGA). FT-IR spectroscopy was first studied to confirm the structure of the LDH@TRMS@DSA@Cu nanocata-
lyst. Figure 2 shows the FT-IR spectra of (a) LDH, (b) LDH@TRMS, (c) DSA, (d) LDH@TRMS@BDSA and (e) 
LDH@TRMS@BDSA@Cu.

An extensive absorption peak in the region of approximately 3431  cm-1 indicates tension vibration of O–H 
on LDH surfaces. Its bending vibration was observed at about 1600  cm-1. Absorption peak 1381  cm−1 is a char-
acteristic of an uncoordinated nitrate anion that belongs to other layered hydroxides containing interlayer nitrate 
groups. Absorption peaks less than 1020–500  cm−1 are due to network vibrations of LDHs (M–O, O–M–O). 
Bands between 850 and 1017  cm−1 can be attributed to M–O tensile modes, and a band of about 509 cm-1 can be 
attributed to O-M–O tensile modes (part (a) of Fig. 2). The absorption peak observed at 2961  cm−1 corresponds 
to the tensile vibrations of the C–H group of the alky of 3-chlorotrimethoxysilane group (part (b) of Fig. 2). 
The tensile and bending vibrations of NH are observed at peaks of 3372, 3258 and 1566  cm−1. Also, the peaks in 
areas 1324 and1142  cm-1 belong tension vibration of group S=O. In Part )d) of Fig. 2, it is shown that the peak in 
region 3510  cm−1 belongs to the tensile vibration of O–H on the surface of LDH, the peak in region 2970  cm−1 
corresponds to the tensile vibration of C–H, and the tensile vibrations of sulfonyl in region 1329 and 1143  cm−1 

Figure 1.  Process of synthesis of new heterogeneous nanocatalyst (LDH@TRMS@BDSA@nCu).
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Figure 2.  FTIR of (a) LDH, (b) LDH@TRMS, (c) DSA, (d) LDH@TRMS@DSA and (e) LDH@TRMS@DSA@
nCu.

Figure 3.  FESEM images of LDH@TRMS@BDSA@nCu.
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confirms BDSA coordinates to LDH@TRMS. In addition, according to part (e) of Fig. 2 that the peaks related 
to NH have rounded. Also, the intensity of the peaks related to S=O have decreased, indicating their overlap 
with nanomaterials.

To obtain more information about the synthesized nanoparticles, the morphology and size of LDH and MNPs 
of LDH@TRMS@BDSA@nCu were examined by the FESEM method. Figure 3 shows that the LDH particles 
are in the form of sheets that are stacked on top of each other, indicating that the catalyst has grown like a plate. 
The prepared copper nanoparticles are shown according to image 3 to be almost spherical and fixed on LDH. 
TGA thermal gravimetric analysis was used to show the thermal stability of LDH@TRMS@BDSA@Cu (Fig. 4). 
With increasing temperature, several ranges of mass reduction were observed. The first partial decrease in mass 
at temperatures below 200 °C is related to water coming out of the sample, which is mainly in the layers. At 
higher temperatures, about 370 weight reductions have been observed, which is related to the decomposition 
and dissolution of organic groups. These cases confirm that the LDH@TRMS@BDSA@Cu catalyst is stable at or 
below 370 °C. In addition, the DSC and DTA curves showed that the LDH nanocatalyst is stable below 350 °C.

XRD model was used to study the crystallinity and particle size of the catalyst .The XRD patterns of different 
stages of nanocatalyst synthesis are shown in Fig. 5. The XRD patterns of LDH, LDH@TRMS, LDH@TRMS@
BDSA, and of LDH@TRMS@BDSA@Cu peaks in regions 10, 20, 25, 40, 50, 60, 70 and 80 indicate that these 
specimens have high crystallinity and long-range order. They also show that DSA and nano-copper are stabilized 
on  LDH34.

EDX analysis indicated the chemical properties and elements present in the synthesized catalyst. The analysis 
results showed the successful formation of intermediates with the presence of zinc, chromium, oxygen, carbon, 
nitrogen, and nano-copper atoms in the catalyst structure (Fig. 6). In addition, Fig. 6 shows Weight %, Weight 
% Sigma, and Atomic % related to Cu, O, N, Cr, Zn, and C elements. The elemental composition of the catalyst 
synthesized by the elemental map confirmed the presence of the mentioned elements and showed a uniform 
distribution of these elements in the composition (Fig. 7). The results of these Figures confirm the presence of 
the mentioned elements in the catalyst structure.

Catalytic activity. After confirming the new nanocatalyst, we synthesized 2-amino-3-cyanopyridine deriv-
atives to evaluate its catalytic activity. In the first step, to evaluate the optimal synthesis conditions of malo-
nonitrile (1.0  mmol), ammonium acetate (2.5  mmol), 4-acetophenone (1.0  mmol), and 4-Cl-benzaldehyde 
(1.0 mmol) as substrates of the model were selected. As shown in Table 1, the model reaction was performed 
in the presence of various solvents, including water, ethanol, methanol, and acetonitrile, in solvent-free condi-
tions at 60 °C in the presence of the catalyst. The results showed that the solvent could have a good effect on the 

Figure 4.  DSC, DTA and TGA analysis curves of LDH@TRMS@BDSA@Cu.
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product yield, but the best efficiency and short reaction time in solvent-free conditions in the presence of 0.05 g 
were obtained from LDH@TRMS@BDSA@Cu nanocatalysts. LDH@TRMS@BDSA@Cu was a suitable catalyst 
for synthesizing 2-amino-3-cyanopyridine with a short reaction time and high efficiency. Then, the model’s reac-
tion is investigated using different values of LDH@TRMS@BDSA@Cu under solvent-free conditions at different 
temperatures, and the results are given in Table 1.

According to Table 1, in the absence of LDH@TRMS@BDSA@Cu nanocatalysts, the reaction was performed 
at a longer time, higher temperature, and with lower efficiency. Different temperatures were examined (from 
r.t to 90 °C), and the results showed that 60 °C was the highest efficiency and the shortest reaction time. After 
optimization, the optimal reaction conditions for the preparation of 2-amino-3-cyanopyridine derivatives were 
performed using various aryl aldehydes and acetophenones with donor or electron donor groups (Table 2). 
Based on the results summarized in Table 2, all 2-amino-3-cyanopyridine derivatives were easily synthesized 
with excellent yield. Which confirmed the very high catalytic activity of LDH@TRMS@BDSA@Cu nanocatalysts 
for the synthesis of 2-amino-3-cyanopyridine.

According to previous studies in the  literature28, 32, a proposed mechanism catalyzed by LDH@TRMS@
BDSA@Cu for the synthesis of 2-amino-3-cyanopyridine is shown in Fig. 8. First, the interaction of the nano-
materials on the LDH@TRMS@BDSA@Cu catalyst with the electrons of the oxygen atom in the benzaldehyde 
provides an active electrophilic site to attack malononitrile. The reaction between active aldehydes 1 and malo-
nonitrile 2 produces an intermediate of A arylidene malononitrile. Ammonium acetate 4, on the other hand, 
reacts with active acetophenones 3 to form an intermediate of enamine B. In the next step, the reaction between 
intermediates A and B (arylidene malononitrile A to enamine B), which takes place in the form of an increase 
of Michael, formed the intermediate C. Subsequent cycling/isomerization/aromatization steps were performed, 
which led to the formation of the desired products. And provided only one detachable product based on TLC 
analysis.

The structure of the reaction product was determined based on spectral data of FTIR, CNMR and HNMR as 
5 g. The FT-IR spectra of the three sharp peaks in regions 3419, 3317, and 3168  cm-1 are related to the vibrational 
frequency of group  NH2, and the peaks of region 3000 are related to the vibrational frequency of C–H aromatic 

Figure 5.  XRD analysis of (a) LDH, (b) LDH@TRMS, (c) LDH@TRMS@BDSA and (d) LDH@TRMS@
BDSA@Cu.

Figure 6.  EDX analysis of the novel catalyst.
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and aliphatic, and the sharp peak in region 2208 is related to the functional group CN and the vibrational fre-
quency of cyanide appeared in 1646. In the HNMR spectrum, the composition of peaks related to ring hydrogens 
in regions 7–8 appears. The chemical displacement in region 6.89 with integral 2 is related to amine hydrogens. 
The peak of region 6.73 is related to the hydrogen of the pyridine ring, and the peaks of region 1–2 are related to 
the aliphatic CH of the cyclopropyl ring, which appears as a multiple with an integral, and the peaks of region 
2.2 are related to the aliphatic CH, a binary with integral 1. In the 13CNMR spectrum, the peak 171 corresponds 
to the carbon of the pyridine ring attached to the cyclopropyl ring, and the peak in region 160 corresponds to 
the carbon attached to the amine group. Aromatic carbons have appeared in the range of 146–85, and aliphatic 
carbons have peaked well in the range of 22–36.

Figure 7.  Elemental mapping (EDX) of Cr (orange); Zn (bright green); N (red); O (yellow); Cu (purple;C (dark 
green), and Si(blue) atoms for LDH@TRMS@BDSA@Cu.

Table 1.  Optimization of reaction conditions for synthesis of 2-amino-4-(4-chlorophenyl)-6-
phenylnicotinonitrile.

Entry Solvent Load of catalyst (mg) Temperature (°C) Time (min) Yield (%)

1 – – 100 120 40

2 – 10 80 45 70

3 – 20 70 28 80

4 – 35 70 18 85

5 – 50 70 8 95

6 – 50 80 7 96

7 – 50 60 9 92

8 EtOH 50 Reflux 80 50

9 MeOH 50 Reflux 85 50

10 CH3CN 50 Reflux 70 65

11 H2O 50 Reflux 80 20

12 EtOAc 50 Reflux 85 20
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Finally, LDH@TRMS@BDSA@Cu nanoparticles were isolated by simple extraction and reused for subsequent 
execution. This process can be repeated four times without an obvious efficiency change (Fig. 9). However, in 
Fig. 9 was observed a decrease in the reaction yield after four recycling and reuse of the catalyst in the synthesis 
reaction of 5a, which may be due to the loss of some catalyst NPs during separation, aggregation, etc.

In the first run, 94% of LDH nanoparticles were recovered, and the purity and structure of the recovered 
LDH@TRMS@BDSA@Cu nanoparticles based on the FT-IR result remained unchanged (Fig. 10). Catalyst 
recycling and reuse of green chemistry cases were examined for the new catalyst. In this regard, recovery, and 
reusability of LDH@TRMS@BDSA@Cu nanoparticles under the optimal reaction of malononitrile (1.0 mmol), 
ammonium acetate (2 mmol), 4-acetophenone (1.0 mmol), and 4-Cl benzaldehyde (1.0 mmol) was performed 
in solvent-free conditions at 60 °C using 0.05 gr of catalyst. For this purpose, after each cycle, the nanocatalyst 
was separated from the reaction solution using centrifugation and washed several times with ethanol, dried at 
vacuum 60 °C, and used again in the next cycle. The catalyst can be reused according to Fig. 9 for four consecutive 
cycles, which show the same activity for each reaction cycle without significantly reducing its catalytic activity.

Comparison. Based on Table 3, the catalytic protocol of LDH@TRMS@BDSA@Cu was compared with the 
reported protocols for the synthesis of 2-amino-3-cyanopyridines, which showed the results of this new catalyst 

Table 2.  Synthesis of 2‐amino‐4,6‐diphenylnicotinonitrile derivatives under optimum conditions. a Reaction 
conditions: arylbenzaldehyde (1 mmol), acetophenone derivatives (1 mmol), malononitrile (1 mmol, 0.066 g) 
and ammonium acetate (2.5 mmol, 0.231 g). bIsolated yield.
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Figure 8.  Suggested mechanistic for the synthesis of 2-amino-4,6-diphenylnicotinonitrile derivatives.
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Figure 9.  Recycling of the LDH@TRMS@BDSA@Cu nanoparticles for the reaction of the model.

Figure 10.  FTIR analysis of the recycled LDH@TRMS@BDSA@Cu nanocatalyst.
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as a new, green, and efficient nanocatalyst with reusable capability, high reaction efficiency, low time and supe-
rior low temperature.

Conclusion
In summary, we present a simple protocol for preparing 2-amino-3-cyanopyridine derivatives using the new 
green nanocatalyst LDH@TRMS@BDSA@Cu under mild conditions. This synthetic protocol has shown excellent 
efficiency in conditions such as the absence of solvents, high reaction rate, simple purification, cheap, and cost-
effective. The formation of the new nanocatalyst was confirmed by several methods including FT-IR spectroscopy, 
EDX spectroscopy, elemental mapping, XRD analysis, FESEM, and TGA/DSC and DTA.

Data availability
All data generated or analyzed during this study are included in the supplementary information file.
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