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ABSTRACT: A novel catalyst based on layered double hydroxides coated with copper nitrate
[LDH@(3-chloropropyl)trimethoxysilane@N1,N4-bis(4,6-diamino-1,3,5-triazin-2-yl)-
benzene-1,4-disulfonamide@Cu] was successfully synthesized. The structure of the new
synthesized catalyst was investigated and confirmed using different analytical techniques, such
as Fourier-transform infrared spectroscopy (FTIR), energy-scattered X-ray spectroscopy
(EDX) mapping, X-ray diffraction (XRD), field-emission scanning electron microscopy
(FESEM), and heat gravity/heat derivatization (TGA/DSC). The skilled catalyst proved its
efficiency for one-pot three-component synthesis of pyrano[2,3-d]pyrimidine and new
dihydropyrazolo[4′,3′:5,6]pyrano[2,3-d]pyrimidine-dione derivatives. Using this efficient
catalyst, products were synthesized with a high yield, in a short time, and under soft and
solvent-free conditions. The catalyst can be recovered and reused four times without a
significant loss of efficiency.

■ INTRODUCTION
Recently, much attention has been paid to layered double
hydroxides (LDHs) due to their high active surface area, easy
separation capability, and compound structure. LDHs can be
used as an attractive base in various applications, such as
medical, pharmaceutical, sensors, and drug delivery. As a result,
they have attracted a lot of attention.1−4 LDHs have a layered
structure, which is also called hydrotalcite; it consists of
divalent and trivalent cations, whose general formula is
[Me2+(1 − x) Me3+ x(OH)2]x+(An−)x/n n•H2O.5,6 It is
possible to change cations and anions, which may affect the
properties of the layers. Today, layered double hydroxides are
excellent supports for various catalysts due to the numerous
hydroxide groups on their surface.7−10

Multicomponent reactions (MCRs) constitute one of the
most important fields in organic synthesis, widely employed for
their energy efficiency, high speed, ease, and cost-effective-
ness.11 In recent years, significant advances have been made in
multicomponent reactions, with ongoing efforts focused on
MCRs in the presence of new catalysts.12−14 Pyrano[2,3-
d]pyrimidines and their derivatives are heterocycle compounds
containing nitrogen, utilized for their extraordinary medicinal
and medical properties, including anticancer, antibacterial,
antiviral, antihypertensive, antiallergic, anticoagulant, and
antibronchitis effects.15 Due to the myriad applications, the
design of new catalysts for their synthesis is paramount.
Synthesis of pyrano[2,3-d]pyrimidine derivatives, using differ-
ent catalysts including Mn/ZrO2,

16 cellulose-based nano-
composites,17 nickel nanoparticles,18 Fe3O4@SiO2@(CH2)3-
Urea-SO3H/HCl,19 Mn-ZIF-8@ZnTiO3,20 sulfonic acid nano-

porous silica (SBA-Pr-SO3H),21 CoFe2O4@Glutamin dyspro-
sium,22 SnO2/SiO2,

23 Fe3O4/Mo-MOF,24 MgO nanopow-
ders,25 and nanobasic silica11 has been explored.
Another important classification of heterocyclic compounds

is pyrazolo-based pyranopyrimidines, known for their medic-
inal and pharmaceutical applications due to the fused three-
ring structure comprising both pyranopyrazole and pyranopyr-
imidine patterns.26,27 In 2014, in the presence of the DABCO
catalyst (1,4-diazabicyclo[2.2.2]octane) pyrazolopyranopyrimi-
dine derivatives were synthesized through a one-pot four-
component reaction of ethyl acetoacetate, hydrazine hydrate,
benzaldehyde derivatives, and barbituric acid in water under
reflux conditions.28 In 2018, using SBA-Pr-SO3H, pyrazolopyr-
anopyrimidine derivatives were synthesized through a con-
densation reaction of barbituric acids, aromatic aldehydes, and
3-methyl-5-pyrazolone.29 Also, in two separate works in 2017,
in the presence of an acid catalyst based on clay nanotubes and
silica-supported ionic liquids, pyrazolopyranopyrimidine de-
rivatives were synthesized via a domino reaction of ethyl
acetoacetate, hydrazine hydrate, benzaldehyde derivatives, and
barbituric acid.30,31 Most of these methods are reported to
have a long response time, low efficiency, and severe
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conditions. Finding a fast and environmentally friendly
approach has thus attracted the attention of many researchers.
In this research, we have synthesized a novel LDH-based

catalyst (LDH@(3-chloropropyl)trimethoxysilane@N1,N4-
bis(4,6-diamino-1,3,5-triazin-2-yl)benzene-1,4-disulfonamide@
Cu) and presented a simple, rapid, green, and high-efficiency
method under mild conditions for the synthesis of pyrano[2,3-
d]pyrimidine derivatives through a one-pot three-component
condensation reaction. We used various benzaldehyde,
malononitrile, and barbituric acid derivatives as raw materials.
In a similar work, in the presence of this catalyst, new
pyrazolo[4′,3′:5,6]pyrano[2,3-d]pyrimidine-dione derivatives
were synthesized through a one-pot three-component reaction
using raw materials, namely, 5-methyl-2-phenyl-2,4-dihydro-
3H-pyrazole-3, benzaldehyde derivatives, and barbituric acid or
1,3-dimethylbarbituric acid.

■ EXPERIMENTAL
General. Solvents such as ethanol, methanol, ethyl acetate,

normal hexane, toluene, and acetonitrile were prepared and
purchased from Sigma-Aldrich Company. Used chemicals in
the study include Zn(NO3)2·6H2O, Cr(NO3)3·9H2O salts, 1,3-
Benzenedisulfonic acid disodium salt, melamine, copper
nitrate, malononitrile, benzaldehyde derivatives (e.g., 4-nitro,
3-nitro, 4-fluoro, 4-methyl, 4-methoxy, 4-hydroxy, 3-hydroxy,
4-chloro, 2-chloro, 2,4-dichloro, 4-bromo, and 4-dimethylami-
no benzaldehyde), barbituric acid, 1,3-dimethylbarbituric acid,
and 5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one, which
were obtained from Merck Company. Additionally, 3-
chloropropyltrimethoxysilane, benzaldehyde, and PCl5 were
prepared and purchased from Sigma-Aldrich Company. The
melting points of the samples were determined using the
Electrothermal 9200 device and have not been modified. 1H
and13CNMR spectra of the products were taken using the

Varian INOVA 500 MHz device. The FTIR spectrum of the
samples was obtained using KBr tablets and the PerkinElmer
GX FTIR device. EDX analysis was conducted using Bruker
EDAX-EDS device. Thermal gravimetric analysis using a TGA
STA6000 device was recorded. TGA and DSC analyses of the
sample were conducted under a nitrogen atmosphere at a rate
of 10 °C per minute, ranging from ambient temperature to 560
°C. X-ray diffraction (XRD) was performed using a Philips
PW1730 XRD device. Field-emission scanning electron
microscopy (FESEM) images were recorded by FESEM
ZEISS Sigma 300 and FESEM MIRA3 TESCAN device
covered with a gold foil.

Synthesis of Hydrotalcites. LDH containing nickel and
chromium metals was synthesized through the coprecipitation
of Zn(NO3)2.6H2O and Cr(NO3)3.9H2O salts in a molar ratio
of 2:1 in deionized water. The pH of the solution was raised to
11.5 using a 2 M soda solution, and it was maintained at a
temperature of 65 °C for 18 h. Subsequently, the turquoise
slurry was filtered using filter paper, washed several times with
distilled water, and dried in an oven at a temperature of 60
°C.32

Synthesis of LDH@TRMS. To functionalize LDHs with
chlorine, we used 3-chloropropyltrimethoxysilane (TRMS)
and 1 g of synthesized LDHs from the previous step was mixed
with 1 mL of TRMS in 50 mL of toluene and placed under
reflux conditions for 24 h. The resulting mixture was then
filtered and washed several times with toluene and once with
distilled water (2 mL). Finally, it was placed in an oven at a
temperature of 60 °C to dry for 18 h.

Procedure for Synthesis of 1,3-Benzenedisulfonyl
Chloride. 1,3-Benzenedisulfonic acid disodium salt was added
to the chlorine agent (PCl5) in a flask and stirred for 2 h at 65
°C, then some ice was added to the reaction vessel and the
product was isolated with chloroform (100 mL).

Scheme 1. Synthesis Route of LDH@TRMS@NDBD@Cu Nano-catalyst
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Procedure for Synthesis of Ligand: N1,N4-Bis(4,6-
diamino-1,3,5-triazin-2-yl)benzene-1,4-disulfonamide
(NDBD). In a 50 mL round-bottom flask, 1,3-benzenedisul-
fonyl chloride (2 mmol) was dissolved in toluene solvent (30
mL), and in another container melamine (4 mmol) was
dissolved in toluene, then the container containing melamine
mixture was added dropwise to the flask. Subsequently, the
vessel was placed under reflux conditions for 24 h. Afterward,
the precipitate was filtered and washed several times with
acetonitrile (3 mL). Finally, the product was placed to dry at
60 °C for 18 h.

Procedure for Synthesis of LDH@TRMS@NDBD. In a
250 mL round-bottom flask, 0.3 g of LDH@TRMS was added,
and 50 mL of toluene was used as the solvent. The mixture was
placed in an ultrasonic device for 30 min. Then, ligand N1,N4-
bis(4,6-diamino-1,3,5-triazin-2-yl)benzene-1,4-disulfonamide
was added, and the solution was stirred for 48 h under reflux
conditions. Afterward, the resulting combination was filtered
and washed several times with toluene (2 mL) and once with
ethanol (2 mL). Finally, the product was placed in an oven at a
temperature of 60 °C for 24 h.

Procedure for Synthesis of LDH@TRMS@NDBD@
Cu(NO3)2. The mixture obtained from the previous step (0.5
g) was added to a 25 mL flask containing 10 mL of ethanol.
Then, the mixture was dispersed in an ultrasonic device for 15
min, and copper nitrate (0.23 g) was added. The resulting
solution was placed under reflux conditions for 24 h. The
obtained product was separated by centrifugation, washed
several times with ethanol (2 mL), and placed in the oven at a
temperature of 60 °C for 24 h (Scheme 1).

Procedure for the Synthesis of Pyrano[2,3-d]-
pyrimidine Derivatives in the Presence of the LDH@
TRMS@NDBD@Cu(ii) Catalyst. In a test tube, malononitrile
(1 mmol), benzaldehyde derivatives (1 mmol), and barbituric
acid or 1,3-dimethylbarbituric acid (1 mmol), along with the
LDH@TRMS@NDBD@Cu(II) catalyst (0.045 g) were
stirred for a suitable period of time at room temperature.
The progress of the reaction was checked by TLC (n-hexane:
ethyl acetate; 5:5). After the completion of the reaction, the
catalyst was separated by adding hot ethanol (2 mL),
centrifuged, and washed with ethanol (2 mL). The pure
products were obtained by recrystallization with ethanol.

General Procedure for the Synthesis of Pyrazolo-
[4,3:5,6]pyrano[2,3-d]pyrimidine-dione Derivatives in
the Presence of LDH@TRMS@NDBD@Cu NPs. In a test
tube, 5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one (1
mmol), benzaldehyde derivatives (1 mmol), and barbituric
acid or 1,3-dimethylbarbituric acid (1 mmol) along with the
LDH@TRMS@NDBD@Cu(II) catalyst (0.045 g), were
stirred for a suitable period of time at a temperature of 45
°C. The progress of the reaction was checked by TLC (n-
hexane: ethyl acetate; 5:5). After the completion of the
reaction, the catalyst was separated by adding hot ethanol,
centrifuged, and washed with ethanol (2 mL). The pure
products were obtained by recrystallization with ethanol.

■ RESULTS AND DISCUSSION
Catalyst Characterization. Figure 1 shows the FTIR

spectra of LDHs (a), LDH@TRMS (b), melamine (c), NDBD
(d), LDH@TRMS@NDBD (e), and LDH@TRMS@
NDBD@Cu (f). According to Figure 1, the broad peak at
3508 cm−1 is related to the hydroxyl groups of LDH, which is
clearly visible in part (a), and also in part (b). In addition to

this, the peak at 2951 cm−1 is related to CH stretching
vibrations, and the peak observed in the region of 1100 cm−1 is
associated with the C−H propyl vibrations, indicating the
placement of 3-chloropropyltrimethoxysilane on the layered
double hydroxide. In part (c) of the spectrum, related to
melamine, peaks related to NH are observed in the region
3133−3470 cm−1, and the stretching vibrations of ring cyanide
are shown in the region 1652 and 1631 cm−1. In part (d),
related to the ligand of NDBD, the peaks in the 3200−3400
cm−1 region are related to the stretching vibrations of NH on
the ligand. Peak 1722 cm−1 is related to the stretching
vibrations of ring cyanide, which has shifted from 1652 cm−1 to
this region due to the formation of the sulfonyl amide group in
the vicinity of ring cyanide. Also, peak 1679 cm−1 is related to
ring cyanide, shifted from region 1631 to 1679 cm−1, and the
peaks at 1360 and 1143 cm−1 correspond to SO stretching
vibrations. In part (e), the hydroxyl peaks were covered, and
the ligand was placed on it. Vibrations related to NH (3100−
3400 cm−1) and SO (1358 and 1143 cm−1) are observed, and
the peak in the region 2957 cm−1 corresponds to the CH
stretching vibrations of the 3-chlorotrimethoxysilane group,
confirming the complete linking of the ligand to LDHs. In the
last stage (f), it can be seen that stretching vibrations to NH
and SO groups have decreased sharply. Also, the peaks of 517,
574, and 1384 cm−1 are related to copper nitrate, indicating
successful placement of copper nitrate on the catalyst. The
1HNMR and 13CNMR spectra of ligand N1,N4-bis(4,6-
diamino-1,3,5-triazin-2-yl)benzene-1,4-disulfonamide
(NDBD) are shown in Figure 2. Part (a) corresponds to the
1HNMR of NDBD in DMSO solvent. The peak appearing at δ
12.28 with integral 2 is related to two NHs connected to the
SO2 group, and a peak at δ 7.82 with an integral of 8
corresponds to the NH2 group of the ligand. The two-branch
peak at δ 7.55−7.58 with an integral of 2 is related to two
protons on the benzene ring in the vicinity of the carbon
attached to the SO2 group. The single protons of the benzene
ring with an integral of 1 appear at δ 7.27−7.33 and δ 8.39,
respectively, as a tribrach and a monobranch. Part (b) is the13C
NMR spectrum of the NDBD ligand. The peak at δ 147.4 is
related to two carbons of the benzene ring connected to the
SO2 group. The rest of the carbons of the benzene ring that are
not directly connected to SO2 appear at δ 123−128, and the
peak at δ 159.9 is related to the carbon connected to the NH2

Figure 1. FTIR spectra of (a) LDHs, (b) LDH@TRMS, (c)
melamine, (d) ligand of NDBD, (e) LDH@TRMS@NDBD, and (f)
LDH@TRMS@NDBD@Cu.
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group. The peak at δ 147.4 corresponds to the carbon attached
to the NH group.
Also, in another study, elemental determination analysis by

energy-dispersive spectrometer was conducted on the con-
stituent elements of the LDH@TRMS@NDBD@Cu nano-
catalyst. The results of this test confirmed the presence of
oxygen, nitrogen, carbon, sulfur, silicon, copper, zinc, and
chromium elements in the catalyst structure (Figure 3).
Additionally, according to Figure 4, elemental analysis of the
composition confirms the synthesis of the LDH@TRMS@
NDBD@Cu catalyst and the presence of the mentioned
elements.

Figure 2. 1H NMR (250 MHz) (a) and 13CNMR (63 MHz) (b) spectrum of the NDBD ligand.

Figure 3. EDX spectra of LDH@TRMS@NDBD@Cu.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07913
ACS Omega 2024, 9, 10332−10342

10335

https://pubs.acs.org/doi/10.1021/acsomega.3c07913?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07913?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07913?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07913?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07913?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07913?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07913?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07913?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In order to investigate the structure, morphology, and size of
particles, the images related to the FESEM of LDH@TRMS@
NDBD@Cu are shown in Figure 5. As is evident from the

image (part (a)), it depicts the basic form of LDHs with a
hexagonal and flat layer structure (part (a)), measuring
approximately 5 μm in size. By placing the ligand and copper
nitrate metal on it, the surface of the catalyst is roughened, and
nanoparticles with a spherical and uniform morphology can be
seen on it (part (b)). Pictures (b1) and (b2) are of the LDH@

TRMS@NDBD@Cu catalyst taken by FESEM ZISS device,
where the size of the nanoparticles is not clearly visible. Images
(b3) and (b4) are of the LDH@TRMS@NDBD@Cu catalyst
taken with the FESEM MIRA3 TESCAN device, which clearly
illustrates the hexagonal structure of the LDH layer, proving
that the LDH layer’s structure is preserved after placing the
ligand and copper nitrate metal (image (b3)). However, the
surface is uneven, and nanoparticles can be observed on it, and
shows the size of the nanoparticles ranging from 18 to 28 nm
(image (b4)).
XRD spectrum related to the stages of catalyst synthesis has

been performed in the 2θ region
from 10° to 80°. XRD patterns of LDHs, LDH@TRMS, and

LDH@TRMS@NDBD@Cu can be seen in Figure 6.
According to Figure 6a,b,31 the intensity and position of all
the peaks appearing at 11°, 24°, 33°, 35°, 37°, 48°, 52°, 60°,
and 68° correspond to the standard pattern of zinc/chromium
layered double hydroxides. As evident in Figure 6c, the peaks
appearing at 14.95°, 21.12°, 29.25°, 31.78°, 33.31°, 36.26°,

Figure 4. Elemental mapping of Cr (blue), Zn (dark purple), N (green), O (turquoise), C (red), Cu (bright purple), and Si (orange) atoms for
LDH@TRMS@NDBD@Cu.

Figure 5. FESEM images of LDHs (a), LDH@TRMS@NDBD@Cu
(b1, b2, b3, b4).

Figure 6. XRD pattern of (a) LDHs, (b) LDH@TRMS, and (c)
LDH@TRMS@NDBD@Cu nanocomposites.
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39°, 41°, 43.41°, 49°, 51.25°, 53.35°, and 57.98°, in
accordance with the standard pattern of copper nitrate,33

confirm that copper nitrate metal is successfully placed on the
catalyst, showing the final structure of the catalyst with high
crystallinity. The particle size was found to be approximately
10 nm using Scherrer’s equation.
To assess the thermal stability of catalyst 1, weight-thermal

analysis (TGA) was performed. According to Figure 7, the

initial weight loss occurs in the range of 100−170 °C, possibly
attributed to the presence of water and solvents used in the
catalyst synthesis. Subsequently, a subsequent weight loss at a
higher temperature (range of 200−270 °C) is observed,
attributed to the loss of interlayer anions and the solvents
trapped within these layers. The third weight loss, occurring
between 330 and 520 °C, is ascribed to the destruction and
separation of the ligand attached to LDHs. Beyond 520 °C, it
results in the removal of the metal and the breakdown of the
catalyst. All the breakdown areas observed in the TGA analysis
align with the changes noted in the DSC analysis. Similar to
TGA, in the DSC analysis, the range from 100 to 170 °C
represents the endothermic region, leading to the elimination
of solvents and trapped water. The interval from 370 to 520 °C
corresponds to the removal of the ligand, and above 520 °C, it
results in the decomposition of the catalyst and the removal of
copper nitrate from the catalyst surface. The DSC analysis
confirms the TGA analysis and shows the stability of the
catalyst up to 370 °C. Considering the stability of the catalyst
in a very high temperature range, this can be attributed to the
strong interaction between the ligand and LDHs, coupled with
its complexation with copper nitrate. This strong interaction
effectively prevents catalyst decomposition at lower temper-
atures.

■ CATALYTIC STUDIES
Optimization of Main Effective Parameters for

Pyrano[2,3-d]pyrimidine Synthesis. To optimize the
reaction conditions and check the efficiency of the catalyst,
factors such as temperature, different amounts of the catalyst,
various solvents, and reaction time were carefully investigated
(Table 1). For this purpose, malononitrile, 4-chlorobenzalde-
hyde, and 1,3-dimethylbarbituric acid were used as a model
reaction under different conditions. The model test was also
conducted in the absence of the catalyst, resulting in a small
yield of the product. The best conditions were achieved at
room temperature with 0.045 g of the catalyst. A noteworthy
point is that the reaction is conducted without a solvent at
room temperature, highlighting the green nature of the
protocol. Copper on the catalyst interacts well with the raw
materials, leading to a high yield of products in a short time

and without the need for a solvent. If a smaller amount of the
LDH@TRMS@NDBD@Cu catalyst is used, then the
efficiency decreases, indicating the high performance of the
catalyst. As evident from Table 1, the model reaction was
performed in the presence of methanol, ethanol, water, ethyl
acetate, and water/ethanol solvents, resulting in good yields.
The water and ethanol solvent showed a higher yield than the
others. However, in the absence of a solvent, the highest
efficiency was observed, and the yield of the reaction was
negligible without the catalyst. The model reaction was also
investigated in the presence of catalyzed intermediates, as
compiled in Table 2. LDHs produced 38% of the product in
half an hour. With the addition of 3-chlorotrimethoxysilane on
the surface of LDHs, the yield of the product decreased.
However, when the ligand was applied to the surface of LDH@
TRMS, the yield of the product increased dramatically, and the
reaction time was reduced to 20 min. The highest yield of the
product was obtained in 5 min in the presence of copper
nitrate stabilized on the surface of LDH@TRMS@NDBD,
demonstrating the high efficiency of the catalyst.

Investigating the Catalytic Activity in the Three-
Component One-Pot Synthesis of Pyrano[2,3-d]-
pyrimidine and Dihydropyrazolo[4′,3′:5,6]pyrano[2,3-
d]pyrimidine-dione Derivatives. To investigate the per-
formance of the new LDH@TRMS@NDBD@Cu catalyst, the
synthesis of pyrano[2,3-d]pyrimidine derivatives was con-
ducted under optimal conditions using malononitrile,
barbituric acid or 1,3-dimethylbarbituric acid along with a
wide range of benzaldehydes with different donor and acceptor

Figure 7. TGA and DSC curves of LDH@TRMS@NDBD@Cu
between 30 and 760 °C.

Table 1. Optimization of Pyrano [2,3-d]-pyrimidine
Synthesis in the Presence of LDH@TRMS@NDBD@Cu
Catalysta

entry
catalyst
(mg) solvent

temperature
(°C)

time
(min)

yield
(%)b

1b r.t. 60 12
2 10 r.t. 15 67
3 20 r.t. 15 73
4 35 r.t. 10 86
5 45 r.t. 3 97
6 50 r.t. 5 97
7 45 70 3 95
8 45 EtOH reflux 15 70
9 45 MeOH reflux 25 68
10 45 EtOH/H2O reflux 25 91
11 45 CH3CN reflux 15 85
12 45 H2O reflux 15 86

aReaction conditions: 4-chlorobenzaldehyde (1 mmol), malononitrile
(1 mmol), barbituric acid, or 1,3-dimethylbarbituric acid (1 mmol).
bIsolated yield.

Table 2. Comparison of the Catalytic Activity of GO@
Fe3O4@TRMS@HBPB@Cu Catalyst and its Related
Intermediatesa

entry catalyst time yield (%)b

1 LDHs 30 38
2 LDH@TRMS 30 20
3 LDH@TRMS@NDBD 20 88
4 LDH@TRMS@NDBD@Cu(NO3)2 5 95

aReaction conditions: 4-chlorobenzaldehyde (1 mmol), malononitrile
(1 mmol), barbituric acid, or 1,3-dimethylbarbituric acid (1 mmol).
bIsolated yield.
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groups. The reaction proceeded rapidly, resulting in high
product yields (Table 3). Some products with electron-
donating aldehydes required a slightly higher temperature.
Benzaldehydes with electron-withdrawing groups in the ortho
and para positions produce the product in higher yields and
shorter reaction times. This is because carbonyl benzaldehydes
with electron-withdrawing groups become more positive and
sensitive, reacting more easily with malononitrile in the
presence of a catalyst. A Hammett diagram was employed to
investigate the effect of different substitutions of benzaldehyde
in the synthesis reaction of pyrano[2,3-d]pyrimidine (Figure
8). The slope of the graph (ρ: 0.3293) indicates that the
reaction to electron-killing substitutions is more sensitive than
to electron-donating substitutions. The positive value ρ
indicates that the reaction rate increases with electron-killing
substitutions, suggesting the negativity of the transition state
stabilized by electron-killing substitutions on benzaldehyde. In
another part of investigating the efficiency of the catalyst,
dihydropyrazolo[4′,3′:5,6]pyrano[2,3-d]pyrimidine-dione de-
rivatives were synthesized in the presence of the new LDH@
TRMS@NDBD@Cu catalyst under three-component one-pot
conditions. These derivatives were synthesized for the first
time using three components of raw materials: barbituric acid
or 1,3-dimethylbarbituric acid, 5-methyl-2-phenyl-2,4-dihydro-
3H-pyrazol-3-one, and a wide range of benzaldehydes with
different donor and acceptor groups. The results demonstrated
the high efficiency of the catalyst in the synthesis of these
compounds, achieving high yields and short reaction times.
The synthesized dihydropyrazolo[4′,3′:5,6]pyrano[2,3-d]-
pyrimidine-dione derivatives are listed in Table 3.

Mechanistic Evaluation. The proposed mechanism for
the synthesis of pyrano[2,3-d]pyrimidine regarding the
catalytic role is illustrated in Scheme 2. As evident from the
scheme, the interaction between chelated copper and the
carbonyl group of benzaldehyde and malononitrile creates
intermediate A. Intermediate A reacts with barbituric acid or
1,3-dimethylbarbituric acid, whose carbonyl group interacts
with the copper catalyst, forming intermediate B. Through
tautomerism, which occurs in the presence of chelated copper,
the final product is synthesized, and the catalyst is recovered
for use in subsequent reactions. According to the mechanism,
it is evident that the carbonyl groups of benzaldehyde and
barbituric acid, as well as the nitrogen in malononitrile, play a
key role in this reaction by interacting with copper supported
on the catalyst, contributing to improved reaction conditions
and facilitating the synthesis process. The synthesis mechanism
of dihydropyrazolo[4′,3′:5,6]pyrano[2,3-d]pyrimidine-dione

Table 3. Synthesis of Pyrano[2,3-d]pyrimidine and
Dihydropyrazolo[4′,3′:5,6]pyrano[2,3-d]pyrimidine-dione
Derivatives in the Presence of LDH@TRMS@NDBD@Cu
Nanocatalysta

aIsolated yield.

Figure 8. Hammett plot for investigation of the substitution groups in
the synthesis of pyrano[2,3-d]pyrimidine.
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derivatives using the LDH@TRMS@NDBD@Cu catalyst is
depicted in Scheme 3, which shares almost the same synthesis
mechanism as pyranopyrimidines. According to Scheme 3, the
initial interaction of the copper chelate of the catalyst with the
carbonyl aldehyde group induces the positive charge on the
oxygen of the carbonyl aldehyde group, making it susceptible
to attack by 5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one,
resulting in the formation of intermediate A. Subsequently,
intermediate B is formed from the reaction of barbituric acid or
1,3-dimethylbarbituric acid with intermediate A in the

presence of the copper chelate catalyst. Continuing the
reaction, intermediate C is created through internal oxygen
attack. In the final step, the product is synthesized by removing
the water molecule, and the catalyst is recycled, returning to
the reaction cycle.

Reusability Study of Catalyst. Investigating the reus-
ability of the catalyst, which is biologically and economically
important, an analysis was carried out for the newly
synthesized catalyst. After the synthesis of the products, hot
ethanol was added to the reaction container to extract the

Scheme 2. Suggested Mechanism for the Synthesis of Pyrano[2,3-d]pyrimidine with the Catalytic Role of LDH@TRMS@
NDBD@Cu

Scheme 3. Suggested Mechanism for the Synthesis of Dihydropyrazolo[4′,3′:5,6]pyrano[2,3-d]pyrimidine-dione with the
Catalytic Role of LDH@TRMS@NDBD@Cu
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catalyst LDH@TRMS@NDBD@Cu from the reaction mix-
ture through centrifugation. Then, the catalyst was recovered
by washing it several times with ethanol and once with acetone
before being placed in an oven at 60 °C to dry. According to
Figure 9, the catalyst was recycled four times, and no
significant decrease in its efficiency was observed. For each
run of the model reaction, the catalyst was recovered in the
following amounts: first time 0.040 g, second time 0.035 g,
third time 0.031 g, and fourth time 0.027 g.

Comparison. To demonstrate the efficiency of the newly
synthesized catalyst, a comparison was made with other
catalysts in the synthesis of three-component pyranopyrimi-
dine, as shown in Table 4. According to Table 4, the present
catalyst significantly improved the reaction conditions. The
reaction time was short, and the product yield was high. The
reaction was carried out at room temperature, indicating the
high efficiency of the new catalyst.

■ CONCLUSION
Due to the importance of heterocyclic compounds in
pharmaceuticals, their preparation method is an important
domain of chemistry. Consequently, we endeavored to design a
new heterogeneous recyclable nanocatalyst for the one-pot
three-component synthesis of pyrano[2,3-d]pyrimidine and
dihydropyrazolo[4′,3′:5,6]pyrano[2,3-d]pyrimidine-dione de-
rivatives. The structure of the new catalyst was checked and
verified through different analyses, such as FTIR, EDX,
MAPPING, XRD, TGA, DSC, and FESEM. Finally, the
efficiency of the catalyst in the one-pot three-component
synthesis of pyranopyrimidines was investigated, the reaction

was optimized, and the yield was obtained from 88 to 97% in
the presence of 0.045 g of the catalyst under solvent-free
conditions at room temperature (Table 1). Additionally,
dihydropyrazolo[4′,3′:5,6]pyrano[2,3-d]pyrimidine-dione de-
rivatives were synthesized through a three-component reaction
of 5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one, barbituric
acid or 1,3-dimethylbarbituric acid, and aromatic aldehydes,
yielding from 88 to 94% in the presence of 0.045 g of catalyst
under solvent-free conditions at 45 °C (Table 3). The
recyclability of the catalyst was also investigated, demonstrat-
ing that the catalyst could be recycled four times without a
significant loss of efficiency (Figure 9).
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Table 4. Comparison of LDH@TRMS@NDBD@Cu Catalyst Activity in Pyranopyrimidine Synthesis with Several Catalysts

entry reaction conditions time (min) yield (%) lit.

1 Mn/ZrO2, EtOH: H2O, r.t. 60 90 16
2 TMU-16-NH2, H2O, reflux 60 97 34
3 Fe3O4/Mo-MOF core−shell, H2O: EtOH (1:1), 40 °C 25 93 24
4 SnO2/SiO2, EtOH 60 94 23
5 urea, neat, 140 °C 840 86 21
6 SBA-Pr-SO3H, neat, 140 °C 15 90 35
7 PC/AgNPs, EtOH: H2O, reflux 10 94 36
8 Zn[(l)proline]2, EtOH/reflux 0.5−12 h 90 37
9 (SiO2@Glu/Si (OEt)2(CH2)3N = Mo [Mo5O18], solvent-free, 80 °C 30 90 38
10 nanobasic silica, solvent-free, 90 °C 70 92 11
11 LDH@TRMS@NDBD@Cu(NO3)2, solvent-free, r.t. 5 97 this work

Figure 9. Recyclability of LDH@TRMS@NDBD@Cu in the
reaction.
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