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Design and preparation of a new Ni/Arg@zeolite-Y
nano-composite: investigation of its performance
as a multi-functional and bio-organic catalyst for
the one-pot synthesis of thieno[2,3-d]
pyrimidinones

Mehdi Kalhor, (2 * Ziba Modares and Vahid Azizkhani & *

This paper describes the design and fabrication of a Ni/Arg@zeolite-Y nanocomposite, and investigates its
application as a multifunctional nanocatalyst in the one-pot synthesis of thieno[2,3-d]pyrimidinone
derivatives. Herein, nickel metal ions were stabilized on NaY zeolite through a sodium exchange process
(Ni@zeolite-Y). Then, this catalyst was functionalized via the linker 3-chloropropyltriethoxysilane with the
basic L-arginine amino acid (Arg@zeolite-NiY). The structure of the nano-catalyst was confirmed using
techniques such as FT-IR, XRD, BET, FE-SEM, TGA-DTA, and EDX-MAP. The catalytic activity of this
nanocomposite in the green synthesis of thieno-pyrimidines was evaluated. Initially, the feasibility of
conducting the reaction with this nano-catalyst was assessed through a one-pot reaction involving the
cyclization of 2-amino-4,5,6,7-tetrahydrobenzolblthiophene-3-carboxamide with various aromatic
Subsequently, the
thienopyrimidines under optimized conditions was successfully demonstrated. Key advantages of this

aldehydes under different conditions. reaction's generality for synthesizing

project include the elimination of the toxic homogeneous catalyst hydrochloric acid and the use of
green solvent ethanol. Additional benefits are the non-toxic nature, cost-effectiveness, recyclability of

rsc.li/rsc-advances

1. Introduction

Nowadays, researchers, using recent advances in nanotech-
nology and considering the principles of green chemistry, are
seeking to design reaction processes that not only minimize
negative environmental impacts but also enhance the perfor-
mance of these processes." This new approach has led to
increased attention on the design, synthesis, and application of
environmentally friendly nanosized heterogeneous catalysts,
facilitating their development.>* In recent decades, the use of
heterogeneous nanocatalysts in synthesizing organic
compounds has seen significant development due to their
unique properties. These features include increased reaction
speed and selectivity, a high surface-to-volume ratio, easy
separation from the reaction environment, and the ability to be
reused.*” One of the intriguing recent advancements in cata-
lysts chemistry is the design and emergence of multi-functional
heterogeneous nanocatalysts.*** This category consists of two
components: a solid substrate serving as the support and active
functional groups fixed onto the solid substrate. Zeolites can be
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the nano-catalyst, ease of product isolation, high yield, and reduced reaction time.

highlighted as materials acting as supports, possessing excep-
tional capabilities for multiple surface modifications. Zeolites
are meso-porous aluminosilicates minerals commonly used as
adsorbents, catalysts, and ion-exchange materials. By modifying
them with organic components, their properties can be
enhanced for specific applications.”*** Organically modified
zeolites are a type of zeolite that has been chemically altered to
incorporate organic functional groups into their structure.***”
The synthetic zeolites are widely employed as heterogeneous
catalysts and as ideal supports for homogeneous catalysts,
owing to their high surface area, thermal stability, porous
crystalline structure, stability in organic solvents, ease of sepa-
ration from reaction environments, and reusability. These
advantageous properties render zeolites invaluable across
various industrial and research applications."*®

Amino acids have recently gained significant attention as
eco-friendly organocatalysts in organic reactions. Researchers
are drawn to amino acids in catalytic reactions due to their
distinctive features, such as non-toxicity, safety, dual function-
ality as catalysts, and their compatibility with various materials.
However, their catalytic applications face challenges, including
difficulty in separating amino acids from the reaction mixture
and their inability to be reused after a single reaction.’”?* A
promising solution to these issues is the immobilization of
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homogeneous organocatalysts onto high-surface-area solid
supports, such as polymers, nanosilica and zeolites. Arginine
plays a fascinating role in the development of catalysts, espe-
cially in increasing catalytic efficiency and stability. Arginine
can also be attached to heterogeneous solid supports such as
graphitic carbon nitride or magnetic nanoparticles to modify
catalyst surfaces, improve their reactivity and selectivity in the
synthesis of heterocyclic compounds. In addition, arginine is
used in electrocatalysis as a reducing agent and structure guide,
and in enzyme catalysis.**®

Heterocyclic compounds can include simple rings like pyri-
dine as well as more complex structures such as purines and
pyrimidines. One of the heterocyclic compounds that have
shown significant medicinal effects in recent years is thieno-
pyrimidine derivatives, with their biological and therapeutic
applications well-documented.>”*" Thienopyrimidine scaffold
is one of the most widely used chemical frameworks in drug
development. Due to their structural and isoelectronic resem-
blance to purines, compounds containing thienopyrimidine
have become as a highly appealing element in the creation and
development of drug, especially anticancer drugs.’>** Research
shows that cancer is still the most important health problem
with increasing incidence and mortality rates worldwide. Fig. 1
showcases some thienopyrimidine-containing drugs, each
exhibiting distinct biological activity profiles.**

This underscores the significant efforts dedicated to the
synthesis of these heterocycles. Numerous studies have docu-
mented the preparation of thieno[2,3-d]pyrimidines through
a two-step process or a one-pot reaction involving aldehydes and
thiophenes substituted with amides and amines, utilizing
either conventional methods or diverse catalysts.***** While
these methods have significantly advanced the synthesis of
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Fig. 1 Frameworks of some thienopyrimidine-based drugs.
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these compounds, ongoing efforts to refine and develop these
techniques or to establish new synthetic strategies addressing
their limitations still remain highly valuable.

Having these facts and in order to continue our ongoing
research on the preparation of functionalized nanocatalysts on
based zeolites, their performance in chemical reactions and the
synthesis of heterocyclic compounds,**™* our aim in this paper
is to design, prepare, and characterize a hybrid nanosized
arginine-nickel catalyst stabilized on a zeolite support (Ni/
Arg@zeolite-Y) and evaluate its efficiency in the easy and one-
pot synthesis of thienopyrimidinone derivatives (Scheme 1).

2. Experimental

2.1. Apparatus, materials, and measurements

All chemicals were purchased from Merck (Darmstadt, Ger-
many) and Fluka (Buchs, Switzerland), and used without further
purification. The progress of the reactions from initiation to
completion was monitored using thin-layer chromatography
(TLC). The TLC plates used were of the model TLC-grade silica
gel-G/UV 254 nm. The Fourier transform infrared spectroscopy
(FT-IR) spectra were measured on a Shimadzu IR-470 spectro-
photometer equipped with a monitor and a JASCO FT-IR system
(KBr disks). Melting points were determined on a Barnstead
Electrothermal 9200BZ (UK). 'H NMR and "*C NMR spectra
were recorded on a Varian Unity Inova 500 MHz spectrometer
(variable-temperature, 2-channel console with pulsed field
gradients). NMR spectra were obtained in DMSO-d; solvent and
are reported as parts per million (ppm) downfield from tetra-
methylsilane as internal standard. Mass spectra were taken on
a C5975 mass spectrometer (Agilent Technologies). The
morphological analysis was performed with a Stereoscan 360-
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Scheme 1 The synthetic pathway of thienol[2,3-d]pyrimidinones using Ni/Arg@ZY.

Leica/Cambridge Field Emission Scanning Electron Microscope
(FE-SEM) that it equipped with energy dispersive X-ray spec-
trometer (EDX). Nanocomposites based zeolite-Y were charac-
terized using a Holland Philips X'pert X-ray powder diffraction
(XRD) diffractometer (CuKe, radiation, A = 0.154056 nm), at
a scanning speed of 2° min~" from 10° to 100° (26). The TGA/
DTA measurements were carried out by using a TA-Q600
instrument (made in the USA). TGA/DTA runs were recorded
at a scan rate of 10° min~"' up to 700 °C under pure argon
atmosphere. N, adsorption and desorption isotherms (BET
analysis) of zeolitic samples were measured at the temperature
of liquid nitrogen with a Micromeritics system (made in USA).
The BET surface area of the nanoparticles was calculated using
the Brunauer-Emmett-Teller (BET) method.

2.2. Preparation of Ni/Arg@zeolite-Y nanocomposite

Ni@zeolite-Y nano-structure was prepared according to our
previously published method.** 1 g of zeolite-NaY is stirred with
1.5 millimoles of nickel chloride at room temperature for 20
hours and then centrifuged. The resulting precipitate is sub-
jected to an ultrasonic bath in three stages, each time washed
with water, and then dried at a temperature of 50 to 60 °C. Then,
in a 100 mL single-necked round-bottom flask containing
toluene (20 mL) and 3-chlorotrimethoxysilane (0.5 mL), 1 g of
nano Ni@ZY was added while stirring, and the reaction mixture
was refluxed at 111 °C for 24 h. Subsequently, the obtained
precipitate, Pr-Cl@zeolite-NiY, was placed in the mixture of
water-ethanol and subjected to an ultrasonic bath for 10
minutes in three runs, and then centrifuged. After washing with
water, the precipitate was dried in an oven at 50 to 60 °C. In the
last step, Pr-Cl@zeolite-NiY (1 g), triethylamine, and arginine
(amino acid, 0.025 mmol) were added to a 100 mL round-
bottom flask containing 20 mL of toluene. Then, the reaction
mixture was refluxed for 24 hours. The obtained precipitate,
after three rounds of centrifugation, followed by ultrasonic bath
treatment and washing with water, was finally dried at 70 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.3. General procedure for the synthesis of 3-amino-4,5,6,7-
tetrahydrobenzo[b]thiophene-2-carboxamide (1)

Compound (1) was synthesized in the laboratory following
a modified Gewald reaction.®® A stirred mixture of cyanoaceta-
mide (0.05 mol) and cyclohexanone (0.05 mol) in 10 mL of
ethanol at room temperature was combined with sulfur (0.05
mol). Morpholine (5 mL) was then added dropwise, initiating an
exothermic reaction. The mixture was stirred at 50 °C for 3
hours before being allowed to stand at room temperature
overnight. The resulting yellow solid was collected by filtration,
washed with a mixture of ethanol and water, and subsequently
dried. Yield: 85%, M. P.: 191 °C, FT-IR (KBr), vpax: 3398-3437
(N-H, amine), 3317-3180 (N-H, amide), 2926 (CH), 1627 (C=
0), 1581, 1550 (C=C) cm™".

2.4. The typical procedure for the catalytic synthesis of
thieno[2,3-d]pyrimidinones (3a-m)

In a 100 mL single-neck round-bottom flask, a mixture of the
synthesized 2-amino-thiophene-3-carboxamide (0.05 g) and the
corresponding aromatic aldehydes (1 : 1 molar ratio) in 4 mL of
ethanol was combined with 0.0025 g of Arg@zeolite-NiY
(3 mol%) and stirred at 80 °C for 10-20 minutes. The progress
of the reaction was monitored by thin-layer chromatography
(TLC). Upon completion, the catalyst was separated by filtration.
Then, a mixture of water and ice was added to the remaining
solution to precipitate the product. TLC analysis indicated that
the majority of the product was pure. Recrystallization was
carried out using a 2 : 8 water/ethanol mixture to further purify
the product. Detailed characterization of a number of products,
including FT-IR, "H NMR, and "*C NMR spectra is provided in
the SI (Fig. S1-S20).

2.5. Spectroscopic data for select synthesized samples

2.5.1. 2-Phenyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]
pyrimidin-4(3H)-one (3a). FT-IR (KBr, vn.y): 3445 (NH), 2923,
2853 (C-H), 1635 (C=0), 1558 (C=N), 1540, 1520, 1507, 1472,

RSC Adv, 2025, 15, 28045-28062 | 28047
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Scheme 2 Synthesis pathway of the Arg@zeolite-NiY nanocatalyst.

1456, 1390, 1339 (C=C), 1019 (C-N), 781 ($-C), 418 cm*. "H- "*C-NMR (DMSO-dg, 100 MHz): i¢ 169.6 (C=0), 154.5, 142.8,
NMR (DMSO-ds, 400 MHz): 6y 12.50 (s, 1H, NH), 8.14 (d, J = 131.3, 128.7, 128.6, 127.8, 127.6, 118.5, 113.4, 25.3, 24.5, 22.5,
5.84 Hz, 2H, H-ph), 7.58-7.52 (m, 3H, H-ph), 2.92 (br s, 2H, 21.7 (CH,) ppm.

CH,), 2.77 (br s, 2H, CH,), 1.83-1.80 (br t, 4H, CH,CH,) ppm.
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Fig. 2 Comparison of the FT-IR spectra of zeolite-NaY, Ni@ZzZY, Ni/Pr-Cl@ZY, and Ni/Arg@ZY.
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2.5.2. 2-(2-Nitrophenyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno
[2,3-d]pyrimidin-4(3H)-one (3b). FT-IR (KBr, mq,): 3431 (NH),
3082, 2921 (C-H), 1653 (C=0), 1609 (C=N), 1520, 1372 (NO,),
1494, 1301, 1280, 1200 (C=C), 1172, 1012 (C-N), 996, 815 (S-C),
582 ¢cm ™. "H-NMR (DMSO-dg, 400 MHz): 6y 12.87 (br, 1H, NH),
8.20 (d, J = 7.92 Hz, 2H, H-Ar), 7.89 (d, ] = 7.40 Hz, 1H, H-Ar),
7.83 (m, 2H, H-Ar), 2.92 (br s, 2H, CH,), 2.77 (br s, 2H, CH,),
1.81 (br s, 4H, CH,CH,) ppm.

View Article Online

RSC Advances

2.5.3. 2-(3-Nitrophenyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno
[2,3-d]pyrimidin-4(3H)-one (3c). FT-IR (KBr, 7m,,): 3433 (NH),
2937 (C-H), 1650 (C=0), 1590 (C=N), 1485, 1286 (NO,), 1539,
1222 (C=C), 1049, 1010 (C-N), 892 (S-C), 722 cm™". '"H-NMR
(DMSO-ds, 500 MHz): 6y 12.73 (br, 1H, NH), 8.94 (s, 1H, H-
Ar), 8.55 (d, J = 7.55 Hz, 1H, H-Ar), 8.37 (d, J = 6.75 Hz, 1H,
H-Ar), 7.81 (t,] = 8.03 Hz, 2H, H-Ar), 2.91-2.77 (br d, 4H, CH,),
1.82 (br d, 4H, CH,CH,) ppm.
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Fig. 3 Energy dispersive X-ray (EDX) analysis of the Ni/Arg@ZY nanocatalyst.
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Fig. 4 Elemental distribution map (EDX-MAP) of elements in the Ni/Arg@ZY nanocatalyst.
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2.5.4. 2-(4-Nitrophenyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno
[2,3-d]pyrimidin-4(3H)-one (3d). FT-IR (KBTI, Vpay): 3445 (NH),
2926 (C-H), 1651 (C=0), 1530 (C=N), 1519, 1330 (NO,), 1455,
1273 (C=C), 1024 (C-N), 668 (S-C), 419 cm . 'H-NMR (DMSO-
de, 500 MHz): 6y 12.69 (br, 1H, NH), 8.33 (br d, 4H, H-Ar), 8.55
(d,] = 7.55 Hz, 1H, H-Ar), 8.37 (d, ] = 6.75 Hz, 1H, H-Ar), 2.90~
2.75 (br d, 4H, 2CH,), 1.81-1.78 (br d, 4H, CH,CH,) ppm.

2.5.5. 2-(4-Bromophenyl)-5,6,7,8-tetrahydrobenzo[4,5]
thieno[2,3-d|pyrimidin-4(3H)-one (3e). FT-IR (KBr, vyay): 3432
(NH), 2939 (C-H), 1653 (C=0), 1541 (C=N), 1513, 1416, 1280,
1237 (C=C), 1013 (C-N), 811 (C-Br), 756 (S-C), 418 cm *. 'H-
NMR (DMSO-ds, 500 MHz): dy; 12.41 (br, 1H, NH), 8.06 (d, ] =

SEM MAG: 75.0 kx Det: InBeam
WD: 6.46 mm BI: 7.00
View field: 2.77 ym |Date(m/dly): 07/11/18

MIRA3 TESCAN
500 nm

SEM MAG: 100 kx Det: InEeém
WD: 5.00 mm BI: 7.00
View field: 2.08 pm Date(m/d/y): 08/13/20

MIRA3 TESCAN

Lot

500 nm

View Article Online
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8.00 Hz, 2H, H-Ar), 7.70 (d, J = 6.85 Hz, 2H, H-Ar), 2.91-2.77 (br
d, 4H, CH,), 1.82 (br d, 4H, CH,CH,) ppm.

2.5.6. 2-(3-Chlorophenyl)-5,6,7,8-tetrahydrobenzo[4,5]
thieno[2,3-d]|pyrimidin-4(3H)-one (3f). FT-IR (KBr, v,,y): 3444
(NH), 3098, 2930 (C-H), 1648 (C=0), 1532 (C=N), 1340, 1292
(C=C), 1013 (C-N), 788 (C-Cl), 703 (S-C), 418 cm *. "H-NMR
(DMSO-dg, 500 MHz): 6y 12.55 (s, 1H, NH), 8.33 (s, 1H, H-Ar),
8.08 (d,J = 7.70 Hz, 1H, H-Ar), 7.62 (d, J = 8.00 Hz, 1H, H-Ar),
7.55 (t, J = 7.90 Hz, 1H, H-Ar), 2.90 (s, 2H, CH,), 2.75 (s, 2H,
CH,), 1.82-1.77 (br d, 4H, CH,CH,) ppm. MS (m/z, %): 316.1
(M*, 100), 288.1 (90), 138.1 (25), 111.1 (20), 91.1 (15).

2.5.7. 2-(3-Methoxyphenyl)-5,6,7,8-tetrahydrobenzo[4,5]
thieno[2,3-d]pyrimidin-4(3H)-one (3g). FT-IR (KBr, vyax): 3442

SEM MAG: 100 kx Det: InBeam MIRA3 TESCAN

WD: 4.94 mm
View field: 2.08 ym |Date(m/dly): 04/19/18

D1=23.70 nm

D2=1373 nm

SEM MAG: 200 kx Det: InBeam MIRA3 TESCAN
WD: 5.00 mm BI: 7.00

View field: 1.04 ym |Date(m/dly): 08/13/20

Fig. 5 FE-SEM images of the samples: (a) zeolite-NaY, (b) Ni-ZY, and (c and d) of the Ni/Arg@ZY nanocatalyst.
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Fig. 6 Histogram of particle size distribution in the Ni/Arg@zZY
nanocatalyst.

(NH), 3123, 2932 (C-H), 1654 (C=0), 1592 (C=N), 1545, 1513,
1486, 1327, 1285 (C=C), 1235, 1182 (C-0), 1124, 1007 (C-N),
855 (S-C), 720, 418 cm™'. 'H-NMR (DMSO-dg, 400 MHz): 6y
12.51 (s, 1H, NH), 7.73 (d, = 7.88 Hz, 1H, H-Ar), 7.68 (s, 1H, H-
Ar), 7.44 (t,] = 8.01 Hz, 1H, H-Ar), 7.13 (d, ] = 8.04 Hz, 1H, H-Ar),
3.85 (s, 3H, OMe), 2.90 (br, 2H, CH,), 2.75 (br, 2H, CH,), 1.80 (br
t, 4H, CH,CH,) ppm.

2.5.8. 2-(4-Methoxyphenyl)-5,6,7,8-tetrahydrobenzo[4,5]
thieno[2,3-d|pyrimidin-4(3H)-one (3h). FT-IR (KBr, vy.y): 3431
(NH), 2930 (C-H), 1654 (C=0), 1538 (C=N), 1448, 1340 (C=C),
1012 (C-N), 714 (S-C) em™". "H-NMR (DMSO-dg, 500 MHz): g
12.31 (s, 1H, NH), 8.11 (d, J/ = 8.85 Hz, 2H, H-Ar), 7.05 (d, ] =
8.90 Hz, 2H, H-Ar), 3.82 (s, 3H, OMe), 2.88-2.72 (br d, 4H, 2CH,),
1.81-1.75 (m, 4H, CH,CH,) ppm. "*C-NMR (DMSO-dg, 125
MHz): i¢ 162.2 (C=0), 159.2, 152.2, 132.1, 131.8, 131.2, 129.7,
129.6, 120.7, 114.5, 55.9 (OCHj), 25.8, 24.9, 22.9, 22.2
(CH,) ppm. MS (m/z, %): 312.2 (M", 100), 284.1 (80), 134.1 (25),
91.1 (20).

2.5.9. 2-(3,4-Dimethoxyphenyl)-5,6,7,8-tetrahydrobenzo
[4,5]thieno[2,3-d]pyrimidin-4(3H)-one (3i). FT-IR (KBI, Vpmay):
3431 (NH), 3093, 2935 (C-H), 1646 (C=0), 1613 (C=N), 1522,
1491, 1486 (C=C), 1295, 1256, 1186 (C-0), 1034 (C-N), 834 (S-
C), 594, 403 cm ™~ '. "H-NMR (DMSO-ds, 500 MHz): 65 12.19 (s,
1H, NH), 7.78-7.72 (m, 2H, H-Ar), 7.07 (d, ] = 8.50 Hz, 1H, H-Ar),
3.86 (s, 3H, OMe), 3.83 (s, 3H, OMe), 2.91-2.72 (m, 4H, CH,),
1.81-1.76 (m, 4H, CH,CH,) ppm.
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2.5.10. 2-(3,4,5-Trimethoxyphenyl)-5,6,7,8-tetrahydrobenzo
[4,5]thieno[2,3-d]pyrimidin-4(3H)-one (3j). FT-IR (KBr, rpay):
3448 (NH), 3079, 2933 (C-H), 1664 (C=0), 1589 (C=N), 1560,
1504, 1432, 1348 (C=C), 1292, 1257, 1197 (C-0O), 1090, 1005 (C-
N), 964, 781 (S-C), 747, 540 cm™*. *"H-NMR (DMSO-d,, 400
MHz): y; 12.50 (s, 1H, NH), 7.49 (s, 2H, H-Ar), 3.88 (s, 6H, OMe),
3.73 (s, 3H, OMe), 2.91 (br, 2H, CH,), 2.75 (br, 2H, CH,), 1.81 (br
t, 4H, CH,CH,) ppm.

2.5.11. 2-(2-Hydroxyphenyl)-5,6,7,8-tetrahydrobenzo[4,5]
thieno[2,3-d]pyrimidin-4(3H)-one (3k). FT-IR (KBr, vyax): 3432
(NH), 2939 (C-H), 1653 (C=0), 1541 (C=N), 1513, 1416, 1392,
1289 (C=C), 1261, 1237 (C-0), 1013 (C-N), 811 (S-C), 756, 669,
418 cm™*. "H-NMR (DMSO-d,, 500 MHz): 6y 12.06, 12.00 (br d,
2H, NH and OH), 8.11 (d, J = 7.55 Hz, 1H, H-Ar), 7.41 (t, ] =
7.55 Hz, 1H, H-Ar), 7.00-6.94 (m, 2H, H-Ar), 2.88-2.74 (br d, 4H,
CH,), 1.80-1.77 (br d, 4H, CH,CH,) ppm.

3. Results and discussion

Given the widespread applications of thienopyrimidines,
particularly in the biological and pharmacological fields, the
development of effective and efficient methods for the synthesis
of these compounds is of significant importance. Therefore, our
research team decided to design and synthesize a novel multi-
functional nanocatalyst based on arginine and zeolite-Y/Ni to
investigate and evaluate its catalytic activity in the synthesis of
2-arylthienopyrimidines under mild conditions. In this section,
we will discuss the details of the synthesis and characterization
of the nanocatalyst, as well as the synthesis method for 2-
arylthienopyrimidines.

3.1. Characterization of the catalyst

Initially, to provide a clearer presentation, the synthesis
pathway of Arg@zeolite-NiY is depicted in Scheme 2. First, the
Ni@ZY was modified with 3-chloropropyltriethoxysilane to
produce Pr-Cl@zeolite-NiY nanocomposites. The zeolite sup-
ported r-Arg was then prepared by the reaction of r-arginine
amino acid and Ni/Pr-CI@ZY.

Each component enhances the efficiency of the catalyst,
making the multi-functional nanocatalyst more effective when
Arg is combined with Ni@ZY, compared to the individual
components. Since analyzing the composition, structure, and
morphology of nanocatalysts is crucial for predicting their
catalytic behavior, the structure of the Ni/L-Arg@ZY catalyst was
initially confirmed using various analytical methods.

Table 1 Porosimetry data from BET analysis for zeolite-NaY, Ni@ZY, and Ni/Arg@ZY

Samples Sper” (mz g VBJHb (em® g™ Vaax (cm® g71) DAapd (nm) Wegn® (nm) P APSf (nm)
Zeolite-NaYy 441.3 0.032 0.228 2.213 6.73 13.60
Ni@ZY 269.5 0.019 0.117 2.219 9.34 21.51
Ni/Arg@ZY 300.3 0.021 0.155 2.215 8.03 19.98

“ Specific surface area. ” Pore volume. ¢ Maximum pore volume at P/P, =

0.174699824 (estimated using the Horvath-Kawazoe method).

4 Adsorption average pore diameter (4V/A by BET). ¢ BJH adsorption average pore width (4V/A)./ Average nanoparticle size (estimated using the

Temkin method).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.1.1. FT-IR spectroscopic analysis for the Arg@zeolite-NiY
nanocatalyst. The FT-IR spectra for zeolite-NaY, Ni@ZY, Ni/Pr-
Cl@ZY, and Ni/Arg@ZY are shown in Fig. 2. In the FT-IR spec-
trum of zeolite-NaY, the broad peaks in the range of 3200-
3600 cm ! are attributed to the stretching vibration of the
hydroxyl group of water molecules present in zeolite-NaY, while
the peak in the range of 1640-1620 cm " corresponds to its
bending vibration. Furthermore, the strong and weak prom-
inent and weak peaks in the regions 1021 cm ™" and 790 cm™*
correspond to the symmetric and asymmetric stretching vibra-
tions of Si-O-Si groups, respectively. Additionally, the peak in
the 470 cm ™" region is attributed to the bending vibrations of
Si-O-Si or Al-O-Si groups. In FT-IR spectroscopy, metal cation
vibrations typically appear in the region of 50-1200 cm ™. The
wavelength of these vibrational peaks depends on the nature of

View Article Online

Paper

the cation and its position. Therefore, it is expected that in the
mid-region of the spectrum, i.e., in the range of 400-1400 cm ™,
no significant difference will be observed between the FT-IR
spectra of zeolite-NaY and Ni@ZY samples. However, since in
this region the soft metal nickel replaces the hard metal
sodium, it is expected that the peaks will shift slightly towards
lower vibrational energy (weaker field) or, in some cases,
towards a stronger field. These shifts can be observed in the FT-
IR spectrum of the nickel zeolite catalyst. In the FT-IR spectrum
of Ni/Pr-CI@ZY, no significant difference was observed, as only
the 3-chloropropyl aliphatic group has been added to the
structure. However, the spectrum indicates that the nano-
composite structure has been relatively preserved. In the final
stage FT-IR spectrum (Fig. 2) corresponding to Ni/Arg@ZY,
weak peaks appear in the 1400 to 3200 cm ' regions, which
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Fig. 7 Adsorption—desorption isotherm curves for samples (a) zeolite NaY, Ni@ZY, and (b) Ni/Arg@ZY.
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Fig. 8 Pore size distribution chart of the Ni—Arg@ZY nanocatalyst.

are likely attributed to the vibrations of functional groups
present in the arginine amino acid (NH, C=N, COOH). Since
the amount of arginine immobilized on the nanoporous zeolite
support is low, these peaks appear as weak signals. Overall,
comparison of the step-by-step FT-IR spectra related to the
synthesis of Ni/L-Arg@ZY in Fig. 2 demonstrates the preserva-
tion of the crystalline structure.*®*

3.1.2. Energy dispersive X-ray (EDX) analysis of the Ni/
Arg@ZY nanocatalyst. Energy dispersive Xray (EDX)

spectroscopy is employed for structural analysis and the
elemental composition of the sample. The EDX image of the
catalyst nanoparticles is shown in Fig. 3. This image demon-
strates that the synthesized nanoparticles are free of impurities
and contain the elements C, N, O, Na, Al, Si, and Ni. Addition-
ally, the relative and semi-quantitative atomic and weight
percentages of the elements are presented in the table shown in
Fig. 3. In this table, the calculated silicon-to-aluminum ratio (Si/
Al = 2.90) compared to the initial zeolite (Si/Al = 2.72) confirms
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Fig. 9 Thermal stability curve (TGA-DTA) of the Ni-Arg@ZY nanocatalyst.
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the preservation of the Y-type zeolite structure and the relative
stabilization and attachment of organo-metallic functional
groups on the zeolite support surface. Furthermore, the
increase in this ratio indicates the attachment of 3-chloro-
propyltriethoxysilane to the surface.

Another analysis performed for these nanoparticles, along
with the EDX analysis, is the EDX-MAP analysis, as shown in
Fig. 4. These images display the spatial distribution of the
elements present in the nanocatalyst structure. As observed in
the figure, there is a good correlation between the elemental
distribution images of the nanoporous structure and the EDX
spectrum.

3.1.3. Field emission scanning electron microscopy (FE-
SEM) analysis of the Ni/Arg@ZY nanocatalyst. The Field Emis-
sion Scanning Electron Microscopy (FE-SEM) images of zeolite-
NaY (a), nickel-zeolite (b), and the Ni/Arg@ZY nanocatalyst (c
and d) are shown in Fig. 5. These images reveal that the catalyst
consists of sheet-like particles with polyhedral pores in small,
medium, and large sizes. Furthermore, morphological analysis

28054 | RSC Adv, 2025, 15, 28045-28062

of the samples shows that during the functionalization of the
initial zeolite, no significant changes occurred in the overall
structure of the original zeolite, and its morphology was largely
preserved. These images approximate the nanopore sizes to be
in the range of 13-23 nm, confirming the desired mesoporous
crystalline and nanostructured nature.

Furthermore, based on the statistical distribution chart of
particle size or pore diameter on the nanocatalyst support
surface obtained from the Field Emission Scanning Electron
Microscopy (FE-SEM) image, it was found that most of the
particles are in the range of 25-35 nm, and the majority of the
pores are in the range of 4-50 nm, which is characteristic of
mesoporous materials (Fig. 6).

3.1.4. Brunauer-Emmett-Teller (BET) analysis of the Ni/
Arg@ZY nanocatalyst. The results of the pore analysis for the
samples of the initial nanozeolite (zeolite-NaY), nickel cation-
containing nanozeolite, and the amino-functionalized nickel
ion-doped zeolite composite (Ni/Arg@ZY) are presented in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimizing the reaction conditions for synthesis of 2-phenyl-5,6,7,8-tetrahydrobenzo(4,5]thienol2,3-d]pyrimidin-4(3H)-one using Ni—

Arg@ZY nanocatalyst®

0
NHa

/ \

s~ NH,

o]
H )
Catalyst NH
. - I\ 4
s~ N
3a

Entry Catalyst loading (g), (Wt/wt%) Solvent Temperature (°C) Time (min) Yield” (%)
1 — Ethanol 80 24 h —
2 6 Ethanol 25 300 25
3 6 Ethanol 50 65 60
4 6 Ethanol 80 15 90
5 3 Ethanol 80 15 55
6 10 Ethanol 80 12 90
7 6 H,O/EtOH (1 : 1 ratio) 80 15 42
8 6 H,O/EtOH (1 : 2 ratio) 80 15 23
9 6 Water 80 30 10
10 6 Methanol 80 65 47
11 6 Acetonitrile 80 240 20
12 6 Ethyl acetate 80 300 15
13 6 — 80 15 35
14 Zeolite-NaY (6 mg) Ethanol 80 15 —
15 Arg (6 mg) Ethanol 80 15 20
16 Ni@ZY (6 mg) Ethanol 80 15 25
17 Ni(NO3), (6 mg) Ethanol 80 15 25

“ Reaction condition: 2-amino-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxamide (1, 1 mmol), benzaldehyde (1 mmol). * Isolated yield.

Table 1. These results indicate that all the samples are
mesoporous.

According to the data in Table 1, the specific surface area of
the nanocatalyst is approximately 300.3 m” g, the average
pore diameter of the particles is around 2.215 nm, and the
average pore width is 8.03 nm. The decrease in the specific
surface area of the functionalized catalyst compared to the
initial zeolite is likely due to the filling of some of the zeolite
pores by the organofunctional groups. This observation (lower
desorption) can be seen in Fig. 6.

Fig. 7(a and b) presents the plot of nitrogen gas adsorption
and desorption volumes for the various samples synthesized at
a constant temperature, providing further confirmation of the
successful synthesis of the desired nanomaterials. This curve
for zeolite follows the type I isotherm pattern, which is char-
acteristic of porous materials with internal pore diameters
smaller than 2 nm. In contrast, the nanocatalysts Ni@zeolite-Y
and the multifunctional zeolite composite (Ni/Arg@ZY) follow
the type IV isotherm pattern, which exhibits a small hysteresis
loop. According to IUPAC classification, the H1 value of these
materials lies in the range of 0.78 =< P/P, =< 0.98. The presence of
a hysteresis loop in the isotherm curve indicates the existence of
mesopores with dimensions ranging from 2 to 50 nm in the
material's structure. By comparing these hysteresis loops with
reference loops, the internal pore geometry can be deduced. The
comparison of the hysteresis loop observed in the isotherm

© 2025 The Author(s). Published by the Royal Society of Chemistry

curve of the zeolitic nanostructure clearly indicates the forma-
tion of a layered zeolite structure with abundant pores.*® Addi-
tionally, Fig. 8 depicts the pore size distribution chart.

This chart (Fig. 8) shows that most of the pores fall within the
range of 4 to 32 nm, which reveals that the overall structure of
the nanocomposite contains three types of pores: small,
medium, and large. These dimensions are characteristic of
mesoporous materials.

3.1.5. TGA-DTA analysis of the Ni/Arg@ZY nanocatalyst.
The thermal stability of the catalyst was studied using TGA and
DTA thermal analysis (Fig. 9). As shown in Fig. 8, the first weight
loss (10.8%, 0.73 mg) occurs in the temperature range of 30-
125 °C, which corresponds to the loss of residual solvent and
surface water on the sample. The second weight loss (15.3%,
1.03 mg) in the temperature range of 150-440 °C is attributed to
the loss of organic groups on the surface of the zeolite. Based on
this, it can be concluded that the sample surface is function-
alized with organic groups. The third weight loss in the
temperature range of 450-650 °C is associated with the struc-
tural change of the zeolite and the removal of nickel metal. The
total weight loss is approximately 40% of the sample’s mass. In
the DTA curve, two noticeable decreases are observed, which
could correspond to the removal of adsorbed water and water
present in the nanozeolite structure. The second peak in the
DTA curve may correspond to the removal of organic groups.

RSC Adv, 2025, 15, 28045-28062 | 28055
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Table 3 Synthesis of thieno[2,3-d]lpyrimidinone derivatives (3a—m) catalyzed by Ni-Arg@ZY*

@) O @)
NH, H NH /=R
Ni-Arg@ZY (6 mg)
NHy  * \\/ EtOH, 80 °C, s
10-20 mi
R min 3a-m
1 2a-m
Entry R, Product M. P. (°Q), (lit.) Time (min) Yield” (%)
O
e
1 Ph /) 265-266 (265-268)*" 15 90
=
S 3a
@)
NH
2 2-NO, ’ \ I\j 299-300 12 92
S O,N
3b
0]
NH
3 3-NO, \ /, 290-292 (290)* 14 87
! N
S 3c NO>
@)
NH
4 4-NO, \ / NO; 298-300 (292)* 10 94
[ N
S 3d
@)
NH
5 4-Br \ /@.Br 328-330 (329-331)** 16 88
! N,
S e
@)
0
6 3-Cl / 298-300 13 89
=
S 3f Cl
@)
NH
7 3-OMe ’ \ Y/ 289-290 (290)* 17 85
N
S 3g OMe
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Table 3 (Contd.)
@) O @)
NH, H | NH /=R
— Ni-Arg@ZY (6 mg) \ \ /
| S—NH, + ] - | N
. 2 \ | / EtOH, 80 °C, s
10-20 mi
R min 3a-m
1 2a-m
Entry R, Product M. P. (°C), (lit.) Time (min) Yield” (%)
@)
NH
8 4-OMe \ /) OMe 267-268 (269-272)*" 14 88
l N
S 3h
0]
NH
9 3,4-OMe \ /) OMe 280 (281)* 13 87
| N
S 3i OMe
9) OMe
NH
10 3,4,5-OMe \ / OMe 296-298 (273-275)" 11 86
I N
S 3] OMe
0O HO
1O
11 2-OH / 310-312 (311-314)*' 17 88
=
S 3k
@)
NH
12 4-CH;,4 \ /) CH, 275-276 (272-274)*° 20 86
l N
S 31
o
N N(CH
13 4-N(CHa), ’ \ g%@‘ (CHa)z 228-230 (229-231)* 16 85
S 3m

¢ Reaction condition: 2-amino-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxamide (1, 1 mmol) and aromatic aldehydes (2a-m, 1 mmol), Ni-
Arg@ZY (6 mg), EtOH as a solvent, under reflux conditions for 10-20 min. ” Isolated yield.
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Fig.12 FT-IR spectra of the (a) Ni-Arg@ZY before the reaction and (b)
after five cycles.

3.1.6. X-ray diffraction (XRD) analysis of the Ni/Arg@ZY
nanocomposite. Fig. 10 presents the X-ray diffraction pattern
of the nanocatalyst (shown in purple, Ni/Arg@ZY), which closely
resembles the XRD pattern of the original zeolite sample (green
plot) and the reference (JCPDS no. 39-1380). As observed, by
modifying previous methods, including the use of centrifuga-
tion and placing the sample in an ultrasonic bath, the crystal-
lographic pattern and characteristic features of the zeolites were
obtained in the XRD analysis. Due to the low concentration of
nickel ions (Ni*"), the characteristics of the nickel nanoparticles
were not observed in the overall spectrum. By applying the
Scherrer equation for the nanocatalyst, the nanoparticle size
was found to be 25.48 nm. As observed in the particle size
distribution histogram obtained from the FESEM image, the
majority of particles fall within the range of 25 to 30 nm, which
shows a very good agreement with the X-ray diffraction (XRD)
results and collectively confirms the nanostructure of the
synthesized catalyst. Finally, to determine the extent of nickel

28058 | RSC Adv, 2025, 15, 28045-28062

exchange with sodium, atomic absorption analysis was per-
formed, and the results indicate that approximately 18 wt% of
nickel was successfully anchored on the zeolite support.

After a comprehensive discussion on the design, synthesis,
and characterization of Ni/Arg@zeolite-Y nanoparticles, we will
now focus on examining their activity and performance in the
synthesis of thieno[2,3-d]pyrimidinone derivatives.

3.2. Evaluation of the catalytic activity of Ni/Arg@zeolite-Y to
synthesize thieno[2,3-d]pyrimidinone derivatives

In the first step of this study, 2-amino-4,5,6,7-tetrahydrobenzo
[b]thiophene-3-carboxamide (1) was synthesized following the
synthetic route outlined in Scheme 3. Its structure was
confirmed by comparing its properties with those of the
compounds reported in the scientific literature.*

In the next step, the reaction between 1 and benzaldehyde,
catalyzed by Ni-Arg@ZY (10% wt/wt), was selected as a model
reaction and conducted in ethanol solvent at 80 °C. After eval-
uating the feasibility of the reaction and product formation in
the presence of the catalyst, optimization studies were carried
out by varying the solvent types and catalyst loadings. The
results are summarized in Table 2. According to Table 2, the
highest product yield was obtained with 6% catalyst loading,
using ethanol as the solvent, at 80 °C, and after 15 minutes
(Table 2, entry 4).

After optimizing the reaction conditions for the model
reaction, the method was further expanded by performing
a one-pot reaction between 2-amino-4,5,6,7-tetrahydrobenzo[ ]
thiophene-3-carboxamide (1) and various aryl aldehydes (2a-
m), bearing electron-withdrawing and electron-donating
substituents. The corresponding thieno[2,3-d]pyrimidinone
derivatives (3a-m) were synthesized with satisfactory yields, and
the results are presented in Table 3.

After optimizing the conditions for the model reaction, the
reusability of the Ni-Arg@ZY nanocatalyst was investigated.
Upon completion of the reaction, the Ni-Arg@ZY nanocatalyst
was easily separated from the reaction mixture using filtration.
It was then washed several times with ethanol and dried in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 The proposed mechanism for the preparation of thienol[2,3-d]pyrimidinones using Ni—Arg@ZY catalyst.

Table 4 Comparison of the synthesis of thienopyrimidinone (3a) using the Ni—Arg@ZY catalyst with other reported methods

Entry Catalyst Conditions Time (min) Yield (%)

1 Piperidine (1.5 mL) DMF, reflux 30 5 (ref. 35)

2 HCI (0.1 mL) n-BuOH, 80 °C 720 4 (ref. 33)

3 Ce0,-MgO (0.025 g) Free solvent, 140 °C 90 90 (ref. 37)

4 Glacial acetic acid DMSO, reflux 120 6 (ref. 31)

5 Ni-Arg@ZY (0.006 g) EtOH, 80 °C 15 0 (this work)

a vacuum oven. The nanocatalyst could be reused up to five
times without significant loss of activity. The results of the
reusability of the Ni-Arg@ZY nanocatalyst are shown in Fig. 11.

To confirm this, the FT-IR spectra of the Ni-Arg@ZY nano-
catalyst before the reaction and after five cycles of reuse are
presented in Fig. 12. Based on the findings from this study, as
discussed in previous sections, it appears that the use of 6 mg of
Ni-Arg@ZY nanocatalyst in the synthesis of thieno[2,3-d]
pyrimidinone derivatives (3a-m) via the reaction between 2-
amino-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxamide (1,
1 mmol) and aromatic aldehydes (2a-m) in ethanol under reflux
conditions is an efficient and effective method.

In Scheme 4, the outlined mechanism for synthesizing 2-aryl
thienopyrimidines is depicted. Initially, the carbonyl aldehyde
group is activated either through the Lewis acid sites of nickel
ions or the Brgnsted acid of the amino acid's organic group on
the zeolite support. Subsequently, the amine in compound (1)
carries out a nucleophilic attack on the aldehyde's electrophilic
center, leading to the elimination of a water molecule and
forming the imine intermediate (I). Schiff base (I) can then be
isolated from the reaction vessel. The imine group is further
activated by the nanocatalyst, prompting a nucleophilic attack
by the amide group, which induces cyclization and formation of
the pyrimidine ring, yielding intermediate (II). Ultimately,

© 2025 The Author(s). Published by the Royal Society of Chemistry

catalytic oxidation of this intermediate produces the final
product 3a-m. To validate the pathway of proposed mechanism,
the Schiff base intermediate (I) associated with compound 3a
was successfully isolated from the reaction medium after 4
minutes. The structure of the intermediate was unequivocally
characterized and confirmed by "H and *C NMR spectroscopic
analyses (SI, Fig. S21 and S22).

Subsequently, a comparison is made between the optimized
conditions obtained in this study for the synthesis of thieno[2,3-
d]pyrimidinone derivatives and those reported in previous
studies, as shown in Table 4. The table summarizes the various
reaction conditions, including catalyst type, solvent, tempera-
ture, and reaction time, employed in earlier works. The results
clearly highlight the efficiency and advantages of the method
developed in this study, emphasizing its superior performance
in terms of reaction yield, selectivity, and other milder condi-
tions compared to previously reported methods.

4. Conclusion

In this study, the zeolite structure was first modified by incor-
porating nickel ions and r-arginine amino acid to form the Ni/
Arg@zeolite-Y nanocomposite. The structural characteristics
of the synthesized multi-functional catalyst was identified and
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characterized using various techniques. Subsequently, the
catalytic performance of the prepared nanomaterial was evalu-
ated by employing it in the one-pot synthesis of thieno[2,3-d]
pyrimidinone derivatives. Notably, the advantages of this reac-
tion include high yield, short reaction time, the use of a non-
toxic solvent, ease of product isolation, and the design and
application of a heterogeneous, bioorgano-metallic, recyclable,
and environmentally friendly nanocatalyst.
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