Open Access Article. Published on 12 February 2026. Downloaded on 4/12/2026 4:44:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

I ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: Nanoscale Adv., 2026, 8,
2107

Received 23rd October 2025
Accepted 30th January 2026

DOI: 10.1039/d5na00992h

Fe;0,@SiO,@taurine: a magnetically recoverable
green nanocatalyst for efficient synthesis of pyrano
[2,3-d]pyrimidine derivatives

Charul Paliwal,? Aanchal,® Dharmendra,® P. S. Ranawat,? K. L. Ameta®
and Chetna Ameta (2 *2

The development of recyclable and eco-friendly catalysts for heterocyclic synthesis remains a central
theme in sustainable chemistry. Here, we present a magnetically recoverable FezO,@SiO,@taurine
catalyst, prepared by sequential silica coating and taurine functionalization of FezO4 nanoparticles.
Structural, morphological, and magnetic characteristics were established through FT-IR, XRD, TEM, SEM-
EDS, TGA, BET and ZETA analyses. This catalytic system promotes a one-pot, three-component reaction
of aromatic aldehydes, malononitrile, and barbituric or thiobarbituric acid in aqueous ethanol under
reflux, affording pyrano[2,3-d]pyrimidine derivatives in high yields and short reaction times. Ease of
magnetic recovery, operational simplicity, and stable activity over multiple cycles highlight its practical
applicability. Collectively, these findings demonstrate FezO0,@SiO,@taurine as a green, efficient, and

rsc.li/nanoscale-advances

1 Introduction

Catalyzed transformations, designed as efficient, green, and
sustainable protocols, have been extensively explored in both
academic laboratories and the chemical industry." A major goal
in catalysis is the development of systems with high activity,
complete selectivity, low energy consumption, and long life-
time.” Performance is dictated by parameters such as size,
morphology, electron distribution, surface composition, and
stability.> With the advent of nanotechnology, nanocatalysts
have demonstrated remarkable properties and are increasingly
integrated into industrial processes.*® Their role is especially
important in nanochemistry and green chemistry, where the
emphasis is on safe, energy-efficient reactions with minimal
waste.®” Heterogeneous nanocatalysts, in particular, offer high
activity, simple recovery, and excellent recyclability, making
them a valuable option for organic synthesis.**° The design and
synthesis of nanocatalysts through environmentally benign
approaches has become a key driving force in heterogeneous
catalysis and green chemistry."* The construction of heterocy-
clic scaffolds through multicomponent reactions has received
great attention because of high atom economy and operational
simplicity.***

Among various nanosystems, magnetic microspheres and
core-shell structures have received significant attention due to
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recyclable platform for sustainable organic transformations.

their magnetic responsivity, low cytotoxicity, good stability, and
surface tunability.'** Core-shell magnetic silica microspheres,
in particular, are attractive for bioseparation, enzyme immobi-
lization, and catalysis.>*”*> Chemical co-precipitation offers
a low-temperature, cost-effective route to prepare well-dispersed
Fe;0,4 nanoparticles with controlled size.>® Their performance
can be further improved by surface coating techniques.**
Recently, core-shell nanocomposites that integrate inorganic
nanoparticles with metal-organic frameworks (MOFs) have
emerged as multifunctional materials. NP@MOF hybrids show
wide applications across medicine, environment, and
energy.”>*® Among various MOFs, Fe-based systems stand out as
heterogeneous catalysts due to their high dispersibility, abun-
dance of active sites, and structural stability arising from strong
Fe" carboxylate interactions, combined with their low toxicity,
redox activity, and cost-effectiveness.”’** In this context, we
designed a magnetically recoverable Fe;O0,@SiO,@taurine
nanocatalyst for the one-pot, three-component synthesis of
pyrano[2,3-d|pyrimidine derivatives, as illustrated in Scheme 1.

Magnetite (Fe;0,) is a highly attractive material for catalyst
design due to its superior magnetic properties, conductivity,
and biocompatibility compared to other ferrite oxides.*
However, its poor stability and dispersibility necessitate
protective coatings.* Silica serves as an excellent shell, offering
chemical stability, thermal resistance, and abundant -Si-OH
groups for further modification, thereby improving di-
spersibility, oxidation resistance, and biocompatibility.>**
Taurine (2-aminoethanesulfonic acid), a naturally occurring B-
amino sulfonic acid, acts as a green bio-organic catalyst and an
effective  bifunctional donor-acceptor in condensation
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Scheme 1 Fe;0,4@SiO,@taurine-catalyzed preparation of pyranopyarimidines.
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Scheme 2 Surface chemistry of the Fes0,@SiO,@taurine nanocatalyst.

reactions (Scheme 2).** It has been successfully employed for
the synthesis of barbituric, thiobarbituric, and pyrano[2,3-d]
pyrimidine derivatives under mild aqueous conditions, deliv-
ering high yields with advantages of low cost, non-toxicity, and
reusability.***¢ Considering the unique features of Fe;0,, the
stabilizing role of silica, and the catalytic activity of taurine,
Fe;0,@SiO,@taurine was envisioned as a robust, magnetically
recoverable nanocatalyst for one-pot, three-component
syntheses of pyrano[2,3-d]pyrimidine derivatives under green
conditions.

2 Experimental
2.1 Materials and methods

All reagents and chemicals used in the synthesis were procured
from HiMedia, Sigma-Aldrich, and Alfa Aesar, and were used as
received without further purification. Melting points of the
synthesized compounds were determined using open capillary

2108 | Nanoscale Adv., 2026, 8, 2107-2124

Fe;0,@Si0,

tubes on a Gallen Kamp apparatus and are uncorrected. The
progress of reactions was monitored by thin-layer chromatog-
raphy (TLC) using silica gel plates, with a mixture of ethyl
acetate and n-hexane as the mobile phase. Fourier transform
infrared (FT-IR) spectra were recorded using a PerkinElmer
Spectrum RX-I FTIR spectrometer in ATR mode. Proton (*H) and
carbon (**C) nuclear magnetic resonance (NMR) spectra were
obtained using a Jeol 400 MHz spectrometer with deuterated
dimethyl sulfoxide (DMSO-ds) as the solvent. Elemental
compositions were determined using an ELEMENTAR Vario EL
III analyzer. Powder X-ray diffraction (XRD) patterns were
recorded on a Panalytical X Pert Pro diffractometer. High-
resolution transmission electron microscopy (HR-TEM)
images were acquired using a Tecnai G2 20 S-TWIN [FEI]
operated at 200 kV. Field emission scanning electron micros-
copy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDX)
analyses were conducted on a Nova Nano FE-SEM 450 (FEI).
Thermogravimetric analysis (TGA) was carried out using

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a EXSTAR TG/DTA 7300 at Central University of Gujarat. BET
analysis was performed by using an Autosorb IQ-XR-XR-XR (3
Stat.) Viton and Zeta potential was measured by using a LITE-
SIZER 500.

2.2 Synthesis of Fe;0,@SiO,@taurine

2.2.1 Synthesis of Fe;0, nanoparticles. A 500 mL solution
of 1.5 M NaOH was first prepared and reserved. In a separate
step, FeCl;-6H,0 and FeSO,-7H,0 were dissolved in 50 mL of
0.5 M HCI. The NaOH solution was then added dropwise to the
iron salt solution under continuous stirring at 80 °C, leading to
the formation of a black Fe;O, precipitate. The product was
magnetically separated, repeatedly washed with deionized
water to remove residual ions, and dried at 50 °C.

2.2.2 Synthesis of silica-coated Fe;O, nanoparticles
(Fe30,@8i0, NPs). To prepare silica-coated Fe;O, nanoparticles

FeCl;.6H,O0

FeSO4.7TH,0)
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= DN D
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(Fe;0,@8i0,), 0.5 g of pre-synthesized Fe;0, was dispersed in
a mixture of 10 mL of deionized water, 30 mL of absolute
ethanol, and 1 mL of 30% aqueous ammonia. The suspension
was ultrasonicated in a water bath for 30 min to achieve
uniform dispersion, followed by the dropwise addition of
2.5 mL tetraethyl orthosilicate (TEOS) under continuous stir-
ring. The reaction mixture was stirred for 22 h at room
temperature, after which the resulting Fe;O0,@SiO, nano-
particles were magnetically separated and dried under ambient
conditions.

2.2.3 Synthesis of silica-coated Fe;0, functionalized with
taurine (Fe;0,@SiO,@taurine). In a 100 mL round-bottom
flask, 3.5 g of taurine (2-aminoethanesulfonic acid) was di-
ssolved in 40 mL of ethanol, followed by the addition of 3.5 g of
Fe;0,@SiO, nanoparticles. The mixture was refluxed with
constant stirring for 15 h, then cooled to room temperature,
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i

and ethanol
(2) Dried at over 50°C
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Fig. 1 The process of Fez0,4@SiO,@taurine nanoparticle synthesis.
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filtered, and thoroughly washed with ethanol to remove
unreacted taurine. The obtained solid was dried under ambient
conditions to afford the taurine-functionalized Fe;O,@SiO,
catalyst (Fig. 1).

2.3 Framework for the synthesis of pyrano[2,3-d]pyrimidine
derivatives

In a round-bottom flask, 1 mmol of an aromatic aldehyde,
1 mmol of malononitrile, 0.05 g of the catalyst, and a solvent
mixture of ethanol and water (15 mL each) were combined and
stirred at room temperature for 15 min. Subsequently, 1 mmol
of barbituric acid or 2-thiobarbituric acid was added, and the
reaction mixture was refluxed for 30 min. After completion, the
mixture was cooled to room temperature, and the catalyst was
separated using an external magnet. The crude product was
filtered, washed with water, and recrystallized from ethanol to
afford the pure pyrano|[2,3-d]pyrimidines, which were finally
dried in an oven at 60 °C.

2.3.1 Characterization

2.3.1.1 7-Amino-2,4-dioxo-5-phenyl-1,3,4,5-tetrahydro-2H-
pyrano|2,3-dpyrimidine-6-carbonitrile (4a). Mp. (°C): 205-206;
yield: 97%; IR (max cm*): 674 (C-H), 1093 (C-O—C str) 1183.58
(C-NH, str), 1445.19 (=CH str), 1587.20 (C=C str Ar), 1633 (C=
C alkene str), 1712.28 (C=O0 str), 2191.50 (C=N str), 2831.29 (C-
H str), 3063.36 (=CH str), 3178.72 (NH, str) cm~". "H NMR (400
MHz, DMSO-dg)/6 (ppm): 4.17 (s, 1H, C-H), 7.08 (2H, NH,, D,0O
exchangeable), 7.14-7.25 (m, 3H, Ar-H), 7.56-7.60 (t, ] = 7.1,
2H, Ar-H), 11.04 (1H, NH, D,O exchangeable). ">*C NMR (125
MHz, DMSO-d,)/6 ppm: 39.3, 82.1, 113.8, 114.7, 130, 131, 131.8,
134.9, 162.

2.3.1.2  7-Amino-5-(2-hydroxyphenyl)-2,4-dioxo-1,3,4,5-tetra-
hydro-2-H-pyrano[2,3-dJpyrimidine-6-carbonitrile (4b). Mp. (°
C):167-169; yield: 90%; IR (vmax cm ™ '): 1354.75 (C=C aromatic
str), 1599.68, 1671.81 (C=O0 str), 2207.85 (C=N str), 2311.98 (C-
H), 3043.37 (NH), 3284.21 (NH,), 3613.75 (OH), *H NMR (400
MHz, DMSO-d,)/é (ppm): 3.35 (s, 1H, H-5), 7.06 (d, 1H) 7.18 (2H,
NH,), 7.35 (d,J = 8, 1H) 7.67 (d, J = 8, 2H, H-Ar), 8.07 (d, ] =
10.6, 2H, H-Ar), 10.98 (1H, NH). *C NMR (125 MHz, DMSO-d)/
6 (ppm): 39.4, 78.9, 103, 114.9, 117.1, 125.8, 130.3, 135.7, 153.9,
154.4, 157.2.

2.3.1.3 7-Amino-5-(4-nitrophenyl)-2,4-dioxo-1,3,4,5-tetra-
hydro-2-H-pyrano[2, 3-dJpyrimidine-6-carbonitrile (4c). Mp. (°C):
234-235; yield: 92%; IR (ymax cm'): 821.08 (C-H), 975.02 (C-
NO, str), 1180.71 (C-O-C str), 1273.78 (C-NH, str), 1340.95,
1516.81 (N=0 str), 1403.38, 1516.81 (C=C str Ar), 1628.48 (C=
C alkene str), 1713 (C=0 str), 2188.60 (C=N str), 2828.70 (C-H
str), 3015.65 (=CH str), 3173.26 (NH, str). "H NMR (400 MHz,
DMSO-de)/6 (ppm): 4.38 (s, 1H, C-H), 7.25 (2H, NH,, D,O
exchangeable), 7.49 (dt, 2.5 Hz, 2H, Ar-H), 8.12 (dt, 2H, Ar-H),
11.11 (1H, NH, D,O exchangeable), 12.16 (1H, NH, D,O
exchangeable). "*C NMR (125 MHz, DMSO-dg)/d (ppm): 39.4,
58.4, 87.6, 124.5, 128.4, 146.1, 149.5, 153.4, 163.

2.3.1.4 7-Amino-5-(4-fluorophenyl)-2,4-dioxo-1,3,4,5-  tetra-
hydro-2H-pyrano|2,3-dJpyrimidine-6-carbonitrile (4d). Mp. (°C):
264-265; yield: 93% IR (max cm~): 837.95 (C-H), 1090.70 (C-O-
C str), 1156.76 (C-F str), 1184.16 (C-NH, str), 1506.09, 1592.94
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(C==C str Ar), 1632.90 (C=C alkene str), 1675.01, 1712.53 (C=0
str), 2190.59 (C=N str), 2828.35 (C-H str), 3000.92 (=CH str),
3175.77 (NH, str), 3382.83 (N-H str). "H NMR (400 MHz, DMSO-
de)/6 (ppm): 4.20 (s, 1H, C-H), 6.88 (q, J = 8, 4H, Ar-H), 7.12-
7.23 (m, 2H, NH,, D,O exchangeable), 11.0 (1H, NH, D,0
exchangeable). *C NMR (125 MHz, DMSO-d¢)/é (ppm): 39.4,
59.3, 89, 113.1, 114.1, 117, 128, 128, 133.8, 133.9, 140, 150,
158.1, 160.1, 162.9.

2.3.1.5 7-Amino-5-(3-bromophenyl)-2,4-dioxo-1,3,4,5-  tetra-
hydro-2H-pyranof2,3-d Jpyrimidine-6-carbonitrile (4e). Mp. (°C):
251-254; yield: 88% IR (ymax cm Y): 791.72, 879.03 (C-H),
1069.07 (C-Br str), 1103 (C-O-C str), 1204.64 (C-NH, str),
1470.16, 1527.18 (C=C aromatic str), 1658.22, 3090.93 (C=C
alkene str), 1714.32 (C=0 str), 2190.26 (C=N str), 2937.96 (C-H
str), 3001.83 (=CH str), 3313.26, 3409.93 (NH, str), 3735.60 (N-
H str). "H NMR (400 MHz, DMSO-d,)/6 (ppm): 4.23 (s, 1H, C-H),
7.14 (2H, NH,, D,0 exchangeable), 7.19 (dt, 1H, Ar-H), 7.54 (t, ]
= 8, 1H, Ar-H), 7.90 (d, J = 1.8, 1H, Ar-H), 8.05 (t, J = 1.8, 1H,
Ar-H), 11.04 (1H, NH, D,0 exchangeable), 12.05 (1H, NH, D,O
exchangeable). "*C NMR (125 MHz, DMSO-d;)/6 (ppm): 39.4,
58.7, 88.2, 114.3, 122, 127.1, 129.5, 132.1, 147.4, 150, 153, 158.2,
160.5.

2.3.1.6 7-Amino-5-(2-chlorophenyl)-2,4-dioxo-1,3,4,5-tetra-
hydro-2H-pyrano[2, 3-d Jpyrimidine-6-carbonitrile (4f). Mp. (°C):
210-212; yield: 89% IR (ay cm ™ *): 749.59 (C-H), 1039.74 (C-Cl
str), 1099.42 (C-O-C str), 1210.32 (C-NH, str), 1404.77, 1574.45
(C=C str Ar), 1617.82, 3038.65 (C=C alkene str) 1666.73,
1706.15 (C=O0 str), 2202.85 (C=N str) 2820.95 (C-H str),
3038.65 (=CH str), 3314.60, 3167.96 (NH, str), 3519.40 (N-H
str). 'H NMR (400 MHz, DMSO-d,)/6 (ppm): 4.68 (s, 1H, C-H),
7.13 (2H, NH,, D,O exchangeable), 7.18-7.20 (m, 1H, Ar-H),
7.23 (d, ] = 4, Ar-H), 7.31 (d,J = 7.4, 1H, Ar-H), 11.04 (1H, NH,
D,O exchangeable), 12.08 (1H, NH, D,0 exchangeable). *C
NMR (125 MHz, DMSO-dg)/é (ppm): 39.3, 86.9, 112.7, 114.1,
128.4, 130.1, 130.3, 130.9, 134.7, 135.4, 158.6.

2.3.1.7 7-Amino-5-(3a,7a-dihydro-1H-indol-3-yl)-2,4-dioxo-
1,34, 5-tetrahydro-2H-pyrano[2, 3-dJpyridine-6-carbonitrile ~ (4g).
Mp.: > 300; yield: 91% IR (vmax cm™'): 1637.82 (C=C str),
2214.84 (C=N str), 3016.85 (C-H Ar), 3272.36 (N-H), 3356.09
(N-H str). "H NMR (400 MHz, DMSO-d,)/6 (ppm): 3.35 (s, 1H, H-
5),7.21 (2H, NH,), 7.52 (d,J = 7.2, 2H, H-Ar), 8.0 (d, ] = 7.2, 2H,
H-Ar), 8.66 (d, ] = 4.8,1H), 11.02 (1H, NH), 12.71 (1H, NH). *C
NMR (125 MHz, DMSO-d)/6 (ppm): 39.3, 69.7, 119.5, 123.1,
127.3, 129.6, 133.9, 136.6, 140.3, 144.2, 150.9, 153, 163.8, 165.

2.3.1.8 7-Amino-5-(4-nitrophenyl)-4-oxo-2-thioxo-1,3,4,5-
tetrahydro-2H-pyrano|2,3-d[pyrimidine-6-carbonitrile (4h). Mp.:
233-234 °C; yield: 90% IR (vmayx cm ™~ 1): 694.85 (C-H), 817.17 (C-
H), 962.56 (C-O str), 1120.03 (C-O-C str), 1239.78 (C=S str),
1350.14 (C-N str), 1404.22 (C-N str), 1472.59 (C=C str Ar),
1520.79 (N=0, symmetric str), 1565.46 (N=0, str Ar), 1683.26
(C=O0 str), 2198.83 (C=N str), 2887.81 (C-H str), 3108.47 (C-H
str Ar), 3185.25 (N-H str. symmetric), 3361.82 (N-H str asym-
metric), "H NMR (400 MHz, DMSO-d)/6 (ppm): 4.45 (s, 1H, H-5),
6.13 (s, 2H, NH,), 7.30 (d,J = 8, 2H, H-Ar), 8.14 (d,J = 8, 2H, H-
Ar), 11.15 (s, 1H, NH), 12.50 (s, 1H, NH). **C NMR (125 MHz,
DMSO-dq)/6 (ppm): 35.8, 57.7, 92.9, 119.3, 124.1, 129.6, 147.1,
151.4, 152.4, 157.9, 161, 174.5.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR spectra of (a) FezO4 (b) Fes04@SiO, and (c)

Fez04@SiO,@taurine.

2.3.1.9 7-Amino-5-(thiophen-2-yl)-4-oxo-2-thioxo-1,3,4,5-tetra-
hydro-2H-pyrano|2,3-dJpyrimidine-6-carbonitrile (4i). Mp.: 280-
284 °C; yield: 85% IR (ax cm '): 627.41 (C-S str), 734.38 (C-H
str), 1138.57 (C-O str), 1217 (C-O-C str), 1259.13 (C=S str),
1302, 1398.83 (C-NH, str), 1518.46 (C=C str Ar), 1675.81 (C=0
str), 2311.94 (C=N str), 2883.24 (C-H str), 2996.53 (=CH str),
3110.25 (C-H str Ar), 3392.53 (NH, str). '"H NMR (500 MHz,
DMSO-dg)/é (ppm): 3.38 (s, 1H), 7.39 (d, J = 4.4, 1H, H-Ar), 8.25
(d,] =1.89, 1H, H-Ar), 8.22 (d,] = 4.86, 1H), 12.42 (brs, 2H, NH).
3C NMR (125 MHz, DMSO-d)/6 (ppm): 39.4, 112.2, 129.2,
137.4, 143.7, 146.9, 161.3, 162.2, 178.7.
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2.3.1.10 7-Amino-4-oxo-5-(pyren-2-yl)-2-thioxo-1,3,4,5-tetra-
hydro-2H-pyranof2,3-dJpyrimidine-6-carbonitrile (4j). Mp.: 250-
252 °C; yield: 80% IR (vmax cm ™~ Y): 785.04 (C-H str), 944.44 (C-O
str), 1054.71 (C-O-C str), 1226.28 (C=S str), 1326.62, 1388.25
(C-NH, str), 1517.14 (C=C str Ar), 1545.37 (N-H bending),
1675.25 (C=O0 str), 2312.16 (C=N str), 2886.40 (C-H str Ar),
3392.76 (NH, str). "H NMR (500 MHz, DMSO-d)/é (ppm): 3.39
(s, 1H), 8.23 (m, 2H), 8.42 (m, 4H), 8.63 (m, 3H), 9.14 (s, 1H, NH),
12.42 (brs, 2H, NH). *C NMR (125 MHz, DMSO-d)/6 (ppm):
39.9, 121.5, 133.4, 153.6, 159.6, 162, 179.5.

2.3.1.11 7-Amino-5-(pyrrole-2-yl)-4-oxo-2-thioxo-1,3,4,5-tetra-
hydro-2H-pyranof2,3-d Jpyrimidine-6-carbonitrile (4k). Mp.: 280-
283 °C; yield: 85% IR (Vmayx cm 1): 745.66 (C-H str), 1147.88 (C-
O str), 1179.41 (C-O-C str), 1224.37 (C=S str), 1315.68, 1381.39
(C-NH, str), 1510.59 (C=C str Ar), 1584.70 (N-H bending)
1655.07 (C=O str), 2220.82 (C=N str), 2883.89 (C-H str),
3067.04 (C-H str Ar). "H NMR (500 MHz, DMSO-dq)/6 (ppm):
3.38 (s, 1H), 6.59 (s, 2H, C-H), 7.43 (br, s, 2H, NH,), 7.74 (s, 1H,
C-H), 8.14 (s, 1H), 12.3 (s, 1H, NH), 13.3 (s, br, NH). *C NMR
(125 MHz, DMSO-d,)/é (ppm): 106.7, 115.2, 129.7, 134.8, 141.3,
162.9, 178.1.

3 Results and discussion
3.1 Characterization of Fe;0,@SiO,@taurine

3.1.1 Fourier transform infrared study. Fourier transform
infrared (FT-IR) spectroscopy was used to analyze the functional
groups and vibrational modes of (a) Fe;0,, (b) Fe;0,@Si0,, and
(c) Fe;0,@Si0,@taurine, as illustrated in Fig. 2(a)—(c).

In curve (a), the FT-IR spectrum of Fe;O, shows character-
istic absorption bands at 618.41, 1632.15, and 3443.08 cm !,
confirming the formation of iron oxide nanoparticles. The band
at 618 cm~ ' corresponds to Fe-O stretching vibrations, while
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Fig. 3 X-ray diffraction (XRD) patterns of (a) the Fes0,@SiO,@taurine nanocomposite and (b) FesO4 and Fez0,@SIO,.
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the peaks at 1632 and 3443 cm ™' are assigned to the bending
and stretching vibrations of adsorbed water molecules (H-O-
H), respectively.?”® In curve (b), corresponding to Fe;0,@Si0,,
additional absorption bands appear at 469.76, 616.11, 1108.49,
1389.05, 1634.64, and 3435.23 cm™ !, confirming successful
silica coating. The strong band at 1108 cm ™ is assigned to Si-
0-Si asymmetric stretching, while the peak near 1389.05 cm
corresponds to Si-O symmetric stretching. Furthermore, the
band at 469.76 cm ' is attributed to Si-O-Si bending vibrations,
providing further evidence of the silica shell.>”*

In curve (c), representing the taurine-functionalized Fes-
0,@Si0, catalyst, distinct peaks are observed at 470.32, 629.27,
745.74, 801.78, 890.86, 1101.40, 1200.05, 1390.11, 1634.84,
2069.19, and 3438.20 cm™'. The absorption at 1200 cm™"

View Article Online
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corresponds to S=O symmetric stretching. The presence of
aband at 745 cm™ " is related to the stretching vibration of S-O,
while the symmetric and asymmetric stretching bands of
0=S=0 appear at 801 cm ' and 890.86 cm ', respectively,
indicating successful taurine immobilization. The band at
2069 cm ! is attributed to ammonium ions within the struc-
ture.* The consistent presence of Fe-O, Si-O-Si, and O-H
related bands across all spectra confirms the preservation of the
core-shell framework and the effectiveness of sequential
surface modification. Collectively, these spectral features vali-
date the stepwise synthesis of Fe;0,, silica encapsulation, and
taurine functionalization.?”*®

3.1.2 X-ray powder diffraction analysis. The X-ray diffrac-
tion (XRD) pattern of Fe;0,@SiO, @taurine is shown in Fig. 3(a)

»
°
»

Fig. 4 (a)—(d) TEM images of Fez0,@SiO,@taurine.
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and (b). Distinct diffraction peaks at 26 = 30.76°, 41.76°, 48.68°,
and 65.00° correspond to the (220), (400), (422), and (440)
planes of the cubic inverse spinel structure of Fe;0,, confirming
that the magnetic core preserved its crystallinity during surface
modification (JCPDS 019-0629).*” Additionally, a broad reflec-
tion centered at 26 = 22.84° with a full width at half maximum
(FWHM) of 0.0087 was observed, which is characteristic of
amorphous silica and indicates the presence of taurine-
functionalized SiO,.* The most intense peak at 22.84 was
further used to estimate the average crystallite size of the
nanoparticles. Overall, the XRD analysis confirms the successful
formation of Fe;0,@SiO,@taurine, with the Fe;O, core
retaining its spinel structure after silica coating and taurine
functionalization.

The average crystallite size of the Fe;O0,@SiO,@taurine
nanoparticles was estimated using the Scherrer equation:

D = KA/B cos

where D is the crystallite size, K is the shape factor (0.9), A is the
X-ray wavelength (0.15406 nm for Cu K radiation), 8 is the full
width at half maximum (FWHM) of the diffraction peak (in
radians), and 6 is the Bragg angle. Using the (110) diffraction
peak, the average crystallite size was determined to be
~16.6 nm, confirming the nanocrystalline nature of the Fe;-
0,@Si0,@taurine composite.

3.1.3 Transmission electron microscopy (TEM). TEM was
used to examine the morphology, particle size, and structural
characteristics of the Fe;0,@SiO,@taurine nanocomposite. To
further analyze the particle dimensions, a particle size distri-
bution histogram was constructed based on measurements of
many particles. The histogram indicates a narrow size distri-
bution with an average particle diameter of approximately
22 nm. The TEM images in Fig. 4(a)-(d) show that the
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nanoparticles possess a nearly spherical shape with a narrow
size distribution, and the mean particle diameter was deter-
mined to be about 22 nm. The micrographs also display
a distinct core-shell arrangement, verifying the successful
fabrication of the Fe;O0,@SiO,@taurine nanostructure with
well-dispersed spherical particles.

3.1.4 Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS). The Fe;0,@SiO,@taurine
nanocomposite was synthesized by coating magnetite (Fe;0,4)
with a silica layer subsequently functionalized with taurine.
Scanning electron microscopy (SEM) was employed to examine
the surface morphology, while energy-dispersive X-ray spec-
troscopy (EDS) was carried out to determine the elemental
composition of the material. As illustrated in Fig. 5(a)-(d), the
SEM micrograph demonstrates that the Fe;O0,@SiO,@taurine
nanoparticles are predominantly spherical and exhibit a fairly
uniform distribution. The mean particle size was calculated to
be around 22 nm.

The EDS spectra in Fig. 6(a)-(i) verify the elemental compo-
sition of the Fe;0,@SiO,@taurine nanocomposite. Clear
signals for Fe, Si, and O correspond to the magnetite core and
silica coating, while the additional peaks for sulfur (S) and
nitrogen (N) originate exclusively from the sulfonic acid (-SO;H)
and amino (-NH,) groups of taurine. The quantitative analysis
revealed elemental proportions of approximately 0.2% Fe, 5.5%
Si, 41.1% O, 1.2% S, 47.3% C, and 4.7% N. The detection of S
and N peaks, which are absent in Fe;O, and SiO,, provides
direct confirmation of taurine functionalization on the silica
shell the
nanocomposite.

3.1.5 Thermogravimetric analysis (TGA). The thermal
stability of Fe;0,@SiO,@taurine nanoparticles was investi-
gated by thermogravimetric analysis (TGA) over the temperature

and validates successful formation of the

Fig. 5 (a)—(d) SEM images of Fez0O,@SiO,@taurine hanoparticles.
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range of 20-700 °C under air (Fig. 7). The TGA curve provides
insight into the compositional stability and thermal decompo-
sition behaviour of the nanocomposite. An initial weight loss
between 50-250 °C is attributed to the removal of adsorbed
moisture and dehydration of surface-bound water molecules. A
subsequent weight loss observed between 300-600 °C corre-
sponds to the decomposition of organic functional groups (-
OH, -SOzH, and -NH,) attached to the nanocatalyst surface.
These findings indicate that the Fe;0,@SiO,@taurine nano-
composite exhibits good thermal stability, while the second
decomposition stage confirms the successful surface function-
alization with taurine-derived groups.

3.1.6 Zeta potential analysis. The Fe;0,@SiO,@taurine
catalyst exhibited a mean zeta potential of +3.5 £ 2.1 mV,
indicating a near-neutral surface charge and limited electro-
static stabilization (Fig. 8). This is consistent with the zwitter-
ionic nature of taurine functionalization, where protonated
amine (-NH?") and sulfonate (-SO®~) groups partially neutralize
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each other. The dispersion pH was measured to be 6.9, con-
firming that the surface functional groups are in their expected
protonation state under reaction conditions. The relatively high
conductivity of the suspension (1.85 mS cm ') and sample
turbidity can further reduce the observed zeta potential ().

Despite the low zeta potential, the catalyst demonstrates
excellent heterogeneous catalytic activity, high yields, and easy
magnetic recoverability, indicating that the active Fe sites and
taurine groups remain accessible to the substrate during reac-
tions. The near-neutral surface charge may also reduce unde-
sired electrostatic interactions, enhancing substrate approach
and facilitating recyclability. Overall, the measured zeta poten-
tial and pH confirm the chemical stability and practical appli-
cability of Fe;0,@SiO,@taurine as an efficient, magnetically
separable heterogeneous nanocatalyst.

3.1.7 BET analysis. The textural properties of the synthe-
sized catalyst were examined using N, adsorption-desorption
analysis at 77 K (Fig. 9). The BET plot exhibited a linear region
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(a)—(i) EDS spectrum showing the presence of Fe, Si, O, S, C, and N, confirming the encapsulation of FesO,4 within the silica shell and its
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with a correlation coefficient of 0.9995, yielding a specific
surface area of 4.203 m”> g~ '. The surface area is consistent
with dense iron oxide based catalysts and supports the
observed catalytic activity, as the mesoporous architecture
provides sufficient accessibility of active sites while main-
taining structural stability. A moderate surface area prevents
excessive adsorption of reactants and minimizes catalyst
degradation or loss of active sites during repeated catalytic
cycles.

The XRD and TEM/SEM analyses confirmed that the Fe;0,
core retains its crystalline inverse spinel structure after surface
modification and that the Fe;0,@SiO,@taurine nanocatalyst
possesses a well-defined spherical core-shell morphology with
an average particle size of ~22 nm. FT-IR spectroscopy and
EDS analysis verified the successful immobilization of taurine
on the silica surface through the appearance of characteristic
sulfonic and amino functional groups, along with the presence
of sulphur and nitrogen signals absent in the unmodified
materials. TGA measurements demonstrated good thermal
stability of the nanocomposite and further confirmed the
presence of organic taurine moieties on the catalyst surface. In
addition, zeta potential analysis revealed a near-neutral
surface charge (+3.5 mV), consistent with the zwitterionic
nature of taurine and indicative of chemical stability under
reaction conditions. BET analysis showed a specific surface
area of 4.203 m”> g, characteristic of iron oxide-based
mesoporous materials, providing sufficient accessibility of
active sites while maintaining structural robustness. Collec-
tively, these results confirm the successful synthesis, surface
functionalization, stability, and catalytic suitability of the
Fe;0,@Si0,@taurine nanocatalyst.
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Table1 The model condensation reaction of aromatic aldehydes (1 mmol), malononitrile (1 mmol), and barbituric acid (1 mmol) under various

conditions
O
0] CN & : y o
HN e;0,@SiO0,@taurine
+ + > CN
CN 0" N Yo H,0O:Ethanol (1:1) HN ‘ |
H Reflux, 30 min }\
0 "N 0" "NH,
H
(1a) () 3) (4a)

S. no. Catalyst Solvent Time (min) Condition Yield%
1 Catalyst free Solvent free 180 90 °C NA
2 Catalyst free H,0 180 R.T. NA
3 Fe,0, H,0 120 R.T. 65
4 Sio, EtOH 80 R.T. 55
5 Fe,0, NPs H,0 60 70 °C 68
6 Fe;0,@Si0, H,O : EtOH 60 Reflux 78
7 Fe;0,@Si0,@taurine (0.005 g) Solvent free 80 70 °C 50
8 Fe;0,@Si0,@taurine (0.005 g) Acetone 80 Reflux 60
9 Fe;0,@SiO,@taurine (0.005 g) H,0: EtOH 80 Reflux 82
10 Fe;0,@SiO,@taurine (0.01 g) H,O: EtOH 60 Reflux 84
11 Fe;0,@Si0,@taurine (0.03 g) H,0: EtOH 45 Reflux 90
12 Fe;0,@SiO,@taurine (0.05 g) Solvent free 30 85 °C 85
13 Fe;0,@SiO,@taurine (0.05 g) H,0: EtOH 30 Reflux 97

3.2 The study of catalytic activity of Fe;0,@SiO,@taurine
MNPs in the synthesis of pyrano[2,3-d]pyrimidines

To determine the optimum reaction conditions, a model three-
component condensation reaction between an aromatic alde-
hyde, malononitrile, and barbituric acid was conducted using
Fe;0,@SiO,@taurine as a catalyst. The reaction was examined
under different reaction conditions and reflux for yield
comparison. Under reflux, the transformation was completed
within 30 min, affording 97% of the target product (Table 1,
entry 13), whereas no product formation occurred in water at

room temperature without a catalyst and solvent (Table 1, entry
1). When the reaction proceeded in the absence of a catalyst in
water for 180 min at room temperature, the desired product was
not formed (Table 1, entry 2). Using Fe;0, as a catalyst in water
provided only 65% yield after 120 min at room temperature
(Table 1, entry 3), while SiO, in ethanol gave 55% yield in 80 min
at room temperature (Table 1, entry 4). Nano-Fe,O; alone
improved the yield to 68% in 60 min at 70 °C (Table 1, entry 5).
The use of Fe;0,@Si0, in a mixed solvent system of H,O : EtOH
led to an enhanced yield of 78% under reflux in a shorter
reaction time (Table 1, entry 6). Furthermore, we investigated

Table 2 Comparison of FezO4/SiO,@taurine and various catalysts in the synthesis of pyrano[2,3-d]pyrimidine derivatives

S no. Catalyst Solvent Condition Time (min) Yield Year/Ref

1 Et;N DMF MW 10-12 65-70 2003 (ref. 41)
2 DAHP EtOH R.T. 120 71-81 2008 (ref. 42)
3 L-Proline Aq. EtOH Reflux 30-120 68-85 2009 (ref. 43)
4 [KAI(SO,),] H,0 80 °C 30-45 81-88 2010 (ref. 44)
5 a-Fe, O3 EtOH R.T. 30 93 2011 (ref. 45)
6 Zn[(1)proline]2 EtOH Reflux 30-720 80-90 2019 (ref. 46)
7 SBA-Pr-SO;H Solvent free 140 °C 5-45 91 2013 (ref. 47)
8 DMA EtOH Reflux 20 90 2014 (ref. 48)
9 Zn[(1)proline], EtOH Reflux 30-720 80-90 2019 (ref. 46)
10 ¥-Fe,0;@Si0,@[BisAPTES]|Cl,-NPs H,0:EtOH (2:1) 80 °C 12 85 2019 (ref. 49)
11 Nano-Fe;0,@APTES@isatin-SO;H MNPs EtOH : H,0 Reflux 7-25 86-95 2019 (ref. 50)
12 B-CD H,O 80 °C 10 93 2020 (ref. 51)
13 CoFe,O,@FA-Er H,0 100 °C 15 96 2021 (ref. 52)
14 Fe;0,@Si0,@taurine H,O : EtOH Reflux 30 97 This work
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Table 3 Catalyzed multi-component synthesis of pyrano[2,3-d]pyrimidine derivatives
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S. Barbituric/thiobarbituric Time TON/TOF M. P (observed/
no Aldehyde Product Yield (min) (h™) reported)
0
H 0 (o)
NH CN
1 N,go HN | 97% 15 154.8/619  205-206/205-207
H O N O NH,
H
la
4a
(0]
(0]
o 0 OH
OH NH CN
2 HN | | 90% 30 143.6/287.2  167-169/168-69
N0 g
H 0”7 "N""0""NH,
1b
4b
0] NO,
O
O,N NH o
3 CN 9% 15 146.7/586.8  234-235/236-237
g 0} HN | |
O N O NH,
H
Ic 4c
0 F
(0
4 93% 15 148.3/593.2  264-265/268-270
Yo M )
O N O NH,
H
1d 4d
(0]
5 iH 88% 15 140.4/561.4  251-254/254-255
N O
H
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Table 3 (Contd.)
S. Barbituric/thiobarbituric Time TON/TOF M. P (observed/
no Aldehyde acid Product Yield (min) (h™ reported)
(0) Br
H 0
CN
HN
Br | |
0” "N 0" "NH,
H
le 4e
(0)
(0)
CKLH 0 cl
Cl NH CN
6 /g HN | | 89% 25 141/338.4 210-212/211-212
O N O
H 0~ "N” 0”7 "NH,
H
1f
af
(0] H
N
\ H T \
a ﬁ iH i CN
7 H 91% 25 145.1/348.2  >300/>300
0”"N"0 HN" 1
0” "N” 0" "NH,
1 H
g 4g
(0) NO,
/©)J\ H 0
8 /& CN 90% 30 143.6/287.2  233-234/235-236
e 1)
S N (0] NH,
H
1h 4h
/
/ \ H 4 3
S o (0}
a NH HN CN
9 )\ | | 85% 15 135.6/542.4  280-284/280-282
S N 0 ¢ >N"T0”nH,
H
1 41
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Table 3 (Contd.)
S. Barbituric/thiobarbituric Time TON/TOF M. P (observed/
no Aldehyde acid Product Yield (min) (h™ reported)
0)
<
Oy
NH ‘
10 /& 0 80% 30 127.6/255.2  250-252
S N O CN
H HN | |
SJ\N (0] NH,
: H
1j
4j
/ \_ H R
N o HN
H o) (0]
11 | | 85% 20 135.6/406.8  280-283/283-284
S N O s N” 07 NH,

1k

the solvent free condition effect on the sample reaction. When
0.005 g of Fe;0,@SiO,@taurine was added in the reaction
without solvent at 70 °C, the yield decreased to 50% (Table 1,
entry 7). Catalyst loading studies showed that 0.005 g of catalyst
resulted in 60% and 82% yield in 80 min in the presence of
acetone and H,O: EtOH, respectively (Table 1, entries 8 & 9).
Increasing the catalyst loading from 0.01 to 0.05 g resulted in
a marked improvement in yield from 84 to 97% with
a concomitant reduction in reaction time (Table 1, entries 10-
13); notably, the optimized catalyst amount also showed good
efficiency under solvent-free conditions, affording an 85% yield
at 85 °C within 30 min. Based on these results, the optimized
condition was identified as refluxing benzaldehyde, malononi-
trile, and barbituric acid in H,O: EtOH (1:1) using 0.05 g of
Fe;0,@SiO,@taurine (Table 1, entry 13). The use of ethanol,
water, or their mixture as green solvents provides additional
benefits, including environmental safety, non-toxicity, low cost,
and operational simplicity.

Table 1 summarizes the effect of various catalysts, solvents,
reaction times and conditions on the yield of a chemical reac-
tion. Notably, after functionalization of the catalyst with taurine
(entries 9-13), both efficiency and reaction speed were signifi-
cantly boosted. As the taurine functionalized catalyst increased
from 0.005 to 0.05 g, the yield steadily enhanced from 82 to
97%, while the reaction time decreased from 80 to 30 min.

© 2026 The Author(s). Published by the Royal Society of Chemistry

These results highlight the synergistic effect of taurine modified
Fe;0,@Si0, in providing enhanced catalytic performance,
likely due to increase surface activity and better interaction with
the reactants under reflux in a polar protic solvent system. The
0.05 g loading represents an optimal balance of catalytic power
and operational efficiency, making it the most effective condi-
tion for the synthesis of pyrano[2,3-d]pyrimidine derivatives.

Table 2 presents a comparative study of previously reported
catalysts with Fe;0,@SiO,@taurine. The data in the table
clearly establish that the catalyst Fe;O0,@SiO,@taurine,
synthesized in this work, performs comparatively better than
previously reported catalysts in terms of yield and reaction time
under mild conditions. It achieved an impressive 96% yield in
just 30 minutes under reflux conditions in a green solvent
system (H,O : EtOH). Additionally, many other catalysts require
longer reaction times or give lower yields. The synthesized
Fe;0,@SiO,@taurine catalyst combines high efficiency, short
reaction time, excellent yield, a non-toxic, environmentally
friendly and straightforward approach with simple workup and
easy recovery, making it an efficient and practical catalyst for
the synthesis of pyrano[2,3-d]pyrimidine derivatives.

The TON and TOF values in this study were calculated on the
basis of the Fe wt% present in the catalyst, which is the accepted
method for heterogeneous nanocatalysts where metal atoms
serve as the true catalytic sites (Table 3). Similar metal loading-
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Fig. 10 Recyclability of Fes0,@SiO,@taurine.

based TON/TOF evaluation approaches have been reported for
related magnetic and organometallic catalyst systems.>*>¢

3.3 Recyclability and reusability of Fe;0,@SiO,@taurine

From the perspective of green and sustainable chemistry, eval-
uating the recyclability and reusability of the catalyst is crucial
for both environmental and economic considerations. After
each reaction cycle, the nanocatalyst was conveniently sepa-
rated using an external magnet and washed with ethanol.
Before reuse of the catalyst in the reaction, the catalyst was
dried at 60 °C. The recyclability test over five consecutive runs
showed that the catalyst retained nearly the same activity,
affording yields in the range of 98-90% up to four cycles but the
yield of compound 4a was decreased with increase in reaction
time in the fifth cycle (yield 85%) (Fig. 10). As shown in Fig. (11),
the FTIR spectrum of recycled Fe;O0,@SiO,@taurine after the
fourth run exhibited that the catalyst could be reused numerous
times without significant loss in yield%, chemical stability and
structure integrity of the catalyst. The catalyst retained 85%
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yield after five consecutive cycles,
recyclability.

indicating moderate

3.4 Mechanism of reaction

Mechanistic pathways involving base-mediated condensation
and cyclization reactions have been described in several organic
methodology studies.”” The plausible mechanism for the Fe;-
0,@Si0,@taurine-catalyzed synthesis of pyrano[2,3-d|pyrimi-
dine derivatives is illustrated in Scheme 3. Initially, the
nanocatalyst, acting as a bifunctional donor-acceptor, activates
the carbonyl group of the aromatic aldehyde (1) to form inter-
mediate (1a). Concurrently, malononitrile (2) undergoes
a Michael addition with barbituric acid (3), followed by tauto-
merization to yield intermediates (2a) and (3a). A Knoevenagel
condensation between (2a) and (1a) produces adduct (A), which
undergoes a subsequent Michael addition with (3a) to form
adduct (B). This intermediate tautomerizes (imine-enamine
shift) to (C), undergoes cyclization to afford (D), and finally
tautomerizes to furnish the desired pyrano[2,3-d]pyrimidine (A).

The substituent effects observed in the synthesis correlate
strongly with the rate-determining step of the proposed mecha-
nism. The reaction initiates with catalyst-assisted activation of the
aldehyde through hydrogen bonding with the sulfonic acid group
of taurine, followed by nucleophilic attack of the malononitrile
anion generated at the basic NH,/NH;" sites. Aldehydes contain-
ing electron-withdrawing groups exhibit enhanced reactivity
because their carbonyl carbons possess increased electrophilicity,
facilitating rapid formation of the Knoevenagel intermediate.
However, aldehydes containing electron-withdrawing substituents
reacted faster with malononitrile and barbituric acid, affording the
products in higher yields and shorter reaction times compared to
those bearing electron-donating groups. The presence of electron-
withdrawing substituents enhances the positive (electrophilic)
character of the carbonyl carbon, thereby lowering the activation
energy required for nucleophilic attack by the malononitrile-
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derived carbanion. As a result, the formation of the arylidene
malononitrile intermediate occurs more rapidly. Moreover, the
nucleophilic addition to this intermediate is also accelerated.

4 Conclusion

In summary, we have successfully synthesized and characterized
a magnetically recoverable Fe;O0,@SiO,@taurine nanocatalyst and
demonstrated its excellent catalytic activity in the one-pot, three-
component synthesis of pyrano[2,3-d|pyrimidine derivatives.
Comprehensive analyses (FT-IR, XRD, TEM, SEM-EDS, TGA, Zeta
and BET) confirmed the structural integrity, thermal stability, and
effective surface functionalization of the nanocomposite. The
catalyst exhibited high efficiency, affording excellent yields in
short reaction times under green solvent conditions, while also
offering easy magnetic separation and reusability over multiple
cycles with negligible loss of activity. Compared to conventional
catalysts, Fe;0,@SiO,@taurine provides a sustainable, non-toxic,
and cost-effective alternative for heterocyclic synthesis. These
results highlight its potential as a versatile platform for green
organic transformations, paving the way for broader applications
in sustainable catalysis and pharmaceutical chemistry.
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