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Recyclable mesalamine-functionalized magnetic
nanoparticles (mesalamine/GPTMS@SiO,@Fez0,)
for tandem Knoevenagel—Michael
cyclocondensation: grinding technique for the
synthesis of biologically active 2-amino-4H-benzo
[blpyran derivativest

Mahdiyeh Partovi,? Sobhan Rezayati, {22 Ali Ramazani, 2 **° Yavar Ahmadi®

and Hooman Taherkhani®

In the present study, mesalamine-functionalized on magnetic nanoparticles (mesalamine/
GPTMS@SiO,@Fez0,) is fabricated as an efficient and magnetically recoverable nanocatalyst. The as-
prepared nanocatalyst was successfully synthesized in three steps using a convenient and low-cost
method via modification of the surface of FesO, nanoparticles with silica and GPTMS, respectively, to
afford GPTMS@SIO,@FezO4. Finally, treatment with mesalamine as a powerful antioxidant generates the
final nanocatalyst. Then, its structure was characterized by FT-IR, SEM, TEM, EDX, XRD, BET, VSM, and
TGA techniques. The average size was found to be approximately 38 nm using TEM analysis and the
average crystallite size was found to be approximately 27.02 nm using XRD analysis. In particular, the
synthesized nanocatalyst exhibited strong thermal stability up to 400 °C and high magnetization
properties. The activity of the synthesized nanocatalyst was evaluated in the tandem Knoevenagel-
Michael cyclocondensation of various aromatic aldehydes, dimedone and malononitrile under a dry
grinding method at room temperature to provide biologically active 2-amino-4H-benzolblpyran
derivatives products in a short time with good yields. The presented procedure offers several advantages
including gram-scale synthesis, good green chemistry metrics (GCM), easy fabrication of the catalyst,
atom economy (AE), no use of column chromatography, and avoiding the generation of toxic materials.
Furthermore, the nanocatalyst can be reused for 8 cycles with no loss of performance by using an
external magnet.

methods in chemical industries. Efficient and green catalysts,
which reduce toxic waste, pressure, temperature and by-

Due to an increased awareness of the harmful effects of toxic
chemical waste and by-products generated through chemical
processes on living species, human health and the environ-
ment, environmental policies regarding these processes have
become much more strict. As a result, a variety of regulatory
bodies have requested the use of synthetic strategies adhering
to green chemistry protocols over conventional synthetic
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products, have been found to be of great importance among
a variety of aspects for development in chemical processes.
Hence, one of the most important challenges for chemists is the
design and fabrication of sustainable catalysts to replace
conventional, polluting and toxic catalysts. According to the
guidelines of green chemistry, a sustainable catalyst for any
chemical process must have several advantages such as envi-
ronmental friendliness, high activity, high stability, efficiency,
selectivity, recyclability and reusability.?

Based on the reaction phase, catalysts can be classified into
two types: (i) heterogeneous and (ii) homogeneous catalysts.
The advantages of homogeneous catalysts are conversion rate,
mild conditions, improved yield, increased selectivity, and
minimized side reactions. Additionally, this class of catalysts is
able to increase the speed of reaction and lead to high turnover
numbers (TON). However, their greatest disadvantages are
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corrosion problems and the ability to recycle and reuse. From
an economic and environmental standpoint, chemical
processes derived from heterogeneous catalysts are not
compatible with the principles of green chemistry. Hence, to
avoid these limitations and reduce the gap between heteroge-
neous and homogeneous catalysis, researchers in this field are
focused on nanomaterials as a suitable alternative for catalytic
systems.

Nanomaterials are materials that have an average size in the
range of 1 to 100 nm. Recently, nanotechnology has received
increasing attention in various fields such as wastewater
management,® biology and medicine,* carbon nanotubes,® food
and nutraceuticals,® fabrics and textiles,” biotechnology,® auto-
mobiles,” and therapeutics and environmental applications.*®
Among nanomaterials, magnetic nanoparticles (MNPs) espe-
cially Fe;0, have gained significant attention in the develop-
ment of new synthetic strategies. These particles are useful and
have many applications in various areas such as drug delivery
systems, information saving, high specific surface area, sensors,
biomedicine, catalysis, targeted gene therapy, magnetic reso-
nance imaging (MRI), and electrical and magnetic
characteristics."*

Nanoparticles are not used directly due to their limitations
such as unnecessary interactions, toxicity and hydrophobicity.
To solve this problem, intermediaries are used as shells or
layers. Hence, various layers (inorganic and organic materials)
such as metals, silica, biomolecules, polymers, etc. have been
used for functionalization and modification of the surface of
MNPs. Among these layers, silica as a shell has become one of
the most widely used due to its thermal stability, low toxicity,
high specific surface area, easy catalyst separation by
a magnetic field and so on. In addition, silica, by protecting the
core, prevents oxidation, agglomeration and sintering. On the
other hand, it also provides a range of different functional
groups on the surface, enhancing the performance of the cata-
lyst.”> Thus, the design and synthesis of core-shell magnetic
nanocatalysts is one of the most effective strategies in catalysis
science for chemical processes.™

Given the need for high energy input and environmental
issues in carrying out chemical transformations, using low-cost
and time-efficient methods is crucial. The most serious
polluting steps in a chemical reaction are the product purifi-
cation and reaction processes because a large amount of solvent
is consumed in both steps. Mechanochemical solvent-free
reactions have emerged as suitable and important procedures
in both academic and industrial chemistry. This technique is
carried out using external mechanical energy for grinding two
solids via a shaker, ball-mill or a mortar-and-pestle and is an
important alternative method in solution chemistry. Mecha-
nochemistry as a simple operating technique has several
notable advantages such as low energy consumption, no need
for solvents or volatile organic compounds, and high yields.**
Recently, various compounds and materials (organic and inor-
ganic) such as composites, cocrystals, alloys, metal-organic
frameworks, and pharmaceuticals have been synthesized by
mechanochemical routes.* A pestle and mortar can be used for
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grinding, providing an efficient mechanochemical method,
which is used for the synthesis of chemical compounds.*®

Mesalamine, also known as 5-aminosalicylic acid (5-ASA), is
a powerful antioxidant, which can boost the activity of peroxi-
some proliferator-activated receptor v in the intestines. 5-ASA is
the main form of treatment for mild to moderate ulcerative
colitis. The anti-inflammatory effects of 5-ASA are achieved by
reducing the activation of cyclooxygenase,"” inducible nitric
oxide synthase,'® interleukin, tumor necrosis factor,” and
a nuclear factor.”” Multiple studies agree that 5-ASA decreases
the likelihood of developing cancer in individuals with CUC.**
Additionally, its ability to hinder cell growth and promote cell
death in epithelial cells has been observed both in laboratory
settings and in living organisms such as mice** and humans,*
indicating its potential as a treatment against tumors.>*

Heterocycle compounds containing oxygen®® and nitrogen®
atoms have been widely used in approved drugs by the United
States Food and Drug Administration (USFDA). According to the
literature, 59% of drugs approved by USFDA contain nitrogen
heterocycles and 311 drugs approved by USFDA contain oxygen
heterocycles. Among these compounds, benzopyrans and their
derivatives are highly important heterocyclic compounds that
are obtained by MCRs. These compounds have attracted much
attention due to their wide range of pharmacological and bio-
logical activities such as anti-malarial, anti-microbial, anti-HIV,
anti-cancer, and anti-inflammatory activities.”” Furthermore,
certain compounds within this family have exhibited the
potential for treating Alzheimer's and Parkinson's disease.”®
Moreover, as depicted in Scheme 1, chromene or 4H-benzo[b]
pyran scaffolds have found widespread applications in phar-
macologically active substances.” Additionally, a notable
compound belonging to this group is 2-amino-3-cyano-4H-
pyran, which is utilized in pigments and cosmetics.*

Given the importance of these compounds, many catalyst
have been developed for the synthesis of 2-amino-3-cyano-4H-
pyran such as Fe;0,@SiO,@GPTMS@guanidine,* Fe;O,@-
GA@IG,* Fe;0,@Si0,-NH,@TCT-guanidine,* boron
nitride@Fe;0,4,** montmorillonite,> GO-Fc@Fe;0,4,°° [EMIM]
[OH],*” nano-Sn0,,*®* sodium alginate,*® [PEG(mim),][OH],,*
iodine," cesium fluoride,** MNPs@Cu,** DABCO,** CeCl;-7H,-
0," Fe;0,@GA®@IG,* EDA/(CH,);@Si0,@Fe;0,," NH,H,PO,/
ALO;,®  NiFe,0,@Si0,@H,,[NaPsW;,0;10,"  Ag/Fe;0,@-
starch,®® per-6-NH,-B-CD,”* Fe;0,@NH,@TCT@HOProCu,*
and molecular iodine.” Despite some advantages of the re-
ported methods, some of them suffer from various limitations
such as high temperatures, reflux conditions, expensive
reagents, harsh reaction conditions, extended reaction times,
generation of waste materials, tedious work-up procedures, and
low yields. To overcome the aforementioned problems, improve
the reaction conditions and continue our previous research on
the design and synthesis of novel catalysts especially MNPs as
a heterogeneous nanocatalyst,> we synthesized mesalamine-
functionalized magnetic nanoparticles with a high surface
area as a green heterogeneous nanocatalyst. Then, this nano-
catalyst was employed for the synthesis of biologically active 2-
amino-3-cyano-4H-pyran products by a solvent-free grinding
reaction (Scheme 2).
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Scheme 1 Various benzolblpyran derivatives possessing important pharmacological and biological properties.

Experimental compounds were confirmed using a PerkinElmer 597 spectro-
] ) photometer (University of Zanja, Zanja, Iran). Spectral data of
Materials and instruments 'H (250 MHz) and "*C NMR (62.5 MHz) using DMSO-d, were

All materials and solvents used such as aqueous ammonia acquired utilizing a Bruker DRX-250 AVANCE instrument
(25%), dry toluene, ethanol, FeSO,-7H,0, GPTMS, tetraethyl (University of Zanja, Zanja, Iran). Elemental analysis of the as-
orthosilicate (TEOS), FeCl;, mesalamine, malononitrile, various ~ prepared nanocatalyst was evaluated by EDX analysis with
aromatic aldehydes, and dimedone were provided from Merck specifications FESEM TESCAN MIRA II (Beam Gostar Taban,
and Fluka Companies. FT-IR spectra of the synthesized Tehran, Iran). The magnetic properties of the as-prepared

0O Ar
CN
j — | |
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Grinding technique

Ar=H, 4-Cl, 4-Br, 4-CN, 4-Me, 4-NO,,
4-F, 4-Me, 4-OMe, 4-OH, 4-N(Me).,
3-Br, 3-NO,, 2-NO,, 2,4-dichloro,
2,6-dichloro, furan-2-carbaldehyde

Scheme 2 Synthesis of 2-amino-4H-benzolblpyrans catalyzed by mesalamine/GPTMS@SiO,@FezO4.
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nanocatalyst were evaluated by VSM analysis (Beam Gostar
Taban, Tehran, Iran). The crystalline structure of the as-
prepared nanocatalyst was evaluated by XRD analysis (Beam
Gostar Taban, Tehran, Iran). TEM images with specifications
Zeiss EM10C operating at 80 kV TEM were used to determine
the morphology of the as-prepared nanocatalyst.

Synthesis of Fe;0,

A co-precipitation procedure was utilized for the synthesis of
Fe;0,. To generate Fe;0,, 0.97 g of iron(m) chloride and 0.9 g of
iron(u) sulfate heptahydrate were added to a solution of distilled
H,0 (120 mL) under N, gas at 80 °C. Then, 120 mL of aqueous
ammonia solution (1.5 M) was added dropwise to the previous
mixture under stirring. In the following step, the contents of the
reaction mixture under N, gas were stirred for 60 min. The
produced black Fe;O, nanoparticles were collected using an
external magnet and washed several times with distilled H,O
and EtOH, followed by drying at room temperature for 24 h.*®

Synthesis of SiO,@Fe;0,

1 g of the produced black Fe;0, nanoparticles was dispersed in
100 mL of ethanol 96% for 20 min. 2 mL tetraethyl orthosilicate
(TEOS) and 2 mL of NH,OH 25% were added and the mixture
was stirred for 12 h under N, gas. The produced black Fe;-
0,@Si0, nanoparticles were collected using an external magnet
and washed several times with distilled H,0 and EtOH followed
by drying at 40 °C for 24 h.*

Synthesis of GPTMS@SiO,@Fe;0,

1 g of the produced SiO,@Fe;0,4 nanoparticles was dispersed in
100 mL of dry toluene for 20 min. 10 mmol GPTMS was added
and the mixture was stirred for 8 h at 80 °C under N, gas. The
produced black GPTMS@SiO,@Fe;0, nanoparticles were
collected using an external magnet and washed twice with dry
toluene to remove the unreacted GPTMS, followed by drying at
room temperature for 24 h.>®

Synthesis of mesalamine/GPTMS@SiO,@Fe;0,

1 g of produced GPTMS@SiO,@Fe;0, nanoparticles was
dispersed in 100 mL of ethanol 96% for 20 min. In the
following, 10 mmol mesalamine was added and the mixture was
stirred under reflux conditions and N, gas for 24 h. The
produced brown mesalamine/GPTMS@SiO,@Fe;0,
particles were collected using an external magnet and washed
several times with EtOH to remove unreacted mesalamine,
followed by drying at room temperature for 24 h.

nano-

Typical procedure for the synthesis of 2-amino-4H-benzo[b]
pyrans

Various aromatic aldehydes (1 mmol), dimedone (1 mmol),
malononitrile (1 mmol), and nanocatalyst (0.07 g) were added to
a mortar and ground at room temperature. The progress of the
reaction was monitored by TLC. After the reaction, the thick
paste substance was dissolved with ethanol (2 x 10 mL).
Subsequently, the nanocatalyst was recovered from the reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mixture using a magnetic field. Finally, the crude product was
purified by recrystallization from ethanol to obtain the product.

Compound 4b

FT-IR (KBr, cm '): 3379, 3182, 2958, 2188, 1674, 1589, 1459,
1367, 1215, 1094, 1013, 828, 616, 521. 'H-NMR (250 MHz,
DMSO-dg): 6 7.33 (d, 2H, J = 7.5 MHz, Ar-H), 7.19 (d, 2H, ] = 8.25
MHz, Ar-H), 7.05 (s, 2H, NH,), 4.65 (s, 1H, C-H), 2.19-2.41 (m,
2H, CH,), 2.02-2.08 (m, 2H, CH,), 1.01 (s, 3H, Me), 0.95 (s, 3H,
Me). "*C-NMR (62.5 MHz, DMSO-d,): 6 18.9, 27.3, 28.7, 32.1,
33.1, 38.9, 50.3, 56.4, 56.7, 111.8, 119.5, 128.0, 129.1, 131.8,
132.2, 133.4, 141.1, 159.1, 163.7, 196.0.

Compound 4c

FT-IR (KBr, cm '): 3396, 3324, 3212, 2960, 2199, 1679, 1604,
1604, 1371, 1214, 1036, 839, 695. "H-NMR (250 MHz, DMSO-d,):
6 6.91-7.84 (m, 6H, Ar-H, NH,), 4.16 (s, 1H, C-H), 2.10-2.48 (m,
4H, 2CH,), 0.92 (s, 3H, Me), 1.00 (s, 3H, Me). *C-NMR (62.5
MHz, DMSO-d,): 6 31.0, 31.7, 32.2, 32.9, 35.6, 47.1, 50.4, 56.5,
114.6, 129.2, 129.9, 131.0, 132.5, 133.1, 158.9, 160.7, 196.6.

Compound 4e

FT-IR (KBr, cm™"): 3405, 3321, 3185, 2963, 2192, 1682, 1652,
1631, 1594, 1521, 1349, 1215, 1033, 827. "H-NMR (250 MHz,
DMSO-dg): 6 7.15-8.25 (m, 6H, Ar-H, NH,), 4.34 (s, 1H, C-H),
3.03-3.39 (m, 2H, CH,), 2.06-2.20 (m, 2H, CH,), 1.13 (s, 3H, Me),
1.01 (s, 3H, Me). "*C-NMR (62.5 MHz, DMSO-d): 6 22.9, 24.2,
27.7, 31.8, 45.8, 52.0, 53.1, 114.7, 115.3, 124.3, 128.3, 146.2,
154.5, 159.0.

Compound 4f

FT-IR (KBr, cm™'): 3383, 3316, 3208, 3026, 2963, 2192, 1682,
1654, 1605, 1510, 1410, 1368, 1250, 1214, 1036, 845, 770. ‘H-
NMR (250 MHz, DMSO-d): 6 6.93-8.42 (m, 6H, Ar-H, NH,),
4.11 (s, 1H, C-H), 2.21 (s, 3H, Me), 2.36-2.46 (m, 4H, 2CH,), 1.00
(s, 3H, Me), 0.93 (s, 3H, Me). *C-NMR (62.5 MHz, DMSO-d,):
614.5,22.8,24.2,27.7, 31.1, 45.9, 52.9, 53.6, 108.2, 115.5, 125.5,
127.1, 140.1, 154.4, 158.6, 191.6.

Compound 4h

FT-IR (KBr, cm™"): 3431, 2230, 1635, 1595, 1507, 1416, 1367,
1304, 1244, 1165, 838, 616, 529, 438. 'H-NMR (250 MHz, DMSO-
de): 6 6.98-8.50 (m, 6H, Ar-H, NH,), 4.17 (s, 1H, C-H), 2.19-2.51
(m, 2H, CH,), 2.04-2.10 (m, 2H, CH,), 1.0 (s, 3H, Me), 0.92 (s,
3H, Me). *C-NMR (62.5 MHz, DMSO-d):  27.3, 28.2, 28.7, 32.2,
35.3, 47.1, 50.4, 115.2, 115.6, 117.2, 117.5, 129.5, 134.0, 141.3,
160.6, 162.9, 196.1.

Compound 4m

FT-IR (KBr, cm '): 3396, 3323, 3212, 2959, 2190, 1682, 1654,
1604, 1489, 1366, 1250, 1214, 1034, 847, 561. "H-NMR (250 MHz,
DMSO-d): 6 7.13-7.90 (m, 4H, Ar-H), 7.02 (s, 2H, NH,), 4.32 (s,
1H, CH), 2.09-2.47 (m, 4H, 2CH,), 1.00 (s, 3H, Me), 0.98 (s, 3H,
Me). ®C-NMR (62.5 MHz, DMSO-dg): 6 26.6, 28.3, 29.5, 32.5,

RSC Adv, 2023, 13, 33566-33587 | 33569
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35.3, 50.7, 55.2, 59.4, 102.8, 104.3, 110.6, 113.6, 128.8, 140.4,
145.0, 149.7, 157.7, 194.7.

Compound 40

FT-IR (KBr, cm™): 3531, 3364, 3158, 2961, 2191, 1721, 1685,
1609, 1475, 1368, 1216, 1042, 861, 563. 'H-NMR (250 MHz,
DMSO-dg): 6 7.21-7.41 (m, 3H, Ar-H), 7.07 (s, 2H, NH,), 5.19 (s,
1H, CH), 2.06-2.51 (m, 4H, 2CH,), 0.98 (s, 6H, 2Me). "*C-NMR
(62.5 MHz, DMSO-d): 6 18.9, 27.3, 28.9, 31.9, 32.7, 50.3, 54.0,
56.4,110.4,119.4, 128.9, 129.4, 130.6, 134.6, 136.3, 136.7, 159.9,
164.1, 196.1.

Results and discussion

The as-prepared magnetic nanocatalyst is prepared simply
using a multistep procedure. To do this, firstly, Fe;0, nano-
particles are prepared at room temperature. In the second step,
the Fe;O, nanoparticles were covered with TEOS under N, at
room temperature, and in sequence, they were coated with
GPTMS by heating at reflux conditions to give
GPTMS@SiO,@Fe;0,. Finally, the nanoparticles synthesized in
the previous step were treated with mesalamine to give mesal-
amine/GPTMS®@SiO,@Fe;0, with high activity and a schematic

View Article Online
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in Scheme 3. Various techniques such as FT-IR, SEM, TEM,
EDX, XRD, BET, VSM, and TGA were used to ensure the iden-
tification of the properties and the correct synthesis steps of the
synthesized nanocatalyst.

FT-IR spectroscopy with KBr pellets was performed for
identification of the functional groups for the stepwise char-
acterization of the as-prepared nanocatalyst in the range of
4000-400 cm™'. The FT-IR spectra of Fe;O,, SiO,@Fe;0,,
GPTMS@SiO,@Fe;0, and mesalamine/GPTMS@SiO,@Fe;0,
are illustrated in Fig. 1. In Fig. 1a, the broad band near 616 cm ™"
corresponds to the Fe-O functional group of Fe;0, NPs.> In
Fig. 1b, we see the silica-coated Fe;O, NPs. The peak in the
3459 cm™ ' region is due to the O-H group on the SiO, group.
Moreover, the wide absorption peak at about 1096 cm ™' was
ascribed to the Si-O group.> After the reaction between
SiO,@Fe;0, and GPTMS, the corresponding GPTMS®@SiO,@-
Fe;0, was afforded (Fig. 1c). As expected, curve c indicated the
new adsorption peak at 2924 cm ™", which is related to the ~-CH,
stretching. Also, the adsorption peak appearing near 1208 cm ™"
is associated with the C-O of the epoxy, which overlapped with
the strong absorption of the bare silica.” These adsorptions
verified the existence of the epoxy group in the structure of
catalyst. Finally, Fig. 1d shows the spectrum of mesalamine/

for the synthesis of all the stages of the nanocatalyst is indicated GPTMS@SiO,@Fe;0,. After covering of mesalamine with
O—si—0
Fé—O_ Si—OH
N N N
i
it ol
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o
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Scheme 3 Preparation of the mesalamine/GPTMS@SIO,@FezO4 magnetic nanoparticles.
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GPTMS@SiO,@Fes0O4, and (d) mesalamine/GPTMS@SiO,@FezO4

magnetic nanoparticles.

GPTMS®@Si0,@Fe;0,4, new wide signals at 2787-3430 cm™ ' and
1646 cm ! are observed for the hydroxyl and carbonyl groups of
the CO,H group. Furthermore, absorption peaks appeared at
1623 em™' and 1453 cm™' which are related to the C=C
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Fig. 2 XRD patterns of mesalamine/GPTMS@SIiO,@Fez04.

Table 1 The XRD data for the mesalamine/GPTMS@SIO,@FezO4
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stretching and N-H bending, showing that mesalamine covered
GPTMS@Si0,@Fe;0,.

XRD analysis was performed to determine the crystallite size,
inter-planar distance, Miller indices (7 k [), and structural
properties of the as-prepared nanocatalyst (Fig. 2). As depicted
in Fig. 2, seven peaks at 26 values of 32.1, 38.1, 45.5, 56.4, 59.7,
65.1, and 74.4 are observed, which can correspond to the
diffraction lattice planes (220), (311), (400), (422), (511), (440),
and (533), respectively. The obtained results clearly confirmed
the cubic structure of Fe;O0,4, which matched the JCPDS data
(JCPDS file no. 01-076-7166). The data reported by Singh et al.,
Kumar et al. and Cheng et al. also support this result.>® These
peaks demonstrated the stability of the Fe;O, during various
stages of the catalyst synthesis. Also, no relevant peak was found
for silica, which is due to the amorphous structure of SiO,.*®
Moreover, the XRD data such as crystallite size, inter-planar
distance, Miller indices (2 k [), and peak width of the as-
prepared nanocatalyst was calculated for all 7 peaks at the 26
values, as indicated in Table 1. The result showed that based on

K2
B cos 0

Scherrer's formula ( = ) and Bragg's formula

A . .
dp = sing) the average crystallite size and average inter-

planar distance of the as-prepared nanocatalyst were found to
be 27.02 nm and 0.1906 nm.

Magnetic properties are one of the most important proper-
ties of a catalyst, which lead to its easy and clean recovery from
reaction media. For this purpose, VSM analysis was employed
for the magnetic properties of (a) Fe;0, and (b) mesalamine/
GPTMS@Si0,@Fe;0, magnetic nanoparticles, and the results
are presented in Fig. 3A. As can be seen, both Fe;O, and the
final catalyst exhibited superparamagnetic properties. More-
over, the saturation magnetization for Fe;O, and mesalamine/
GPTMS@Si0,@Fe;04 was 33.83 emu g~ and 17.82 emu g !,
respectively. This decrease in saturation magnetization is due to
the coverage of various compounds on the surface of iron oxide.
As a result, the as-prepared nanocatalyst shows a good ability as
a magnetically recoverable nanocatalyst. Moreover, Fig. 3B
shows that the nanoparticle has magnetic properties and
responds quickly to the magnetic field and disperses quickly in
the absence of the magnetic field.

To determine the organic functional groups content and
thermal stability of the as-prepared nanocatalyst, TGA analysis
was carried out over the temperature range of 25 to 800 °C

Miller indices

Peak width
Entry 26 (FWHM) h k l Crystallite size (nm) Inter-planar distance (nm)
1 32.1 0.1968 1 0 4 41.8 0.2703
2 38.1 0.1968 1 1 0 42.3 0.2519
3 45.5 0.3444 2 0 2 24.8 0.2080
4 56.4 0.2952 1 1 6 30.1 0.1696
5 59.7 0.6888 1 2 2 13.1 0.1601
6 65.1 0.7882 2 1 4 11.8 0.1487
7 74.4 0.3936 2 2 0 25.3 0.1259
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——Mesalamine/GPTMS@SiO,@Fe;0,
Fe,O,

Magnetic

Fig. 3

(Fig. 4). As can be seen, the as-prepared nanocatalyst shows
three steps of weight loss. Below 100 °C, 200-400, and >400 °C.
The initial stage occurs below 100 °C due to the elimination of
the adsorbed solvent or water on the trap in the complex used in
the synthesis of the catalyst. The second stage occurring at 200-
400 °C is attributed to the elimination of the organic linker in
the as-prepared nanocatalyst. This result indicated that the
core/shell structure has been successfully immobilized with

T " T y T ”
-15000 -10000 -5000 0

T T T I— T 1
5000 10000 15000

field (Oe)

(A) Magnetization curves obtained by VSM for FezO4 and mesalamine/GPTMS@SiO,@FesO4 MNP. (B) Magnetic separation of mesalamine/

various organic compounds. The third stage occurring at about
>400 °C is attributed to the elimination of the mesalamine
groups located on the surface of GPTMS@SiO,@Fe;0,.

The morphology, particle size and shape of the produced
particles such as Fe;O0, and mesalamine/GPTMS@SiO,@Fe;0,
were determined by the FE-SEM technique and the images are
depicted in Fig. 5. The FE-SEM image obtained from Fe;O,
indicated that the structure exhibits a particle size of 20.5 nm

1004 |
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Fig. 4 TGA analysis for the mesalamine/GPTMS@SiO,@FezO4 magnetic nanoparticles.
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and a uniform spherical shape (Fig. 5A). Also, the FE-SEM
images obtained from mesalamine/GPTMS@SiO,@Fe;0, indi-
cated that the structure shows a spherical and regular
morphology (Fig. 5B and C). It seems that from Fe;O, to the
final catalyst, a significant surface-roughening has occurred.
This surface-roughening could be due to certain parameters
such as different coatings (silica, GPTMS and mesalamine) on
the core. Furthermore, a histogram of the final catalyst indi-
cated an average diameter of approximately 36-46 nm (Fig. 5D).

The core-shell structure and appearance of the produced
particles such as Fe;0, and mesalamine/GPTMS@SiO,@Fe;0,
were determined by a TEM technique and the images are
depicted in Fig. 6. The images and histogram clearly show that
the nanoparticles were synthesized in nanodimensions. The
TEM image of the Fe;O, nanoparticles indicated that the
structure has a particle size of about 25 nm and a uniform
spherical shape (Fig. 6A). The TEM image of the mesalamine/
GPTMS@SiO,@Fe;0, nanoparticles indicated that the nano-
structure was synthesized with a uniform spherical shape and
a core-shell structure (Fig. 6B and C). Besides, Fig. 6C clearly
shows that the final catalyst is formed as a shell-core structure.

gy, gy § [ty <.\
File HFW 2\ Mag | WD |Sig Det|Mode| Scan |Spot 500.0nm

6-4000-2_580.tif*/5.41 ym 25.0 kV/50000x 7.8 mm|SE ETD 300V|111.11 s| 2.5 RASTAK L|

SEM MAG: 200 kx Det: InBeam
WD: 4.80 mm BI: 7.00
View field: 1.04 ym | Date(m/dly): 12/13/22

MIRA3 TESCAN|
200 nm

View Article Online
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The dark area is related to the core and the light area is related
to the shell. Furthermore, a histogram of the final catalyst is
shown in Fig. 6D, which shows an average diameter of
approximately 34-44 nm.

EDX analysis was applied to identify the elements present in
the synthesized nanocatalyst (Fig. 7). Fig. 7 clearly indicates that
the synthesized nanocatalyst was composed from C, N, O, Fe,
and Si with relative mass percentages of 35.12, 14.87, 35.53,
3.57, and 10.91%, respectively.

Fig. 8 provides visual insights into the spatial distribution of
the elements within the mesalamine/GPTMS@SiO,@Fe;0,
complex, complementing the EDX analysis. The images reveal
a large concentration of Fe and O elements, while the support
material displays an even distribution of C, N, and Cu compo-
nents, indicating a successful blending of various catalyst
elements. This suggests that the structure has been well
prepared and persists.

Finally, to determine the properties of Fe;O, and the as-
prepared nanocatalyst such as surface area, mean pore diam-
eter, total pore volume, and type of isotherm, BET analysis was
performed (Fig. 9). As shown in Fig. 94, the BET isotherm of the

SEM MAG: 100.0 kx Det: InBeam
WD: 4.80 mm BI: 7.00
View field: 2.08 ym Date(m/dly): 12/13/22
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Fig. 5 FE-SEM images of (A) FezOg4, (B and C) mesalamine/GPTMS@SiO,@FezO,4, and (D) a histogram of mesalamine/GPTMS@SIiO,@Fez04.
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Fig. 8 Elemental mapping of mesalamine/GPTMS@SIO,@FezO,.

as-prepared nanocatalyst is type IV, which is related to meso-
porous materials. Table 2 displays the specific information on
the surface area, mean pore diameter, and total pore volume of
Fe;0, and the nanocatalyst prepared in this study. Fe;O, was
synthesized with a small pore diameter of approximately
21.5 nm, while the surface area and total pore volume were
measured at 112.36 m*> g~ ' and 0.815 em® g™, respectively.
Moreover, mesalamine/GPTMS@SiO,@Fe;0, has a surface area
of 55.21 m” ¢~ with mean pore diameter of 29.63 nm and total
pore volume of 0.425 cm® g™, respectively. Coating different
organic compounds, SiO,, GPTMS, and mesalamine onto the
surface of Fe;O, results in a significant reduction in surface area
and total pore volume, as indicated by this comparison.

After fabrication of the as-prepared nanocatalyst and
analyzing its structure through various techniques, we decided
on finding an eco-friendly, simple and efficient method for the
synthesis of 2-amino-4H-benzo[b]pyran derivatives products in
the presence of mesalamine/GPTMS@SiO,@Fe;0, as an effi-
cient and magnetically recoverable nanocatalyst. For this
purpose, a model reaction of benzaldehyde (1 mmol), dimedone
(1 mmol) and malononitrile (1 mmol) (liquid, solid, solid) in the
presence of mesalamine/GPTMS@SiO,@Fe;0, under the dry
grinding method was tested to give the desired product 4a
(Table 3 and Fig. 10). In this reaction optimization to create
favorable conditions, a variety of parameters like the effect of
solvent, temperature and catalyst amount was evaluated and the
obtained results are indicated in Table 3. In the desired product
4a, a favorable result was obtained using 0.07 g of catalyst under
a dry grinding method at room temperature (Table 3, entry 8).
When the reaction was tested in the absence of a catalyst under

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Surface area

Total pore volume Average pore

Sample (m*>g™ (em® g™ diameter (nm)
Fe;0, 112.36 0.815 21.5
Mesalamine/GPTMS@SiO,@Fe;0, 55.21 0.425 29.63

grinding conditions or 80 °C, the product 4a yield was traced
(Table 3, entries 1 and 2). When mesalamine/GPTMS@SiO,®@-
Fe;0, was used as a catalyst under grinding conditions at room
temperature, good to excellent product yields were observed for
4a (Table 3, entries 3-10). Among various loadings of catalyst
(0.005-0.1 g), 0.07 g was found to be the best loading and 4a was
formed at 95% yield after 15 min (Table 3, entry 8). When the
reaction was conducted with 0.09 and 0.1 g of catalyst, 4a was
formed at 90 and 88%, respectively (Table 3, entries 9 and 10).
Furthermore, various solvents such as EtOH, EtOH/H,0, H,O0,
toluene, and chloroform were tested but none of them were not
suitable for this reaction (Table 3, entries 11-15). Hence, the
reaction of 4a was optimum in the presence of 0.07 g of catalyst
under the dry grinding method at room temperature.

We conducted a separate study to evaluate the effect of
various catalysts such as Fe;0,, SiO,@Fe;0,4, GPTMS@SiO,@-
Fe;0,4 and mesalamine on the model reaction under optimized
reaction conditions (Table 4). When the model reaction was
tested in the presence of Fe;0, and SiO,@Fe;0, in EtOH under
reflux conditions, product 4a was obtained in 50% and 40%

Table 3 Effects of various factors on the synthesis of 4a“

yields, respectively (Table 4, entries 1 and 2).*” When the same
reaction was carried out by GPTMS@SiO,@Fe;0,, no product
was obtained (Table 4, entry 3). Similarly, when mesalamine
alone was used under grinding conditions at room temperature,
product 4a was formed in 68% yield (Table 4, entry 4). As can be
seen, mesalamine/GPTMS@SiO,@Fe;0, indicates superior
catalytic activity compared to other catalysts (Table 4, entry 5).

With the optimized conditions in hand, the various aldehyde
substrate scope, dimedone and malononitrile were applied as
the model reaction and diverse aldehydes were examined for the
annulation reaction of 4a-p (Table 5, entries 1-16). The ob-
tained results indicated that the activity of the aromatic alde-
hydes like electron-withdrawing and electron-releasing
properties could influence the annulation reaction of 4a-p.
Aromatic aldehydes with functional groups like -NO,, -Br, —Cl,
and -CN yielded the corresponding products in excellent yields
and a short reaction time. Moreover, when aromatic aldehydes
with functional groups like -Me, -N(Me),, OMe, and -OH are
used instead of electron-withdrawing groups, the correspond-
ing products are obtained at lower yields.

(0] (0]
CN
H Catalyst
* 0 © CN  Temperature, solvent
Nanocatalyst

Entry (g) Conditions Solvent (3 mL) Time (min) Yield” (%)
1 — Grinding, r.t. — 30 Trace
2 — 80 °C — 180 Trace
3 0.005 Grinding, r.t. — 30 25

4 0.007 Grinding, r.t. — 30 32

5 0.01 Grinding, r.t. — 20 37

6 0.03 Grinding, r.t. — 20 45

7 0.05 Grinding, r.t. — 20 91

8 0.07 Grinding, r.t. — 15 95

9 0.09 Grinding, r.t. — 15 90

10 0.1 Grinding, r.t. — 15 88

11 0.07 Reflux EtOH 4h 55

12 0.07 Reflux EtOH/H,0 (1:1) 3h 60

13 0.07 Reflux H,O 7h 20

14 0.07 Reflux Toluene 5h 30

15 0.07 Reflux Chloroform 5h 12

“ Reaction conditions: benzaldehyde (1 mmol), dimedone (1 mmol), malononitrile (1 mmol), catalysts, under different conditions. ? Isolated pure

yield.
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Fig. 10
stage, (b) after 5 minutes, and (c) after 10 minutes.

Separation of the heterogeneous catalyst from the reaction
medium is one of the main advantages of every catalytic process
and also is highly desirable in medicinal and commercial
applications. Hence, we tested the reusability of the nano-
catalyst. The reusability of mesalamine/GPTMS®@SiO,@Fe;0,
was evaluated in the reaction of 4-cyanobenzaldehyde, dime-
done and malononitrile under optimized conditions (Fig. 11).
From Fig. 114, it can be seen that the nanocatalyst can be
reused for 8 cycles with a slight loss in activity from 96% to 90%
using an external magnet. Moreover, the nanocatalyst after
being recovered eight times was investigated by TEM and FT-IR
analyses, as depicted in Fig. 11B and C. Both TEM and FT-IR
analyses confirmed that the nanocatalyst can be reused for 8
cycles without any change in the core-shell structure and
functional groups.

To demonstrate the ability of this procedure for synthesis on
the gram scale, the scaled up synthesis of 4m was evaluated in
the reaction of 3-nitrobenzaldehyde, dimedone and malononi-
trile under the dry grinding method at room temperature, and
the results are summarized in Table 6 and Fig. 12. The reaction

Table 4 Effects of various catalysts on the synthesis of 4a“

(b)

View Article Online
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(©)

Images depicting the progression of the reaction involving benzaldehyde, malononitrile, and dimedone can be observed for (a) the initial

proceeded well and 4m was obtained in high yields. From Table
6, it can be seen that the reactions were carried out in various
scales such as 5, 10, and 15 mmol and the products were 90, 88,
and 85%, respectively.

A proposed reaction pathway is shown in Scheme 4. Initially,
the mesalamine/GPTMS@SiO,@Fe;0, led to the activation of
the carbonyl group on the aldehyde and malononitrile, giving
intermediates 1 and 2, respectively. In continuation, nucleo-
philic addition from intermediate 2 to intermediate 1 led to the
generation of intermediate 3. This intermediate then loses
molecular water by E;cB elimination to give intermediate ary-
lidiene malononitrile 5. Next, in the presence of the catalyst,
dimedone is transformed into its enolized form 4. This enolized
form then proceeds to attack intermediate 5 by Michael addi-
tion, resulting in the formation of intermediate 6. Finally, the
cyclization reaction of intermediate 6 and a hydrogen shift
produced the 2-amino-4H-benzo[b]pyran derivatives 9.

This study and many selected processes reported in the
literature are listed in Table 7 and compared with each other in
terms of various parameters such as catalyst, reaction

(0] (0)
CN
H Catalyst
+ +

o CN
Entry Catalyst Conditions Yield” (%)
1 Fe;0,4 EtOH/reflux 50
2 SiO,@Fe;0, EtOH/reflux 40
3 GPTMS@SiO,@Fe;0, EtOH/reflux Trace
4 Mesalamine Grinding, r.t. 71°
5 Mesalamine/GPTMS@SiO,@Fe;0, Grinding, r.t. 95

% Reaction conditions: benzaldehyde (1 mmol), dimedone (1 mmol), malononitrile (1 mmol), catalysts (0.07 g), under different conditions.

b Isolated pure yield. ¢ 0.1 g catalyst was used.
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CN
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Grinding

Entry Products Time (min)

Yield? (%)

Mp (°C)
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1 CN 15
NH,

2 CN 12
NH,

(0]
||
(0]
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Br

O
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95

89

91

96

229-231, 231-233 (ref. 47)

212-214, 215-217 (ref. 47)

216-217, 218-220 (ref. 47)

223-225, 225-226 (ref. 47)
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g 0 0
© CN CN
= R ©)L H ( Catalyst (0.07 g)
§_ * [0} * CN Room temperature NH,
5 Grinding
Q
™
e}
E Mp (°C)
E Entry Products Time (min) Yield” (%) Found reported
g
2 NO,
c
8
3
3 0
c
=) 5 7 95 178-180, 180-182 (ref. 47
£ CN (rcf. 47)
S
: |
=
g 0~ "NH,
(@)
©
b 4e
e
% Me
@
2
o
L
[&]
[
K 6 30 90 221-223, 220-222 (ref. 47)
E CN
0~ "NH,
= 4f
= OMe
O
7 CN 35 89 201-203, 198-200 (ref. 47)
0~ "NH,
4g

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2023, 13, 33566-33587 | 33579


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06560j

Open Access Article. Published on 20 November 2023. Downloaded on 11/9/2025 9:28:01 AM.

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

(cc)

View Article Online

RSC Advances Paper
Table 5 (Contd.)
(0] (0]
CN CN
R H < Catalyst (0.07 g)
* [0} * CN Room temperature NH,
Grinding
Mp (°C)
Entry Products Time (min) Yield” (%) Found reported
F
O
8 12 88 192-194, 190-192 (ref. 47)
CN

9 30 90 221-223, 222-224 (ref. 47)
10 35 93 180-182, 182-184 (ref. 47)
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Table 5 (Contd.)

(0] (0}

CN CN
R H Catalyst (0.07 g)
+ +
[0} CN Room temperature NH,
Grinding
Mp (°C)
Entry Products Time (min) Yield” (%) Found reported
11 15 92 152-154, 155-157 (ref. 47)
12 20 89 212-214, 215-217 (ref. 47)
O

13 CN 15 92 216-218, 215-217 (ref. 47)

0~ "NH,

4m
0 NO,

14 CN 7 91 223-225, 224-226 (ref. 47)

0~ "NH,

4n
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Table 5 (Contd.)
(0] (0]
CN CN
R H Catalyst (0.07 g)
+ +
[0} CN Room temperature NH,
Grinding
Mp (°C)
Entry Products Time (min) Yield” (%) Found reported
Cl
O Cl
15 20 89 178-179, 180-181 (ref. 47)
CN
0~ "NH,
40
Ll
O Cl
CN
16 | | 20 90 246-248, 248-250 (ref. 47)
0~ "NH,

4p

¢ Reaction conditions: various aldehydes (1 mmol), dimedone (1 mmol), malononitrile (1 mmol), catalysts (0.07 g) under the dry grinding method at

room temperature. ? Isolated pure yield.

conditions, time and yield. For example, Mohammadzadeh®
and colleagues reported Ag/Fe;O,@starch as a nanocatalyst.
The requirement for high temperature is a limitation of this
method (Table 7, entry 7). Bhosale® and co-workers disclosed
an iodine catalyst. There are some serious problems with this
method, including high loading of the catalyst, toxic catalyst,
a low number of catalyst recycling cycles, tedious reaction
conditions, and use of DMSO as solvent (Table 7, entry 10). Also,
Kalantari®® and co-workers prepared a Fe;O,@NH,@-
TCT@HOProCu nanocatalyst. The main disadvantages of this
method are prolonged reaction time and tedious procedure for
catalyst synthesis (Table 7, entry 9). Table 7 clearly shows that
our method is more efficient and effective in terms of condi-
tions, yield, time and loading of catalyst than other previously
reported methods.

33582 | RSC Adv, 2023, 13, 33566-33587

Conclusions

In summary, we successfully designed and synthesized a novel
mesalamine-functionalized magnetic nanoparticles (mesal-
amine/GPTMS®@Si0,@Fe;0,) and fully characterized its struc-
ture using various physicochemical tools. The activity of this
catalyst in the synthesis of 2-amino-3-cyano-4H-pyran deriva-
tives of various aromatic aldehydes, dimedone and malononi-
trile under a dry grinding method at room temperature was
studied. The as-synthesized nanocatalyst offers remarkable and
attractive advantages including no need for solvent, environ-
mental friendliness, economical processing, easy workup
procedure, no need for column chromatography, multiple
carbon-heteroatom and carbon-carbon bond formation, high
product yield, and easy separation from the reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06560j

Open Access Article. Published on 20 November 2023. Downloaded on 11/9/2025 9:28:01 AM.

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

(cc)

Paper

Cycles

Fresh catalyst
Recovered catalyst after eight cycles

—~_

:

- 200

- 180

- 160

- 140

- 120

- 100

- 80

60

1| 1 " 1 = ] o 1 = 1
3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 11 (A) Recycling of the nanocatalyst in 4d, (B) TEM image, and (C) FT-IR spectrum of the recovered nanocatalyst.

Table 6 Scaled up synthesis of 4m

1
500

Transmittance (a.u.)
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0 o

H CN  'Scale-up synthesis:

+ P _- - -_ ----------

[0} CN Grinding, r.t.
NO,
1m 2 3
Isolated yield
Entry Scale (mmol) (%)

1 1 92
2 5 90
3 10 88
4 15 85
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Fig. 12
mmol). (a) The initial stage, (b) after 7 minutes, and (c) after 15 minutes.
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Scheme 4 A possible pathway for mesalamine/GPTMS@SiO,@FesO,4 catalyzed tandem Knoevenagel—Michael cyclocondensation.

Table 7 Comparison of mesalamine/GPTMS@SiO,@FezO4 with selected processes reported in the literature for the tandem Knoevenagel-

Michael cyclocondensation

Entry Catalyst Reaction conditions Time (min or h)/yield (%)
1 CeCl, - 7H,0 (10 mol%) EtOH : H,O (4 : 2)/reflux 1-2.5 h/70-93%"**

2 Fe;0,@GA®@IG (20 mg) EtOH/reflux 15-110 min/78-92%"*°
3 EDA/(CH,);@SiO,@Fe;0, (0.05 g) Grinding/r.t. 10-25 min/89-97%"*’
4 NH,H,PO,/Al,0; (0.03 g) EtOH/reflux 5-60 min/45-92%"%

5 NiFe,0,@Si0,@H;4[NaP;W;,0,1,] (0.02 g) EtOH/ultrasonic/r.t. 5-15 min/81-94%"°

6 NiFe,0,@Si0,@H;4[NaPsW;4041,] (0.02 g) EtOH/reflux 15-35 min/57-80%"°
7 Ag/Fe;0,@starch (15 mg) EtOH/50 °C 8-17 min/84-95%°

8 Per-6-NH,-B-CD (0.09 mmol) Solvent-free/r.t. 1-7 min/67-97%""

9 Fe;0,@NH,@TCT@HOProCu (0.01 g) EtOH/reflux 24 h/75-97%"*

10 Molecular iodine (10 mol%) DMSO, reflux, 4 3.2-4 h/80-92%>°

11 Mesalamine/GPTMS@SiO,@Fe;0, Grinding/r.t. 7-35 min/88-96%
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environment. The as-synthesized nanocatalyst can be conve-
niently recovered from the reaction mixture by employing
a magnetic bar, and then reused in the next run.
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