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Magnetite nanoparticles (MNPs), owing to their vast surface area, low toxicity, and biocompatibility, present a
lot of chemical and biotechnological uses. Over the past decade, extensive attention has been expended on
applying Fe304 nanoparticles as magnetically reusable solid support for various transition metals. The benefits of
magnetic nanocatalytics are their simple separation by an external magnet, extreme reactivity, and a vast surface
area of the catalysts. Also, the magnetic features of these catalysts induce their dispersion to be reversibly
controlled via the magnetic field. Therefore, MNPs can be dispersed well in the reaction media. p-Cyclodextrin
(B-CD), as a cyclic oligomer, has been extensively employed as an economical and eco-friendly alternative
catalyst in diverse organic conversions that improved reaction efficiency. The modified p-CD with Fe3O4 led to
mainly advantageous catalysts because of their helpful catalytic properties, eco-friendliness, easy separation, and
ability to isolate from the reaction medium. In this report, our goal is to present an overview of magnetically
reusable nanoparticles-based B-CD. This review’s major focus is the application of magnetic nanomaterials as
catalysts in different organic transformations.

1. Introduction

Nanotechnology is one of the most crucial events of the revolution in
the science and technology industry in the 21st century. Nano-sized
compounds present numerous significant advantages due to their
particular size and physical features, and they have turned out to be one
of the most essential research studies in modern science (Tegart, 2004).
Iron oxide NPs are hopeful for nanomaterials among magnetic materials
because of their compatibility. Today, magnetite nanoparticles (Fe304)
have been praised for their non-toxicity, superior superparamagnetic
characteristics, easy preparation procedures, and favorable biocompat-
ibility. Ferrite nanoparticles are used as supports for catalysts owing to
their high surface area, facile separation, functionalization capability,
and chemical stability. Their magnetic nature is a fantastic benefit owing

to magnetic recoverability. Fe304 NP systems supply the connection
between the catalyst and reactants, thus significantly increasing the
activity of the catalysts. Day by day, using magnetically recycled
nanomaterials to develop more efficient and eco-friendly chemical
processes has increased (Nguyen et al., 2021).

They are employed for different applications like nanocarriers for
drug delivery (Shabatina et al., 2020), magnetic labeling (Tamanaha
et al., 2008), and catalysts for plenty of organic reactions (Govan and
Gun’ko, 2014). Iron oxide NPs can recover because the magnetic sepa-
ration of MNPs from the reaction media by an exterior magnet is easier
and more effective than a traditional separation (by filtration and
centrifugation). Iron oxide NPs are available from low-cost compounds
and can be used as magnetically recoverable solid support for transition
metals like palladium (Niu et al., 2013; Gholinejad et al., 2023; Xiao
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Scheme 3. Click reaction catalyzed by Cu@p-CD@SPIONSs.

et al., 2022), nickel (Folsom et al., 2021; Moghaddam-Manesh et al.,
2020; Prasad et al., 2017), copper (Mahdavi et al., 2016; Bahadorikhalili
et al., 2018; Azizi et al., 2017), and gold (Hu et al., 2014; Wang et al.,
2017) in organic conversion.

In organic chemistry, the most extensive families of organic com-
pounds belong to the heterocyclic compounds. In our lives, heterocyclic
compounds are crucial. It has a vast range of uses in medicinal chemistry
and agrochemical products. Synthetic biologically active compounds
include mostly five-membered nitrogen-comprising heterocyclic ring
framework. The N-possess polycyclic heterostructures have been re-
ported to be connected with a wide range of biological activity. In het-
erocyclic five-membered ring structures, the imidazole core exhibits
various properties. The drugs that have imidazole rings have widened

the scope of curing a variety of dispositions in clinical medicines. Recent
developments of imidazole-based compounds in a broad spectrum of
medicinal chemistry include antifungal, anticancer, antibacterial, anti-
viral, antiobesity, antiparasitic, and anti-inflammatory. Imidazole de-
rivatives have been recognized as having a special place in the
pharmaceutical area. The involvement of the imidazole platform is a key
synthetic technique in the drug discovery system. The imidazole ring is a
part of many vital naturally occurring products, comprising histidine,
purine, histamine, and nucleic acid (Hossain and Nanda, 2018; Siwach
and Verma, 2021). The strategy of synthesizing imidazoles is improved
by utilizing nanocomposites as catalysts, increasing the reaction’s effi-
cacy and performance. Employing nanocomposites to synthesize imid-
azoles is a significant breakthrough in organic synthesis, furnishing
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Scheme 4. The creation pathway of this nanocatalyst.

more specific, effective, and eco-friendly procedures for developing
these invaluable platforms (Sharma et al., 2024).

Cyclodextrins (CDs) are macrocycles made of glucose units and
produced by the enzymatic degradation of starch (Szejtli, 1998). Based
on the number of glucose groups, they are categorized as gamma-CD (8),
beta-CD (7), and alpha-CD (6), respectively. B-CDs are the most signif-
icant and hopeful hosts due to their low price, readily functionalized,
non-toxic, water-soluble, and commercially available (Crini, 2014).
They contain a hydrophobic hole, which attaches the substrate selec-
tivity and catalyzes several organic conversions with excellent selec-
tivity. They catalyze the reaction by non-covalent bonding with the
reversible construction of host-guest complexes, as noticed in enzymes
(Dalal et al., 2018). p-CD, owing to a hydrophilic exterior surface and a
hydrophobic internal hollow, has demonstrated outstanding possibility
as a green media for catalytic reactions. §-CDs have unique features that
make them superb candidates for creating inclusion complexes with
multiple organic compounds, leading to stable host-guest relationships.
The unique configuration of CD allows them to capture numerous
diverse small compounds and make inclusion complexes that are
essential in the improvement and stability of the guest molecules. In the
cavity of B-CDs, the guest materials can build an inclusion complex

through non-covalent bond interaction. p-CDs can be modified with
various transition metals to design and develop novel catalysts that
catalyze various organic reactions (Komiyama, 2024). CDs have been
employed in diverse applications like drug carriers in the pharmaceu-
tical field (Perchyonok and Oberholzer, 2012), textile finishing (Abou-
Okeil and El-Shafie, 2011), catalysts (Hapiot et al., 2014; Hapiot et al.,
2017), removal of toxic substances from industrial effluent (Azimi et al.,
2017), and design of biomimetic systems (Niess et al., 2014). Utilizing
B-CD as a catalyst has rapidly received significant attention in organic
synthesis. Lately, different kinds of $-CDs catalysts have been synthe-
sized and used for diverse organic processes such as reactions the Suzuki
reaction (Payamifar et al., 2024a; Payamifar et al., 2024c), oxidations
(Shen and Ji, 2012), nitro reduction (Payamifar and Poursattar Marjani,
2023a), and Heck coupling (Dindulkar et al., 2016).

In previous years, researchers have indicated some successful con-
struction procedures for CD-functionalized superparamagnetics (Cao
et al., 2009; Banerjee and Chen, 2009; Xia et al., 2007). Magnetic CD
nanocomposites (B-CD-Fe3O4) have been utilized in detecting and
removing organic pollution to remove heavy metals from wastewater.
Owing to the hydrophobic internal cavity, it can hold some organic
pollution (Cova et al., 2018; Li et al., 2013). In 2016, Song et al.
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Scheme 6. Synthesizing of compounds 10 via click reaction using Cu@p-CD@SiO,@SPION.

synthesized magnetic CD to eliminate B-naphthol (common organic
pollution) from wastewater (Song et al., 2016). In 2023, Almutairi et al.
described that B-CD/Fe304NPs could be utilized as a potential material
for the degradation of methylene blue dye and also has the highest ef-
ficiency antioxidant and antibacterial properties (Almutairi et al.,
2023). In 2024, Cai et al. designed and synthesized Fe304-GA@p-CD
nano-microspheres to eliminate toxic p-nitrophenol compounds (Cai
et al., 2024). Hosseinzadeh et al. prepared the amino-functionalized
f-CD/Fe304@SiO; in the same year. They used it as a nanocarrier for
the controlled release of doxorubicin in drug-delivery systems for cancer
therapy (Hosseinzadeh et al., 2024).

Modifying $-CD with MNP can be several applications in various
areas such as medical (Sharaf et al., 2024), adsorbents in separation
systems (Kakhki, 2015), treatment of dyeing wastewater (Cai et al.,
2017), and drug delivery (Sina et al., 2023).

It has been revealed that the immobilization of $-CD on NPs can be

utilized as a heterogeneous nanocatalyst in organic reactions. In previ-
ous years, many research groups have explored Fe;04-based p-CD cat-
alysts for vital organic conversions, including carbon-carbon cross-
coupling, click reaction, reduction of nitroarenes, oxidation of alco-
hols, cyanation of aryl halides, ring-opening of epoxides and synthesis
heterocyclic compound. The use of the magnetic nanoparticles-based
B-CD system as a recoverable catalyst for diverse organic trans-
formation is debated.

2. The use of magnetic nanoparticles based -CD catalyst in
various organic reaction

Over the past decade, magnetic nanocatalysts, as a fantastic alter-
native to conventional catalysts, have been increasingly developed.
Nanocatalysis can design and develop catalysts with superior activity,
high stability, and higher selectivity. One of the most valuable
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Table 1
The preparation of 1,2,3-triazole compounds by Fe30,@CD-CIT nanocatalyst.

N;
_ N Fe;0,@CD-CIT N
o = m 0.@ NNNF
o o CuS0,.5 H,O, Na Ascorbat, H,O
1 12 45-55 min, 91-97% 0~ O 13
Entry Product Time (min) Yield ( %)
1 45 95
N
(6] O OH
2 50 94
N,
\N,NmBr
0~ "o
3 53 96
N,
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(6] (6]
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N
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A O% N
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AcO O N
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(continued on next page)
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Entry Product Time (min) Yield (%)
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A oﬁ& N
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¢ OAc /\[ N
N
—
0 6]
OH
9 OAc 55 94
AcC! N
AcO S\ ()/\[ N
N
Br
S
\ @
DI water
+ &:) DI water .
> 80 °C
4h
p-CD CIT
NaOH,Water
Fe?  + Fet ————— 4
4

Scheme 7. The preparation of Fe304@CD-CIT.

properties of magnetic nanocatalysts is their isolation features. These
nanocatalysts can be recycled through an exterior magnet from reaction
media owing to the paramagnetic characteristic of the support, with no
requirement for a filtration stage (Polshettiwar et al., 2011; Hajareh
Haghighi et al., 2024; Gebre, 2023; Veisi et al., 2023; Kalantari et al.,
2023; Lambat et al., 2023; Kumar et al., 2022). Combining magnetic
nanoparticles and p-CD led to an effective and recoverable nanocatalyst
that could be employed in different organic reactions. We study the
application of these magnetic nanocatalysts -CD for various organic
conversions, like reduction of nitroarenes, click reaction, carbon—carbon
coupling, Kabachnik-fields reaction, oxidation of alcohols, ring-opening
of epoxides, cyanation of aryl halides, nucleophilic substitution re-
actions of benzyl halides.

2.1. Click reaction

Click reaction is well-known as one of the most important reactions
in organic chemistry, and it is mainly used to fabricate 1,2,3-triazoles
(Binder and Kluger, 2006). These invaluable compounds have broad
applications in the pharmaceutical and material science fields (Matin
et al., 2022). They display various biological traits like antiviral activity
(Andreeva et al., 2021), Gram-positive bacteria (Maji and Haldar, 2017),
and antitumor (Yamada et al., 2018). Many reports have been published
on using magnetic nanocatalysts in Click reactions (Sarreshtehdar
Aslaheh et al., 2024; Saadoon et al., 2024; Khaleghi et al., 2024). In

previous years, the utilization of magnetic nanoparticle-based $-CD
systems as recoverable green nanocatalysts in click reactions has been
notable.

A practical, readily recyclable, and highly efficient nanocatalyst
Fe304-p-CD-Cuy was prepared and used in the creation of 1,2,3- triazoles
reported by Kaboudin et al. (Kaboudin et al., 2013). The preparation of
magnetic nanocatalyst is shown in Scheme 1. The 1,2,3-triazole de-
rivatives 3 were obtained from ArB(OH), 1 and acetylene 2 through a
one-pot reaction at ambient temperature in the air with no additives
(Scheme 2). The TGA curve of the Fe304-f-CD-Cu; indicates a weight
loss of 3.69 % below 160 °C due to the loss of the adsorbed water in the
sample. The mass loss of approximately 8.33 % by weight in the
160-340 °C range is attributed to the thermal decomposition of Cu(II)-
B-CD. This result showed the nanocatalysts are stable thermally. The
average diameter of Fe3O4 is almost 10-20 nm, with a mainly spherical
figure, as demonstrated by using TEM images. The frontier between the
particles was not detectable in the TEM of the Fe304-p-CD-Cuy, which
might be owing to interactions between the adjacent particles. No
noteworthy Cu(II)-p-CD layer could be noticed on these NPs. The recy-
clability of this magnetic catalyst was checked for four cycles without a
colossal decline in catalytic efficiency. The recovery percentage for this
magnetic nanocatalyst at the four runs involving 95 (1st run), 92 (2nd
run), 90 (3rd run), and 87 (4th run). The average yield was 91 %. The
method’s main benefit was utilizing a recoverable catalyst, which is eco-
friendly, low-price, and has high catalytic performance.
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Table 2 Table 3
Click reactions by using CE-CD-Cu. Cyanation of various aryl halides.
o CE-CD-Cu (0.12 mol% Cu) N=N X Pd NPs@p-CD-Sch (5 mol%) CN
RI—N3 + _—R2 ]l]\/)\Rz
14 2 H,0,40°C. 240N, R/ DMF, 120°C, 4 h
16 NayCO; Ky[Fe(CN)g] 17
Entry Azide Alkyne Yield ( %)
Entry ArX Product Yield ( %)
1 96
@C‘HZN3 :‘Q 1 /©/I /©/CN 95
2 N /\</0\>/\ — < > o1 MeO MeO
o) N =
3 2 1 CN 97
3 93
O J—
\O/\é/ \9? N, 7—<: :)
NO, NO,
4 N, 86
ol }Q 3 [ CN 89
OH(‘OO /@/ /©/
H,N
5 N o - ‘ 89 2 HN
e LN = OCHj

4 O/I CN 94
6 92 /©/
(o) Me
- 5 1 CN 92
7 93
CH,N; OCH;

T

8 N; 94 Me Me
S~ :—@—oc,m . : oN o8
()H(TO() @E @
Me Me
9 — 85
@CHzNz = \ / 7 /©/Br /©/CN 92
N
10 N, — 83 MeO MeO
s~ - 8 Br CN o8
o) 1(:%: :%o /©/ /O/

In 2016, the Cu@p-CD@SPIONS as a novel reusable magnetic cata- 9 Br CN 9
lyst was synthesized and employed for the assembly of diverse 1-benzyl- /©/ Q/
1H-1,2,3-triazol dibenzodiazepinones 8 through click cycloaddition ON O,N
(Scheme 3) by Mahdavi et al. (Mahdavi et al., 2016). The construction 10 Br CN 3
stages of this catalyst are displayed in Scheme 4. FT-IR, VSM, TGA, and
TEM methods characterized the recoverable catalyst. TGA diagrams of ©/
nanocatalysts demonstrate that the quantity of loaded p-CD moiety is 43 NO, o
% w/w. The TEM photos of Fe304 NPs appeared as dark spots within 2
bright regions that the size of the nanocatalyst is about 100 nm. This 1 Br CN 85
catalyst was separated by utilizing a magnet from the reaction media /O/ /©/
and reused five times with no considerable degradation in its perfor- H,N H,N

mance. The amount of leached Cu determined by ICP-AES was less than

1 ppm. 12 Br CN 90
Cu@p-CD@SiO2,@SPION, as a recycle nanocatalyst, was prepared /©/ /@/
Me

and used in the click reactions by Bahadorikhalili et al. (Bahadorikhalili
et al., 2018). The stepwise preparation pathway of Cu@p-CD@SiO»@- 13 cl CN 77
SPION is shown in Scheme 5. Diverse analytical methods like VSM, TEM,

XRD, SEM, and FT-IR were utilized to analyze nanocatalysts. SEM and /©/ O/

TEM images demonstrated that the nanosphere’s diameter was

approximately 15-20 nm. A weight loss could be noticed in TGA curves 14 Cl CN 81
below 100 °C, which could be associated with water evaporation. TGA /©/ /©/

indicates the amount of loaded B-CD moiety to be 39 wt %. The for- NC

mation of a various scope of 1,2,3-triazolylquinazolinones 10 from

benzyl azide 5, 2-aminobenzamide (9), and 4-(prop-2-yn-1-yloxy) (continued on next page)
benzaldehydes 4 via click reaction using 1.5 mol % of nanocatalyst in
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water at 25 °C within 24 h (Scheme 6). Cu@p-CD@SiO2@SPION could

be recoverable by magnetic separation for ten successive cycles without

Entry ArX Product Yield ( %) X . . . Rk ;
5 B o~ o3 any minute reduction in performance. This could be owing to the high
stability of the nanocatalyst and the low leaching of copper, which
>(©/ XO/ makes the structure of the magnetic nanocatalyst stable during the re-

action. The amount of leached Cu is less than 1 ppm.

16 Br CN 86 Jain et al. (Jain et al.,, 2019) explained a green way to the con-
@[ ©i struction of 1,4-disubstituted 1,2,3-triazoles 13 from coumarin azides
Me Me 12, and terminal alkyl 11 through click cyclization in the existence of

B-CD-NH,

2.5 mol % of Feg04@CD-CIT as a nanocatalyst in water at 40 °C under

OH
0 0 0 OH
HO
N
‘ \ '_/\/NH2 + H O/SIJ\/ N
O/Sl _ H
' / HO EtOH
p-CD-Sch
(o}
e
OH o

O\ ° OH
' / o 0=rd
0}
Pd NPs@p-CD-Sch

Scheme 8. The step synthesized of Pd NPs@ (-CD-Sch.

Ar-CN

Ar CN

Ar-X
&(idative addition
Reductive elimination @ @
Ar X
\

&

Transmetalation

K4[Fe(CN)sX] Ky[Fe(CN)g]

Scheme 9. The probable mechanism for the cyanation of ArX.
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Table 4

The ring opening of epoxides by p-CD@MNP.

B-CD@MNP (50 mg)

OH

Arabian Journal of Chemistry 18 (2025) 106080

N
0 § X
H,0, NaX (1.2 mmol) R
18 Ultrasonic irradiation 19 X=N,, SCN
Entry Epoxide Product Time (min) Yield ( %)
1 0 N, OH 5 84
A OH +
Ph P Ph)v N
)SiN/ OH 15 85
OH +
SCN
Ph Ph)\/
2 O OH 5 92
\ro\/g \//()\)\/ N,
OH 10 91
>/O\)\/ SCN
3 o OH 25 96
OH 10 87
/\/()\/l\/ SCN
4 O OH 10 91
\/\/A M N3
OH 20 88
~ o~ seN
5 6] OH 5 92
~ O ~~_O N;
OH 10 91
O _sen
6 OH 10 85
° @
N,
20 86

0,0II
"’SCN

ultrasonic irradiation conditions (Table 1). The pathway of nanocatalyst
preparation is indicated in Scheme 7. By applying different techniques,
like TEM, XRD, FTIR, 'H NMR, and VSM, Fe30,@CD-CIT characterized.
The TGA thermogram shows a weight loss in two stages: firstly, 2 %
weight loss was noticed below 110 °C, which may be owing to the loss of
residual water attaching to the sample surface. The second weight loss of
12 % between 165 and 390 °C is due to the thermal decomposition of the
CD@CIT moieties. This result exhibits the nanocatalyst is stable ther-
mally. TEM images revealed that nanoparticles are almost spherical with
a 5-10 nm range. The 1,4-disubstituted 1,2,3-triazoles were obtained
superior outcomes (91-97 %). The catalyst was magnetically recovered
7 times with a slight decrease in activity. TEM photos of this nano-
catalyst after the 7th run indicated the preservation of the nanocatalyst
structure with a bit of aggregation of nanoparticles. The decline in yield
might be due to the separation of the CD-CIT complex from the surface of
the Fe304.

Liu et al. (Liu et al., 2023) prepared nanocomposite hydrogels based
on B-CD (CE-B-CD-Cu) and employed it as a reusable catalyst for click

reactions. Click reaction of different azides 14 and alkynes 2 was con-
ducted in the presence of a catalyst (0.12 mol % copper) in H,O at 40 °C
within 24h under nitrogen (N3) (Table 2). By using various techniques,
such as TEM, FTIR, and UV-vis spectroscopy characterized. In the TEM
images, Cu nanoparticles’ mean particle sizes were 4.0 nm. The 1,2,3-tri-
azolyl products 15 were obtained with high yields (83-94 %). The
recycling of the CE-B-CD-Cu was tested, and the results displayed that
catalysts were recycled well in seven runs with a slight reduction. It was
observed that the yield of this reaction still reached up to 92 % after 4
cycles. Even after 6 runs, a satisfied yield of 83 % was also acquired.

2.2. Cyanation of aryl halides

Aryl nitriles (ArCN) are well-known as essential components of many
biological, pharmaceuticals, natural products, and agrochemicals
(Larock, 1989; Kleemann and Engel, 1999). ArCN are commonly made
through the Rosenmund-von Braun procedure. This approach produced
metal wastes due to the utility of stoichiometric quantities of copper
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Scheme 10. The preparation of f-CD@MNP.
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Scheme 11. Synthesis of y-Fe;03@HAp@p-CD.

cyanide (Yan et al., 2017). The cyanation of ArX in the existence of
cyanide reagents and metal catalysts is well-known as the most
straightforward and robust synthesis process in the generation of ArCN
(Yan et al., 2017; Shee et al., 2020; Evano et al., 2018). Various cyanide
sources, like Zn(CN),, KCN, and NaCN, have been utilized to form ArCN
employing different metal catalysts. They have several disadvantages,
including high prices, long-time reactions, low yields, and harsh con-
ditions. K4Fe(CN)g as a cyanide source is the most vastly utilized owing
to its non-toxicity, excellent efficiency, environmental friendliness, and
low price (Yan et al., 2017). Diverse metal catalysts have lately been
developed for constructing ArX in the existence of K4Fe(CN)g (Nikitin
et al., 2016; Baran, 2020; Veisi, 2019). Among them, palladium NPs
perform a prominent role due to their excellent catalytic efficiency and
broad functional group toleration in catalytic conversion (Baran and
Sargin, 2020; Caliskan and Baran, 2022; Turung et al., 2021; Caliskan
et al., 2021).

In 2020, Baran et al. (Baran and Nasrollahzadeh, 2020) reported the
formation of palladium nanoparticles on Schiff base modified p-CD-Sch
under the named Pd NPs@p-CD-Sch. They operated it as a heteroge-
neous nanocatalyst in the cyanation reaction to synthesize benzonitriles.
The synthesis steps of Pd NPs@-CD-Sch nanocatalyst are indicated in
Scheme 7. Various methods like TEM, TGA, FE-SEM, FT-IR, XRD, and
EDS characterized this heterogeneous nanocatalyst. The result of the
TGA analysis illustrated that the thermal durability of the catalyst is
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considerably high and appropriate for diverse high-temperature cata-
lytic reactions. The most significant degradation recorded was 318 °C
for p-CD. The size of palladium NPs was obtained from TEM analysis at
almost 20 nm. This catalyst synthesized various benzonitriles with
various substrates with high yields (77-98 %) (Table 3). This catalyst
recovered eight times. A leaching test was performed after the eighth
recycling test, and deficient levels of Pd leaching (0.2 %) were observed.
This test demonstrated that Pd leaching from (-CD-Sch is minor during
the cyanation reactions. A probable pathway in the cyanation of ArX is
shown in Scheme 8.

2.3. Ring-opening of epoxides

Epoxides are well-known as the most valuable versatile building
blocks in the organic synthesis field, and their chemistry is exceptionally
varied (Mamedova et al., 2022) Several biologically important mole-
cules include these three-membered rings within their constructions
(Yudin, 2006) The epoxide ring-opening reactions by diverse nucleo-
philic addition have been vastly investigated and draw considerable
interest for the synthesis of 1,2-disubstituted products (Lidskog et al.,
2020).

In 2016, the reaction of ring opening of the epoxide 18 was inves-
tigated by Sayyahi et al. (Sayyahi et al., 2016) employing f-CD@MNP
nanocatalyst. The nanocatalyst was synthesized based on the processes
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Table 5
Ring-opening of epoxides with various nucleophiles by y-Fe;O3s@HAp@p-CD.
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7-Fe,03;@HAp@p-CD (150 mg) X\/

0
AN 4 NaX
R™ 18

H,0, 90 °C R 1o OB
X'= Ny, CN", NO,
Entry Reactant Product X Time (min) Yield ( %)
1 0 OH N 75 66
0 QQ\/ X N 55 89
o > W :
2 0 X N 65 85
on Ns 35 89
NO, 5 83
3 0 oH N 25 77
/\/O\/A /\/O X N3 60 88
NO, 5 66
4 o) oH N 18 91
(6] \/A (¢} \)\/ X Ns 20 88
NO, 9 93
5 N~_O o OH N 22 75
—< o N 30 90
SN NO, 8 71
6 0 OH N 5 71
oA o _h_x Ns 20 91
i NO, 18 84
0
7 oH N 21 94
o) Ns 25 87
NO, 10 75

O 0o 9 o
X= N3, CN or NO,

OCH,
OCH,NH(CH,)¢NCO O k\®
Fe,0;@HAP@p-CD X
Scheme 12. Proposed inclusion complex construction of the nanocatalyst with
epoxides in the nucleophilic ring opening.

Scheme 13. The path for the synthesis of Fe304@CD.

11

shown in Scheme 9. This nanocatalyst has been examined using SEM,
TGA, and VSM. The size of a magnetic nanoparticle is about 67 x 86 nm,
which is evaluated from SEM data. According to the TGA analyst, there
are two weight loss steps in the region from room temperature to 600 °C.
The slight mass loss (~5 % w/w) below 150 °C is related to the removal
of the water; the main mass loss (~30 % w/w) in the range of 250-325
and 325-450 °C might be associated with the thermal decomposition of
B-CD and linkers, respectively. This new magnetic nanocatalyst could be
applied well in the ring-opening of epoxides (with azide and thiocyanate
as nucleophiles), and the expected compounds 19 were acquired in
84-96 % yields (Table 4). The catalyst recycling was performed for four
consecutive cycles with no massive reduction in catalytic performance.
The recovery percentage for this magnetic nanocatalyst at the four runs
involved 86 (1st run), 84 (2nd run), 80 (3rd run), and 80 (4th run). The
average yield was 82.5 %. The benefits of f-CD@MNP are an eco-
friendly approach, using green solvents, facile work-up, excellent
yield, and short reaction times.

In 2019, Khosravinia et al. (Khosravinia et al., 2019) designed and
prepared the y-Fe,O3s@HAp@p-CD catalyst from p-CD supported, hy-
droxyapatite encapsulated y-Fe,Os (Scheme 10). It is used as a phase
transfer catalyst in the nucleophilic ring opening of epoxides to syn-
thesize B-CDs, p-nitro alcohols, and f-azido alcohols in water media. The
catalytic feature is owing to the inclusion of the complex creation of
epoxides through the hydrogen bonding of the epoxide oxygen to the
external OH groups of the p-CD (Scheme 11). This nanocatalyst was
analyzed using different methods such as TGA, SEM, FTIR, and XRD.
TGA curve indicated the first weight loss of 5 % below 120 °C, possibly
due to the loss of absorbed water sticking to the sample surface and
adsorbing in the B-CD cavities. The second weight loss step of almost 35
% in the 190-380 °C region was due to the decomposition of $-CD
moieties. Therefore, this nanocatalyst is stable thermally. The SEM
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Scheme 15. The construction of f-CD-IL@M starch.

images of the nanoparticles in all the samples had spherical shapes,
displaying that y-Fe;Os@HAp@B-CD had a large surface area. This re-
action was conducted at 90 °C in H20 as a solvent, supplying products
with good to high yields (66-94 %) (Table 5). This nanocatalyst is
recovered in four cycles for the ring-opening reactions. The results
showed that the nanocatalyst did not drop-in activity even after four
runs. This approach presents some advantages comprising easy work-up,
recoverable catalyst, excellent yields, short-time reaction, and superb

regioselectivity.
2.4. Kabachnik-Fields reaction

The Kabachnik-Fields (KF) reaction is well known as a three-
component reaction including a hydrophosphoryl, an amine, and a
carbonyl compound (aldehyde or ketone) that leads to the synthesis of
a-aminophosphonates. The KF reaction has been verified to have a vast
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Scheme 16. The preparation of derivatives 26 and 27.
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R,=H R,=H = Cyclohexyl Time=6h Yield= 84
R;=H R,=3-NO, = t-Butyl Time=5h Yield= 89
Ri=Cl R,=4-Cl = Cyclohexyl Time=6h Yield= 85
R;=H R,=4-F = t-Butyl Time=5h Yield= 88
R;=H R,=4-Cl = t-Butyl Time=4h Yield= 83
R;=H R,=4-CHj;4 = t-Butyl Time= 6h Yield= 80
Ri=H R,=3-NO, = Cyclohexyl Time=5h Yield= 88
R=H R,=4-NO, = t-Butyl Time=4h Yield=91
R;=Cl  R,=4-CHj = Cyclohexyl Time=5h Yield= 86
Ri=Cl  R,=2-OCH;4 = t-Butyl Time=6 h Yield= 89
Ri=Cl  R,=3-NO, = t-Butyl Time=4h Yield= 84
R=Cl R,=H = t-Butyl Time=5h Yield= 83
R;=Cl R,=4-NO, = t-Butyl Time=4h Yield= 81
Ri=Cl R,=4-NO, = Cyclohexyl Time=5h Yield= 80
Ri=- R,=H = Cyclohexyl Time=5h Yield= 88
R,=- R,=4-CH; = Cyclohexyl Time=5h Yield= 84
Ri=- R,=4-Br = Cyclohexyl Time=4h Yield= 87
Ri=- R,=4-NO, = Cyclohexyl Time= 6 h Yield= 83
Ry=- R,=4-OCH; = Cyclohexyl Time=5h Yield= 82



S. Payamifar et al.

Arabian Journal of Chemistry 18 (2025) 106080

CN
X
X=CN, CO,Et O
30 N
0 '+>> MNPs@B-CD@Cu(OAc), (15 mg)
l -
| N o 0 EtOH/H,0, reflux
AN 29
Ry |
28 R, q
HN__O H,N._O<_N
| N
NS NC £
00 (0) (0)
Time= 30 min,Yield= 93% Time= 35 min,Yield= 80% Time= 30 min,Yield= 80%
H,N (0] E (0] H,N O E (0]
YT Y YT Y
NC NH EtO,C NH
(0] 00 (0) 00
Time= 50 min,Yield= 85% Time= 50 min,Yield= 80% Time= 75 min,Yield= 80%
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Scheme 18. The preparation of this nanocatalyst.

worth and range in organic and pharmaceutical chemistry. a-Amino-
phosphonates have drawn significant attention due to their biological
activities (Zefirov and Matveeva, 2008).

Rostamnia and Doustkhah (Rostamnia and Doustkhah, 2015) re-
ported the preparation of a-amino phosphonates from aldehyde 20,
amine 21, and dimethyl phosphonate 22 using Fe3O4@f-CD as a highly
water-dispersed nanocatalyst via the Kabachnik-Fields reaction. The
pathway for the preparation of Fe304@CD is displayed in Scheme 12.
Various techniques identified this new magnetic catalyst, containing FT-
IR, SEM, XRD, and VSM. SEM data indicated the average particle of
magnetic nanoparticles was 23 nm. The products were acquired with
excellent yields (85-96 %) (Scheme 13). This catalyst was recycled for
ten cycles with no remarkable decline in catalytic efficiency. After the
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ten runs, a considerable reduction in catalyst performance was observed.

2.5. Multi-component reactions (MCRs)

Multi-component reactions (MCRs) are the most valuable means in
modern organic chemistry to synthesize functionalized organic material.
Also, they have been utilized to prepare a vast spectrum of diverse
categories of heterocyclic material showing varied biological and
pharmaceutical uses. This procedure has benefits like eco-friendliness,
efficiency, simplicity, and economics compared to traditional chemical
reactions (Cioc et al., 2014; Ugi, 2001; Younus et al., 2021; Payamifar
et al., 2024b). Using the nanocatalyst in the synthesis of heterocycle
compounds attracted massive attention from various research groups
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Scheme 19. Construction of Fe304/COS@p-CD-SO3H NPs.
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R H
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=H C-H activated= Dimedone X=CN Time= 20 min Yield=98%
R=5-Me C-H activated= Dimedone X=CN Time= 15 min Yield=95%
R=5-OMe C-H activated= Dimedone X=CN Time= 20 min Yield= 96%
R=5-Cl C-H activated= Dimedone X=CN Time= 15min Yield= 98%

=H C-H activated= Dimedone X=CO,Et Time= 20 min Yield=95%
R=5-Me C-H activated= Dimedone X=CO,Et Time= 22 min Yield= 94%
R=5-OMe C-H activated= Dimedone X=CO,Et Time= 20 min Yield=95%
R=5-CI C-H activated= Dimedone X=CO,Et Time= 20 min Yield= 94%
R=H C-H activated= Cyclohexane-1,3-dione X=CN Time= 20 min Yield= 96%
R=5-Me C-H activated= Cyclohexane-1,3-dione X=CN Time= 20 min Yield= 95%
R=5-OMe C-H activated= Cyclohexane-1,3-dione X=CN Time= 20 min Yield= 96%
R=5-Cl C-H activated= Cyclohexane-1,3-dione X=CN Time= 16 min Yield=98%

=H C-H activated= Cyclohexane-1,3-dione X=CO,Et Time= 20 min Yield= 94%
R=5-Me C-H activated= Cyclohexane-1,3-dione X=CO,Et Time= 20 min Yield= 96%
R=5-OMe C-H activated= Cyclohexane-1,3-dione X=CO,Et Time= 20 min Yield= 95%
R=5-CI C-H activated= Cyclohexane-1,3-dione X=CO,Et Time= 15 min Yield=96%

Scheme 20. The synthesis of diverse compounds 32.
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Scheme 21. The preparation of various derivatives 27.
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Scheme 22. The proposed path for this reaction utilizes Cu@p-CD@MGO.

(Arabmarkadeh et al., 2021; Fajer et al., 2023a; Fajer et al., 2023b; Hou low cost, renewability, eco-friendly and high activity in organic trans-

and Kazemi, 2024a; Hou and Kazemi, 2024b; Kazemi and Mohammadi, formations, which makes this type of catalysts more proper and valu-
2020; Ghobadi, 2022). B-CDs and their derivatives as catalysts compared able. Lately, p-CDs and their derivatives as helpful catalysts have
to the previously published works (using nanocatalysts) for the synthesis attracted notable for synthesizing heterocyclic compounds due to
of heterocycles have some advantages such as availability, non-toxicity, making this reaction green and environmentally friendly (Abbasi, 2017;
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Table 6
Preparation of derivatives 36 by Cell-3CD hydrogel/GO/Cu,0O/Fe304.
H (0]
20 Cell-B-CD hydrogel/GO/Cu,0/Fe;0, (2 mg)
. 0 O
P 70 °C, EtOH
Lo )]\/U\om
2 NH,OAc 34
35
Entry Aldehyde Product Yield ( %)
1 0é H 92
2 Oé H 92
Cl
3 (6] é H 87
Cl
4 0. H 85
% Cl
5 O? H 93
NO,
6 0. H 90
% NO,
88

(continued on next page)
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Table 6 (continued)
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Entry Aldehyde Product Yield ( %)
8 Oé H CH; 85
CH;
9 Oé H 84
CH;
10 (6] H 80
11 Oé H 81
OMe
12 (@) H 77
OMe OCH3
o (6]
N
H
13 Oé H 86
Br
14 Oé H 81
CN
15 90

aat

OH

18

(continued on next page)
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Table 6 (continued)
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Entry Aldehyde Product Yield ( %)
1 .
6 o (6] 86
[
17 85

Mishra, et al., 2018).

A green approach for the formation of imidazo[2,1-b][1,3,4]thia-
diazol-5-amines 26 and imidazo[1,2-a]pyridines 27 from the aldehyde
20, semicarbazide 23, and isocyanides 24 applying fCD-IL@MStarch in
ethanol as a solvent at 50 °C were explained by Bahadorikhalili et al.
(Bahadorikhalili et al., 2019). The construction of §-CD-IL@M starch is
exhibited in Scheme 14. This new nanocatalyst was analyzed using
several methods, including TGA, VSM, TEM, and FTIR. According to the
TGA curve, this nanocatalyst is stable below 450 °C. A weight loss of
approximately 100 °C, which could be observed in the TGA curve, could
be related to the evaporation of water from the nanocatalyst. Significant
weight loss could be observed in temperatures above 450 °C, in which
starch and other organic linkers start decomposition. In the TEM image
of the nanocatalyst, the dark point represents the existence of FegO4 NPs.
The brighter parts were associated with the organic groups, including
starch, ionic liquid p-CD, and the polymer linker. Starch and organic
groups are observed in the TEM photo as brighter sites, while the Fe304
NPs are noticed as dark spots. This catalyst was recycled ten times. The
results of the recovery tests display that the catalyst has been active
during the 10 sequential reactions. No substantial decrease was noticed
in the activity of the CD-IL@M—Starch catalyst after 10 cycles. The
imidazo-thiadiazolamine derivatives were achieved in high isolated
yields (80-91 %) (Scheme 15).

Ahadi et al. (Ahadi et al., 2019) designed and prepared MNPs@§-
CD@Cu(OAc), as a valuable nanocatalyst for the synthesized of spi-
ropyrans 31 from isatins 28, dimedone (29), and malononitrile (30)
(Scheme 16). The construction stage of MNPs@f-CD@Cu(OAc), is
demonstrated in Scheme 17. XRD, FT-IR, VSM, and SEM analyses
identified the nanocatalyst. The result from the SEM data exhibited the
average diameter of the nanocatalyst was almost 33 nm. The recovery of
the nanocatalyst was studied, and it was revealed that the catalyst
recovered six times with no notable loss in activity and a slight decline in
product yield.

Mohammadian et al. (Mohammadian and Akhlaghinia, 2019) pre-
sented Fe304/COS@p-CD-SOsH NPs as recyclable nanocatalysts for the
creation of spirooxindoles 32 through MCR from dimedone/
cyclohexane-1,3-dione (29), malononitrile (30), and isatins 28 in
water at 50 °C. The structure of this new catalyst is displayed in Scheme
18. Magnetic nanocatalysts were characterized through FT-IR, XRD,
EDX, TGA, VSM, SEM, and TEM analyses. The TGA thermogram of this
nanocatalyst displayed about 2.0 % weight loss at nearly 100 °C, which
is owing to the loss of absorbed water from the sample. Additionally, the
subsequent weight loss of almost 20 % from 150 to 630 °C is attributed
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to the decomposition of the p-CD-SO3H part on the surface of Fe304/COS
NPs. This high temperature for 3-CD-SO3H elimination demonstrates the
high thermal stability of this nanocatalyst. The SEM images of this
nanocatalyst indicated spherical morphology. The TEM photo revealed
that most nanoparticles demonstrated uniform spherical morphology
with a mean particle size of almost 20-50 nm. Spiro-oxindole derivatives
were obtained by reacting different isatins, ethyl cyanoacetate or
malononitrile, and 1,3-dicarbonyl compounds (Scheme 19). The recy-
clability of the nanocatalyst was performed in eight runs without a
noticeable decrease in activity. The recovery percentage for this mag-
netic nanocatalyst at the eight runs involving 98 (1st run), 95 (2nd run),
94 (3rd run), 94 (4th run), 90 (5th run),89 (6th run), 85 (7th run), and
85 (8th run). The average yield was 91.25 %. The procedure’s notable
advantages are the easy work-up, short-time reaction, catalyst recycla-
bility, and high yields (see Scheme 20).

The preparation of Cu@B-CD@MGO as a recyclable nanocatalyst for
the synthesis of N-(alkyl)-2-phenylimidazo[1,2-a]pyridin-3-amines 27
through an efficient method was introduced by Bahadorikhalili et al.
(Bahadorikhalili et al., 2020). This novel nanocatalyst was characterized
by methods such as TGA, XRD, FT-IR, TEM, SEM, ICP, and VSM. The
TGA curve observed that a weight loss occurred at 100 °C, which could
be related to the evaporation of the adsorbed water. The weight loss in
higher temperatures was owing to the decomposition of the organic
moieties in the structure of this nanocatalyst. SEM and TEM data
exhibited that Fe3O4 (20-25 nm) were noticed as dark sites within the
GO nanosheets. The TCR obtained aldehydes (from 33), pyridine-2-
amine (25), and isocyanides 24 were conceived, and N-(alkyl)-2-phe-
nylimidazo[1,2-a]pyridine-3-amine provided in good-yield (65-75 %)
(Scheme 21). This nanocatalyst was reused for ten cycles without a
noticeable reduction in catalyst efficiency. The authors presented the
probable pathway mechanism indicated in Scheme 22 (Bahadorikhalili
et al., 2020).

The one-pot reaction of various aldehyde 20, methyl acetoacetate
(34), and ammonium acetate (35) has been reported for the synthesis of
1,4-dihydropyridines 36 via the symmetric Hantzsch reaction by using
the Cell-p-CD hydrogel/GO/Cu0/Fe304 nanocatalyst by Almajidi et al.
(Almajidi et al., 2024) (Table 6). The TGA curve displayed three distinct
weight loss ranges at various temperature intervals. The first range was
noticed between 50 and 110 °C, pursued by a second scope between 190
and 250 °C, and ultimately a third range between 250 and 600 °C.
Generally, the TGA study illustrated that the first weight loss could be
associated with removing adsorbed water. The second weight loss in-
dicates the removal of water molecules and the thermal decomposition
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Table 7

The homocoupling of diverse ArB(OH),.

Fe30,4-Cu(IT)-B-CD (5 mol%)

2 ArB(OH), Ar-Ar
1 DMEF, rtto 70 °C 37

Entry T Product Time Yield (

°0) (h) %)
O -
2 rt 2 89
3 rt 14 74
4 rt 7 66
e Ue o
6 80 F F 2 85
7 rt O,N NO, 4 40
8 t O (6] 10 48
9 rt Cl 2 80

Cl
10 rt F 1 82
F
11 70 F, F 6 75
F F

12 rt OO 15 50
13 rt 90

~N

20
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Table 7 (continued)

Entry T Product Time Yield (
Q) (h) %)
14 It 2 50

of the oxygen-containing groups, like carboxyl, hydroxyl, and epoxy
groups, in the GO structure. The third weight loss observed was related
to the degradation of glucose units, which constitute the $-CD and cell
molecules. A range of products was acquired utilizing this nanocatalyst
with a high yield (77-93 %). The result demonstrated that the nano-
catalyst was recovered for five cycles and could be reused several times
with no notable reduction in its catalytic efficiency. This new nano-
catalyst showed the potential for broad uses in different organic con-
versions owing to its good catalytic activity, green character, and ease of
recycling.

We very recently published a review regarding recent advances in
B-CD-based catalyst systems for the synthesis of heterocyclic compounds
via MCRs that discussed the advantages of using -CD as green catalysts
for synthesizing heterocyclic compounds that lead to the method of
milder, easier, and less toxic, approaching an environmental replace-
ment compared to the formerly reported procedures (Payamifar et al.,
2024b). A broad spectrum of the reactions catalyzed by p-CD nano-
catalysts compared to previously published works for the synthesis of
heterocycles using nanocatalysts (Sonawane et al., 2022) can be per-
formed in the H,O media, making those methods green and eco-friendly.
One of the most significant benefits of B-CD catalyst is that it can be
recycled and reused many runs without reducing efficiency.

2.6. Carbon-carbon coupling

To create carbon-carbon bonds, several common and robust ap-
proaches involve the use of transition metal-mediated; among them, the
Suzuki coupling is quite an essential and clean procedure. The Suzuki
coupling is an appropriate way to construct various kinds of compounds,
mainly biaryls (Hooshmand et al., 2019; Chatterjee and Ward, 2016;
Payamifar et al., 2024a; Payamifar et al., 2021; Payamifar and Pour-
sattar Marjani, 2023b; Bibak et al., 2024). Biaryls have diverse uses in
synthesizing pharmaceuticals, biologically active compounds, and nat-
ural products (Bringmann et al., 1990; Adlington et al., 2019). Using the
nanocatalyst in coupling reactions has attracted considerable attention
recently (Lakshman, 2023; Chetia et al., 2024; Mondal et al., 2024).

In 2013, Kaboudin et al. (Kaboudin et al., 2013) employed iron
oxide-supported Cus-B-CD as a recoverable magnetic catalyst to prepare
symmetrical biaryls derivates 37 from homocoupling 1 (Table 7). These
reactions were conducted at room temperature to 70 °C in dime-
thylformamide as a solvent, obtaining various symmetrical biaryl com-
pounds with good to excellent yields (40-90 %). The mean diameter of
Fe30y4 is nearly 10-20 nm, with a mostly spherical shape, as shown by a
TEM photo. This nanocatalyst reused four runs with a slight drop in its
activity. The recovery percentage for this magnetic nanocatalyst at the
four runs involved 90 (1st run), 89 (2nd run), 87 (3rd run), and 83 (4th
run). The average yield was 87 %. According to a previous report, the
mechanism for the homocoupling ArB(OH); is shown in Scheme 23.

Salemi et al. (Salemi et al., 2016) introduced the MNP-CD-Pd as a
recoverable magnetic catalyst in the Suzuki coupling to synthesize
diverse biaryls 38. The various steps for preparing this catalyst are
exhibited in Scheme 24. The catalyst was analyzed by XRD, TEM, VSM,
CHN, TGA, EDS, and FT-IR. For this nanocatalyst, the TGA curve dis-
played two significant weight loss steps; the second step was 400-520 °C
associated with B-CD decomposition. Thus, this nanocatalyst is stable
thermally. The TEM image exhibited the palladium nanoparticles, which
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B(OH);

2 ArB(OH),
1

Ar-Ar 0, + H,0
37

Scheme 23. The suggested mechanism for homocoupling reaction.

0
HO Hﬁ@ﬁ—o
(0]
NaOH (0.5 M)
_—
rt,4h
Ts-Pd-p-cp
(?E[\/\ Toluene O—_ NN
+ EtO—Si NH, > 0—Si NH,
]
OEt reflux, 24 h O
MNP MNP-AP
DMF
Ts-Pd-p-cb + MNP-AP ——— >
80°C,24 h

MNP-CD-Pd

Scheme 24. Schematic path for the creation of MNP-CD-Pd.

are nearly spherical and have an average diameter of approximately 25
nm. The obtained nanocatalyst indicated superior performance for a
broad scope of substrates in aqueous media under mild reaction. The
MNP-CD-Pd is an efficient nanocatalyst applied in the Suzuki coupling
reaction of Ar—X (X = I, Br, and Cl) 16 with ArB(OH), 1 in water/DMF
solvent that biaryls products obtained in high yield (62-100 %)
(Table 8). The result demonstrated that this nanocatalyst was recovered
five times with minor loss of catalytic activity. The recovery percentage
for this magnetic nanocatalyst at the five runs involved 96 (1st run), 95
(2nd run), 97 (3rd run), 90 (4th run) and 80 (5th run). The average yield
was 91 %. The offered mechanism for the Suzuki reaction by the MNP-
CD-Pd catalyst is indicated in Scheme 25.
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In 2019, Heidari et al. (Heidari et al., 2019) designed and introduced
a novel magnetic catalyst under the name M-GO/AM-MBA-B-CD@Pd for
Suzuki coupling Ar-X (X =1, Br, and Cl) 16 and ArB(OH); 1 in water
media. The different steps of creating this nanocatalyst are illustrated in
Scheme 26. Characterization of magnetic catalysts was examined
employing FT-IR, SEM, XPS, TEM, XRD, and VSM measurements. Based
on the TEM photo, round-shaped structures of the Pd NPs are noticed,
showing that Pd NPs were successfully loaded onto the surface of M-GO/
(AMMBA-$-CD). This magnetic catalyst was checked in Suzuki coupling
of diverse Ar-X and PhB(OH), in water at 40-80 °C within 2-5 h, and
different biaryl products 38 obtained in good to excellent yields
(45-100 %) (Table 9). This catalytic was reused six times with no
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Table 8
The Suzuki reaction of diverse Ar-X and ArB(OH), by MNP-CD-Pd.

MNP-CD-Pd (n mol%)
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Ar'-X + Ar’-B(OH), >  Arl_Ar?
16 1 K,COs3, H,0, reflux 38

Entry Art Ar? X Cat (mol %) Time (h) Yield ( %)
1 CgHs CeHs 1 0.03 4 96
2 CeHs 4-MeCgHy4 I 0.03 4 100
3 CgHs 4-MeOCgH4 I 0.03 4 100
4 CeHs 3-02NCgHy 1 0.075 8 98
5 CeHs 3,5-Difluoro-CgHs I 0.03 4 99
6 CeHs 2-Benzofuranyl 1 0.03 6 100
7 CeHs f-Naphtyl 1 0.03 6 100
8 CeHs a-Naphtyl 1 0.075 8 99
9 4-CIC¢Hy CeHs I 0.03 6 98
10 2-MeCgHy CgHs I 0.075 6 99
11 4-0,NCgHy CeHs 1 0.03 4 98
12 4-CHO-CgH, CeHs Br 0.03 4 98
13 CgHs Ce¢Hs Br 0.03 4 71
14 4-CHO-CgH4 4-MeCgH4 Br 0.03 4 100
15 4-CHO-CgH, 4-MeOCgH,4 Br 0.03 4 100
16 CgHs 4-MeCgHy4 Br 0.06 6 100
17 CeHs 4-MeOCgH4 Br 0.06 6 84
18 4-MeOCgH4 CeHs Br 0.015 6 96
19 4-MeOCgHy 3,5-Difluoro-CeHz Br 0.075 8 98
20 4-MeOCgH4 4-MeCgH4 Br 0.015 8 84
21 4-O2NCgHy CeHs Cl 0.3 24 65
22 4-CHO-CgHy4 CgHs Cl 0.3 24 62
23 5-Pyrimidine CeHs Br 0.03 8 91

significant loss in activity. A leaching test was executed after the sixth
run, and low levels of Pd leaching (6 %) were observed.

The nanocomposite hydrogels are based on B-CD prepared and
developed as a reusable nanocatalyst in Suzuki coupling as reported by
Liu et al. (Liu et al., 2023) Cellulose/B-CD hydrogel was created (ac-
cording to a previous report from cellulose, -CD, and epichlorohydrin
reaction. CE-CD-Cu, CE-CD-Pd, CE-CD-Au, and CE-CD-Ag were recy-
clable nanocomposite hydrogels. This procedure was a safe and eco-
friendly process with nanocomposite hydrogels bearing excellent cata-
lytic performance and satisfactory reusability. Various biaryls 38 ac-
quired excellent yields (93-97 %) (Table 10). The nanocomposite
hydrogels recovered eight cycles with no massive reduction in their
performance.

2.7. Oxidation of alcohols

Selective oxidation of alcohols is one of the most fascinating research
subjects. The transformation of alcohols to aldehydes, ketones, and
carboxylic acids is essential and valuable because they are broadly
employed in preparing pharmaceuticals and chemical materials
(Najafishirtari et al., 2021).

In 2011, Kang et al. (Kang et al., 2011) prepared and characterized
the Fe304@Si02-PGMACD and employed it as a magnetic catalyst in the
oxidation of alcohols and adsorption. This novel catalyst was prepared
using a series of procedures comprising thermal decomposition, sol-gel
method, ATRP, and the ring-opening reaction of the epoxy group. The
steps of the synthesis of this catalyst are indicated in Scheme 27.
Characterization of Fe304@SiO2-PGMA catalysts was analyzed utilizing
FT-IR, TEM, XPS, TGA, VSM, and UV-Vis measurements. The TEM
image of Fe3O4 indicated the diameter of Fe304 was almost 9 nm, and
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the Fe304@SiO, NPs with a diameter of 60 nm. Oxidation of benzyl
alcohol and 1-octanol was studied by using Fe304@SiO2-PGMA (32 mg)
in HyO at 50 °C, and the mean transformation of oxidation of benzyl
alcohol was 84 %. In addition, this catalyst was reused five times
without a noticeable reduction in its catalytic activity. After five cycles,
the nanocatalyst is still active and helpful.

In 2017, Zhou et al. (Zhou et al., 2017) designed and constructed
Fe304@SiO2-GPTSCD (Scheme 28), which was used to catalyze the
oxidation of benzyl alcohol. The new catalyst was characterized by
diverse procedures such as IR, TGA, TEM, and VSM. Compared with the
DTA curves of Fe3-O4@SiO, and Fe304@SiO2-GPTS, a new mighty
endothermic peak in the Fe304@SiO2-GPTSCD curve might be found at
about 300 °C, which was related to the loss of $-CD. TEM images of the
catalyst demonstrated that the diameter of the nanoparticles is
approximately 10 nm. The oxidation reaction was carried out in the
presence of Fe3O04@SiO2-GPTSCD (50 mg) as a catalyst, 10 % oxidant
reagent (H20, and NaClO) in HyO at 50 °C. This catalyst had good
catalytic performance for the oxidation of benzyl alcohol (Table 11).
Sodium hypochlorite and hydrogen peroxide are the oxidants used in the
oxidation reaction of benzyl alcohol. The oxidation activity of hydrogen
peroxide is lower than that of sodium hypochlorite.

2.8. Nucleophilic substitution reactions of benzyl halides

In 2012, Kiasat and Nazari (Kiasat and Nazari, 2012) synthesized and
introduced the p-CDPU-MNPs as a phase-transfer catalyst and used it in
nucleophilic substitution reactions of benzyl halides 39. The p-CD-
polyurethane polymer was grafted onto Fe304 NPs to prepare this
catalyst, displayed in Scheme 29. Different methods, such as IR, XRD,
TGA, SEM, TEM, and VSM identified this new magnetic nanocatalyst.
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Scheme 25. The suggested mechanism for the Suzuki reaction.
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Scheme 26. The creation of M-GO/AM-MBA-$-CD@Pd.
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Table 9
Suzuki coupling catalyzed M-GO/AM-MBA-3-CD@Pd.
Rl@—x . @B/OH M-GO/(AM-MBA-B-CD@Pd (0.01 mol %L Rl\// N =\ R,
\_7/ R, \— “OH K,CO; , H,0, 40-80 °C — \
16 1 38
Entry Ry X Ry Time (h) Yield ( %)
1 H I H 2 100
2 4-CHj I H 2 100
3 4-OCH3 I H 2 100
4 H Br H 3 97
5 4-NO Br H 3 98
6 4-CHs Br H 3 95
7 H Cl H 5 67
8 4-CHj Cl H 5 62
9 4-CHj Cl H 5 70
10 H Br CH 3 95
11 4-CH, Br CH; 3 94
12 4-CHs I CHs 2 97
13 4-0CH; I CHs 2 96
14 H I CH, 2 98
15 4-OCH; al CHs 5 45
Table 10
Suzuki coupling catalyzed CE-CD-Pd nanoparticles.
Rin= OH CE-CD-Pd (0.2 mol%) Riog N\ /xR
\ X+ 7 N—g > { \
Ry = “OH  K,CO,, H,0/ EtOH (1:1) , 80 °C 18
16 1

Entry Ry X Ro Yield ( %)

1 H Br H 97

2 H 1 H 95

3 4-CH3 Br H 94

4 4-COH3 Br H 93

5 4-NOy Br H 96

6 H Br 4-COH3 94

7 H I 4-COH3 92

8 4-CH, Br 4-COH; 93

9 4-COH3 Br 4-COH3 97

10 4-NO, Br 4-COH3 96

11 H Br 4-Me 97

12 H I 4-Me 95

13 4-Me Br 4-Me 93

14 4-COH3 Br 4-Me 95

15 4-NO4y Br 4-Me 93

Based on TGA, the first weight loss of 10 % below 300 °C may be due to
the loss of the adsorbed water and dehydration of the surface OH groups.
The second weight-loss stage of around 58 % in the region of 305-370 °C
was owing to the cleavage of the urethane linkage, which is entirely high
compared to conventional polyurethanes, which generally start to
decompose around 200-220 °C. The enhanced thermal stability of
f-CDPUMNPs was related to the crosslinked nature. The final stage of
degradation in the region of 370-500 °C, presumably, is owing to the
thermal decomposition of 3-CD. TEM and VSM analysis revealed that the
synthesized magnetic nanocatalysts are superparamagnetic, with an
average size of 59 nm. This research presented a safe, low-cost, and
straightforward route for forming benzyl thiocyanates, acetates 40, cy-
anides, and azides via nucleophilic substitution reaction in water
(Table 12). This catalyst readily separated and reused ten cycles without
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massive degradation in its efficiency. The recovery percentage for this
magnetic nanocatalyst at the ten runs involved 85 (1st run), 82 (2nd
run), 83 (3rd run), 83 (4th run), 82 (5th run), 79 (6th run),78 (7th
run),78 (8th run), 76 (9th run) and 73 (10th run). The average yield was
79.9 %.

In 2013, the same group (Kiasat and Nazari, 2013) explained the
using MNPs-3-CD as the host system in the nucleophilic substitution
reaction of various benzyl halides 39. The products were acquired in
pure form without by-products and with more purification. The sche-
matic method for the preparation of MNPs-B-CD is shown in Scheme 30.
The TGA analysis of the nanocatalyst indicated the first weight loss of 7
% below 220 °C, which could be due to the loss of residual water
attaching to the sample surface and adsorbed in the B-CD cavities. The
second weight-loss stage of almost 60 % of the 290-390 °C region was
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Scheme 27. Synthetic pathway for preparation of -CD-modified MNPs.
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Scheme 28. Synthetic way for Fe304@SiO,-GPTS.

Table 11
Oxidation reaction of benzyl alcohol under various conditions.

Entry Oxidant Catalyst Solvent Product Conversion ( %)
1 NaClO No CD H,0 Benzaldehyde Trace
2 NaClO CD H,0 Benzaldehyde 41.9
3 NaClO GPTS-CD H,0 Benzaldehyde 5.4
Benzoic acid 94.5
4 NaClO CD H,0/EA Benzaldehyde 40.9
Benzoic acid 20.6
5 NaClo GPTS-CD H,0/EA Benzaldehyde 80.1
6 H>0, CD H,0 Benzaldehyde 6
7 H>0, GPTS-CD H,0 Benzaldehyde 76.5
Benzoic acid 17.6
8 H,0, CD H,0/EA Benzaldehyde 8.1
9 H,0, GPTS-CD H,0/EA Benzaldehyde 5.1
Benzoic acid 10.4
10 NaClO GPTS H,0 Benzaldehyde Trace
Benzoic acid 15.2
11 H,0, GPTS H,0 Benzaldehyde 4.3
Benzoic acid Trace
due to the decomposition of p-CD moieties. Therefore, this nanocatalyst respectively.

is stable thermally. MNPs-B-CD performed nucleophilic substitution
conversion of benzyl halides with (SCN and N3) in H,O and corre-
sponding products 40 provided a good yield (78-86 %) (Table 13). This
method’s principal benefits were a green, clean reaction, short reaction
time, high yields, catalyst reusability, and cost-effective procedure. This
nanocatalyst readily reused three runs without massive degradation in
its performance and the recovery percentage in 86, 81 and 83 % yield,
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2.9. Reduction of nitroarenes

Water pollution has been known as a significant menace factor
responsible for numerous diseases in humans and animals. The harmful
pollutants, like p-NP and azo dyes that have high stability, lead to water
pollution, which induces health risks. Therefore, designing safe systems
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Scheme 29. Preparation of 3-CDPU-MNPs.

Table 12
The reaction of benzyl halides with various nucleophilic by f-CDPU-MNPs.

o CDPU-MNP —
QCHZX + Nay — \ / CH,Y
G H,0, 90 °C |
39 Y=SCN, CN, N3, OAc G
) 40
Entry Benzyl halide Nucleophile Time (min) Yield ( %)
1 SCN 5 89
Br Ns 10 82
CN 25 79
OAc 40 80
2 SCN 10 85
cl Ns 15 78
CN 35 82
OAc 40 80
SCN 40 80
3 N3 55 84
Cl CN 75 82
cl cl OAc No reaction -
4 SCN 70 80
CN 75 81
Br OAc 115 79
5 SCN 15 83
Cl N3 15 88
CN 25 81
OAc 35 75
6 MeO SCN 35 84
Cl N3 40 81
CN 50 87
OAc 80 83

and green catalysts to decrease toxic pollutants like nitro derivates and
dyes is a big issue. One strategy to devastate this concern is the catalytic
reduction of nitro materials to valuable amine compounds, which are
beneficial and non-toxic. Various procedures have been developed to
reduce nitro compounds utilizing a simple economic catalyst. Since this
reaction is prolonged, using a proper catalyst for the catalytic trans-
formation of the nitro materials is hugely required (Orlandi et al., 2016;

Goksu et al., 2017; Kovacic and Somanathan, 2014). Owing to financial
and environmental factors, the hydrogenation of nitro compounds by
employing eco-friendly catalysts like -CD has gained importance. p-CD
based on nanomagnetic catalysts, compared to other p-CD catalysts, has
some advantages like straightforward isolation and reuse, ample surface
area, and low toxicity. We recently reported a review of the most recent
developments associated with the utility of p-CD catalysts in the
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Scheme 30. Construction of MNPs-B-CD.

Table 13

The reaction of benzyl halides with different nucleophilic (SCN and N3) by MNPs- $-CD.

MNPs-B-CD (200 mg)

G

H,0, 90 °C
G
39 Y=SCN, N; 40
Entry Benzyl halide Nucleophile Time (min) Yield ( %)
1 SCN 15 86
©/\Br N3 35 84
2 SCN 25 81
3 Cl SCN 100 80
N3 150 87
Cl Cl
4 Br SCN 150 80
N3 180 82
Br
5 Cl SCN 40 83
N3 50 79
6 MeO. al SCN 65 83
\©/\ N3 80 82

reduction of nitroaromatic. In that review, we thoroughly studied the
latest advances in B-CD catalysts, including various catalysts like ho-
mogeneous and heterogeneous magnetic nanoparticles. We are
employing -CD catalysts based on MNPs as a recoverable and highly
effective catalyst in the nitro compound reduction field has been studied
(Payamifar and Poursattar Marjani, 2023a).

A summary of various magnetic nanoparticles of B-CD-catalyst in
various organic transformations is exhibited in Table 14. The catalyst
used in entry 9 of the report related to Rostamnia and Doustkhah (2015)
had better performance. They use Fe304@-CD as a nanocatalyst for the
Kabachnik-Fields MCR. The aminophosphonate derivatives were ob-
tained in high yield (85-96 %) at room temperature within 1 h in H,O.
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3. Conclusion

Due to ever-increasing environmental and economic issues, the ris-
ing attraction has been paid to expanding superb and reusable catalysts
for organic transformation. Along this line, due to their outstanding
properties, Fe3O4 NPs have attracted much attention over the past
decade. The magnetic nanoparticles improve and enhance the efficiency
of organic transformation in simplicity, selectivity, activity, and sus-
tainability. The nano-sized magnetic nanoparticles raise the active spots
on the surface of the catalyst system for interaction with the reactants.
Also, the excellent dispersal of the Fe3O4 nanocatalysts in various sol-
vents is a further advantage since this makes the active areas of the
catalyst more available to the reactants. Significantly, the surfaces of
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Table 14
Summary of catalytic performance of various magnetic nanoparticles of f-CD-catalyst in various organic transformations.
Entry Catalyst Temp. (°C) Time (h) Solvent Yield ( %) Ref.
1 Fe304--CD-Cu(Il) rt 2-6 H,0O 60-96 (Kaboudin et al., 2013)
2 Cu@p-CD@SiO,@SPION rt 24 H,O 79-88 (Bahadorikhalili et al., 2018)
3 Cu@p-CD@SPIONs rt 24 H,0-EtOH 71-87 (Mahdavi et al., 2016)
4 Fe3;0,4@CD-CIT rt 45-55 min H,O 91-97 (Jain et al., 2019)
5 CE-p-CD-Cu 40 24 H,0 83-94 (Liu et al., 2023)
6 Pd NPs@p-CD-Sch 120 4 DMF 77-98 (Baran and Nasrollahzadeh, 2020)
7 B-CD@MNP rt 5-25 min H,O 84-96 (Sayyahi et al., 2016)
8 v-FeoO3s@HAp@B-CD 90 5-80 min H,0 66v94 (Khosravinia et al., 2019)
9 Fe30,@pB-CD rt 1 H,0 85-96 (Rostamnia and Doustkhah, 2015)
10 B-CD-IL@M starch 50 6h EtOH 80-91 (Bahadorikhalili et al., 2019)
11 MNPs@p-CD@Cu(OAc), reflux 30-75 min EtOH/H0 80-93 (Ahadi et al., 2019)
12 Fe30,4/COS@p-CD-SOsH NPs 50 15-22 min H,O 94-98 (Mohammadian and Akhlaghinia, 2019)
13 Cu@p-CD@MGO 70 12 EtOH 65-75 (Bahadorikhalili et al., 2020)
14 Cell-p-CD hydrogel/GO/Cuy0/Fe304 70 15 min EtOH 77-93 (Almajidi et al., 2024)
15 Fe304-p-CD-Cu(Il) rt-70 1-24 DMF 40-90 (Kaboudin et al., 2013)
16 MNP-CD-Pd reflux 4-24 H,0 62-100 (Salemi et al., 2016)
17 M-GO/AM-MBA-B-CD@Pd 40-80 2-5 H,0 45-100 (Heidari et al., 2019)
18 CE-CD-Pd nanoparticles 85 10 EtOH/H,0 92-97 (Liu et al., 2023)
19 Fe30,4@SiO»-PGMACD 50 24 H,O 84 (Kang et al., 2011)
20 Fe304@Si0,-GPTSCD 50 24 H,O 76.5-94.5 (Zhou et al., 2017)
21 B-CDPU-MNPs 90 5-115 min H;O 75-89 (Kiasat and Nazari, 2012)
22 MNPs-p-CD 90 15-150 H,0 78-86 (Kiasat and Nazari, 2013)
magnetic nanoparticles can be modified easily with diverse organic li- References

gands that produce appropriate regions for the adsorption of catalyti-
cally active metal nanoparticles. f-CD is a low-cost, non-toxic, eco-
friendly, and commercially available ligand that can be functionalized
with FegO4 and used as a recoverable catalyst in organic reactions.
Remarkably, an expansive scope of the reactions catalyzed by p-CD
makes procedures green and eco-friendly. p-CD catalysis can be recy-
cled, which is highly critical from environmental and economic points of
view. Their most crucial feature is to form inclusion complexes with
reactants, intermediates, and catalysts.

Consequently, their cavities act as sterically restricted and polar re-
action fields to promote the efficiency and selectivity of reactions.
Furthermore, unstable reagents and intermediates are protected from
undesired side reactions. The benefits of magnetic nanoparticles -CD
catalysts include being reused, simple isolation, and cheap and readily
accessible starting materials.

Furthermore, the easy separation of the reaction media under mild
conditions obtains ideal advantages to green chemistry goals. These
days, numerous interest has been prompted in the functionalization of
B-CDs as hosts for organic reactions. The combination of magnetic
nanoparticles with -CD has been studied, a reusable nanocatalyst used
in many organic reactions. This review outlines the progress in magnetic
nanoparticle-based -CD catalysts in different organic conversions.
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