Open Access Article. Published on 14 March 2025. Downloaded on 11/8/2025 6:27:24 PM.

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

(cc)

Nanoscale
Advances

REVIEW

{ ") Check for updates ‘

Cite this: Nanoscale Adv., 2025, 7, 3189

Received 15th January 2025
Accepted 13th March 2025

DOI: 10.1039/d5na00040h

rsc.li/nanoscale-advances

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online
View Journal | View Issue,

A comprehensive review on carbonylation
reactions: catalysis by magnetic nanoparticle-
supported transition metals
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Magnetic catalysts have become a crucial innovation in carbonylation reactions, providing a sustainable and
highly efficient means of synthesizing compounds that contain carbonyl groups. This review article explores
the diverse and significant role of magnetic catalysts in various carbonylation processes, emphasizing their
essential contributions to improving reaction rates, selectivity, and recyclability of catalysts. The distinctive
magnetic properties of these catalysts enable straightforward separation and recovery, a feature that
significantly mitigates waste and reduces environmental impact. As a result, magnetic catalysts’
environmental and economic advantages position them as key players in contemporary synthetic
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chemistry, driving the evolution of green chemistry practices. Particularly noteworthy is the combination of

magnetic nanoparticles with transition metals, resulting in the development of robust catalytic systems that

exploit the complementary effects of magnetism and catalysis. Recent advances have showcased the

adaptability of magnetic nanoparticles supported by transition metal catalysts in various carbonylation
reactions, including carbonylative coupling, alkoxy carbonylation, thio carbonylation, and amino

carbonylation. This review meticulously examines the mechanistic aspects of how magnetic fields

influenced catalytic performance between 2014 and the end of 2024.

1 Introduction

Catalysts play a crucial role in chemical reactions, primarily by
increasing the reaction rate without being consumed." They
function by providing an alternative pathway for the reaction
with a lower activation energy, which is the minimum energy
required for a reaction to occur.”> This not only speeds up
reactions that would otherwise be too slow for practical use but
also allows for less extreme conditions in terms of temperature
and pressure.>* In industrial applications, catalysts are vital for
efficiently producing many chemicals and materials. They
enable more sustainable processes by reducing energy
consumption and minimizing the production of unwanted
byproducts through selectivity.>® In biological systems,
enzymes, natural catalysts, are essential for life, as they regulate
the speed of the biochemical reactions necessary for cellular
function. Therefore, the study and use of catalysts are funda-
mental to industrial chemistry and biological sciences. Cata-
lysts also play a significant role in research and development.”*
They are used to synthesize new materials and chemicals, which
can lead to the development of new drugs, materials, and
technologies.”*® The study of catalysis is a dynamic field that
focuses on improving existing processes and discovering new
ways to catalyze reactions, which can lead to groundbreaking
advancements in science and technology.™

1.1. Preparation and characterization of magnetic catalysts

Transition metals possess unique properties, making them
highly effective catalysts for chemical reactions (Fig. 1).** These
metals, including iron, copper, and nickel, are characterized by
their ability to exist in multiple oxidation states and their
capacity to form complex compounds with various ligands.**”
This versatility is crucial for catalysis, as it allows transition

Advantages of Transition Metals
> Electron Configuration

> Coordination Chemistry

> Surface Properties

> Thermal Stability

> Variable Oxidation States

> High Catalytic Activity

Fig. 1 Advantages of transition metals for catalysis.

3190 | Nanoscale Adv., 2025, 7, 3189-3209

metals to facilitate a wide range of chemical transformations by
providing an alternative reaction pathway with lower activation
energy.'**" The advantages of using transition metals as cata-
lysts are manifold.

They often enable reactions to occur at lower temperatures
and pressures, reducing energy consumption and the environ-
mental impact of chemical manufacturing.>>* Additionally,
transition metals can catalyze reactions that would otherwise be
slow or impossible, opening up new pathways for synthesizing
complex molecules.>***

Transition metals are effective catalysts due to their elec-
tronic configuration, which allows them to accept and donate
electrons easily. They can form complexes with ligands, stabi-
lizing reaction intermediates, and their surface properties are
important in heterogeneous catalysis. Their thermal stability
makes them suitable for high-temperature reactions, and their
variable oxidation states enable participation in redox reac-
tions. These characteristics contribute to their high catalytic
activity, allowing reactions to occur faster and under milder
conditions.**

Despite their widespread use, transition metal catalysts face
challenges, such as deactivation by poisoning and the need for
precise control over their environment to maintain activity.*>?¢
However, ongoing research and development continue to
enhance the efficiency and sustainability of these catalysts,
ensuring their pivotal role in chemistry and industry.*”** With
their remarkable catalytic properties, transition metals remain
at the forefront of scientific innovation, driving advancements
in everything from pharmaceuticals to renewable energy tech-
nologies.*>* Magnetic nanoparticles (MNPs) are an innovative
catalyst substrate due to their unique properties and advantages
in various chemical processes.*** The application of MNPs as
catalyst substrates is extensive, including their use in organic
synthesis, environmental remediation, and pharmaceutical
production.**** One of the key benefits of magnetic nano-
particles (MNPs) is their ability to respond to magnetic fields,
which facilitates their quick and efficient separation from
reaction mixtures. When exposed to an external magnetic field,
these nanoparticles can be easily pulled out of the solution,
allowing for simple recovery and reuse. This characteristic not
only streamlines the purification process but also significantly
minimizes waste, resulting in reduced overall costs associated
with catalyst recycling.***

Additionally, MNPs exhibit a high surface area-to-volume
ratio, enhancing the catalytic activity by providing more active
sites for reactions.*® This characteristic also contributes to the
efficiency and speed of catalytic processes.**>* Furthermore,
MNPs can be engineered with a core-shell structure, where the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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core provides magnetic properties, and the shell can be tailored
with specific functional groups to support various catalytic
activities.®” This versatility enables the design of highly selective
and targeted catalysts.>*** MNPs also promote greener chem-
istry practices by minimizing the need for harmful chemicals
and solvents in the separation process.>’

In summary, magnetic nanoparticles utilized as catalyst
substrates provide a unique blend of enhanced catalytic effi-
ciency, environmental advantages, and cost-effectiveness. This
combination not only boosts the performance of catalytic
processes but also aligns with sustainable practices, making
magnetic nanoparticles a significant asset in modern catalysis.
Their magnetic properties facilitate easy separation and
recovery after reactions, contributing to environmentally
friendly and economically viable solutions (Fig. 2).5%°

Magnetic nanoparticles (MNPs) are fascinating little parti-
cles that can be constructed through various innovative
methods. Each approach is designed to fine-tune its size, shape,
and unique properties, allowing for various applications. The
versatility of their synthesis opens the door to endless possi-
bilities in fields like medicine, electronics, and environmental
science.®*"*” Here are several popular and effective preparation
methods (Fig. 3).

When preparing magnetic nanoparticles, it is important to
recognize that each method has distinct advantages and limi-
tations affecting particle size, uniformity, reproducibility, and
scalability. Selecting a preparation technique should align with
the intended application, considering desired magnetic prop-
erties, shape, and size factors. Operational conditions like
temperature and reaction time also play a crucial role in
determining the final characteristics. Ultimately, a careful
evaluation of purity and cost-effectiveness is essential to ensure
that the produced nanoparticles meet the performance criteria
for practical applications. Determining the magnetic structure
of catalysts is a complex process that employs various

Green chemistry

Easy Separation

Reusability

High catalytic performance Surface Functionalization

Fig. 2 Advantages of catalysis based on magnetic separation.
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Fig. 3 Preparation of magnetic nanoparticles.

sophisticated techniques. These methods are essential for
unraveling the intricate magnetic properties and behaviors of
different catalysts.***

Below are some of the most frequently utilized approaches in
this field (Fig. 4):7*™

Transition metals immobilized on magnetic nanoparticles
(MNPs) serve as innovative catalysts in chemical reactions,
offering a multifaceted approach to catalysis with distinct
advantages over conventional systems.”””* These catalysts are
characterized by their unique ability to combine homogeneous
catalysts' high activity and selectivity with the ease of separation
and recyclability of heterogeneous catalysts.””® The application
of these MNPs spans various chemical reactions, including but
not limited to chemical reactions, where they have been shown
to enhance reaction rates and improve yield and selectivity.*®””
They provide a versatile and efficient alternative to traditional
catalysts, with the added benefits of enhanced activity, selec-
tivity, and sustainability.”®”® As research continues to evolve,
these MNPs promise to revolutionize the field of catalysis,

Fourier Transform
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X-ray Photoelectron
Spectroscopy (XPS)

Elemental mapping
analysis

Transmission Electron

Microscopy (TEM) X-ray Diffraction (XRD)

Transmission Electron Energy dispersive X-ray
Microscopy (TEM) [(3249]

Vibrating-Sample
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Thermogravimetric

Analysis (TGA)

Inductively Coupled

Plasma Optical Emission
Spectroscopy (ICP-OES

Fig. 4 Characterization of magnetic catalysts.
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offering solutions that are more effective and environmentally
responsible.?***

Transition metals are key catalysts in chemical reactions due
to their electronic properties, coordination complex formation,
and variable oxidation states. Transition metals exhibit distinct
and interconnected properties as catalysts, impacting their
applications (Table 1). The choice of metal depends on the
reaction type, economic factors, and desired performance
under specific conditions.**”*

MNPs-TM catalysts offer several advantages: they are easily
separated from reaction mixtures using a magnetic field, can be
reused with minimal activity loss, and have a high surface area
due to their small size. Immobilizing transition metals on
MNPs enhances their thermal and chemical stability, and
surface functionalization can improve metal dispersion and
catalytic activity. The size and shape of MNPs can be controlled
to optimize catalytic performance, with some being biocom-
patible for biomedical applications. These catalysts exhibit high
catalytic performance, and are cost-effective, environmentally
friendly, and effective in green chemistry by allowing reactions
in benign solvents under mild conditions, aligning with
sustainable chemistry principles.®**

1.2. Advantages of magnetic catalysts in carbonylation
reactions

Carbonylation reactions, vital for producing a wide array of
industrial chemicals like pharmaceuticals and polymers, often
rely on catalysts to ensure efficient progress. The need for
employing magnetic catalysts in these reactions stems from
their ease of separation and recyclability, addressing a signifi-
cant drawback of traditional homogeneous catalysts: the diffi-
culty in separating them from the reaction mixture. This
reduces waste, lowers production costs, and aligns with the
growing demand for sustainable and environmentally friendly
chemical processes. Magnetic catalysts, therefore, represent
a significant advancement, offering a pathway to cleaner and
more economical carbonylation chemistry.*

Carbonylation reactions are a cornerstone of modern
synthetic chemistry, pivotal in creating various chemical prod-
ucts.” Central to these reactions is the introduction of
a carbonyl group into an organic molecule, a transformation
facilitated by using carbon monoxide as a reagent.®* This simple
yet powerful process is harnessed in producing various carbonyl
compounds integral to pharmaceuticals, agrochemicals, and
materials science.” The versatility of carbonylation is further
demonstrated by its use in synthesizing acetic acid, a chemical

Table 1 Transition metals as a catalyst
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of immense industrial importance, produced on a massive scale
for use in food, plastics, and pharmaceuticals.”® The signifi-
cance of carbonylation reactions extends beyond their indus-
trial applications; they are also a fundamental tool in organic
synthesis.** Through the strategic use of metal catalysts, these
reactions enable the efficient and selective formation of
complex molecules from simpler substrates.® For instance, the
hydroformylation process, a type of carbonylation, is instru-
mental in converting alkenes into aldehydes, which can then be
used as building blocks for more intricate compounds.®®*’
Similarly, alkoxy-carbonylation and Pauson-Khand reactions
are other notable examples where carbonylation steps are key to
achieving the desired molecular architecture.*®

Carbonylation reactions are essential in various fields:

e Pharmaceuticals: they introduce carbonyl groups into
molecules, crucial for synthesizing biologically active
compounds and complex structures with high selectivity and
yield while also aligning with green chemistry principles.®****

e Agrochemicals: carbonylation, especially palladium-
catalyzed reactions, streamlines the synthesis of complex
natural products, developing new agrochemicals and pharma-
ceuticals while converting carbon dioxide into valuable
chemicals.'*>*?

e Materials science: these reactions efficiently introduce
carbonyl groups, creating polymers and complex molecules
with high precision and versatility, essential for producing
pharmaceuticals, solvents, and plastics.'****

e Industrial chemistry: carbonylation is used to synthesize
acetic acid and other carboxylic acids, which are vital for
solvents, plastics, and pharmaceuticals. Processes like hydro-
formylation and the Monsanto process highlight their
significance.'****°

e Catalysis: catalyzing carbonylation introduces carbonyl
groups efficiently, synthesizing pharmaceuticals, agrochemi-
cals, and polymers. It maximizes atom economy and operates
under milder conditions, advancing sustainable
chemistry.'>*"*%°

Carbonylation reactions are a class of chemical processes
where carbon monoxide (CO) is introduced into a molecule to
form a carbonyl group (C=0)."** Metal catalysts facilitate these
reactions and are fundamental in creating a wide range of
organic compounds. Typically, the process involves the reaction
of CO with an organic substrate in the presence of a metal
catalyst, such as palladium or rhodium, and often a co-catalyst
or ligand to enhance the reaction's efficiency and selec-
tivity."*»**> The materials required for a carbonylation reaction

Differences Connections

Application scopes

Electronic configuration
Oxidation states
Catalytic mechanism
Stability and reactivity
Coordination chemistry

Reactivity trends

Ligand effects

Shared mechanistic pathways
Alloying effects

Palladium (Pd) cross-coupling and carbonylation reactions

Nickel (Ni) a cost-effective alternative in cross-coupling and hydrogenation
Platinum (Pt) primarily for hydrogenation and fuel cell applications
Ruthenium (Ru) utilized in metathesis and oxidation processes

Iron (Fe) sustainable catalysis in various organic processes

Cobalt (Co) Fischer-Tropsch synthesis and hydrogenation

3192 | Nanoscale Adv., 2025, 7, 3189-3209
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include the substrate (often an alkene or alcohol), carbon
monoxide, a metal catalyst, and sometimes additional solvents
or reagents, depending on the specific type of
carbonylation.'”*3

Magnetic catalysts offer a modern approach to carbonylation
reactions, providing several advantages over traditional cata-
lysts.””” They are designed with magnetic properties enabling
easy separation from the reaction mixture using an external
magnetic field, which is impossible with conventional catalysts.
This magnetic separation process is less time-consuming and
more environmentally friendly, reducing the need for addi-
tional solvents or energy-intensive methods typically required
for catalyst recovery.””'** Moreover, magnetic catalysts can be
reused multiple times without significant activity loss,
contributing to cost-effectiveness and sustainability in chemical
processes.'”” Traditional catalysts, often precious-metal-based,
engage in substrate carbonylation through two-electron path-
ways and can be challenging to recover and reuse, leading to
higher costs and potential environmental concerns due to metal
residues.’””'** Magnetic catalysts, particularly those integrating
magnetic nanoparticles with transition metals, have been
shown to create synergistic effects that enhance both magne-
tism and catalytic activity. This has opened new avenues for
carbonyl compound synthesis, with improved reaction rates
and selectivity."”” Moreover, the stabilization of magnetic cata-
lysts can be managed more effectively, resulting in improved
reproducibility and consistency in reactions compared to
traditional catalysts, which tend to be more variable, less
uniform, and less reliable.**”

Magnetic catalysts enhance carbonylation reactions due to
their high surface area, which provides more active sites and the
ability to be functionalized, improving selectivity and activity.
They are quickly recovered and reused via magnetic separation,
reducing waste and aligning with green chemistry. These cata-
lysts are compatible with green solvents and operate efficiently
under mild conditions, reducing energy consumption and
enhancing process safety. Conventional catalysts remain vital
for many industrial applications due to their proven perfor-
mance and stability.

1.3. Application of magnetic catalysts in carbonylation
reactions

Integrating magnetic nanoparticles with transition metals has
been particularly noteworthy, yielding robust catalytic systems
that leverage the synergistic effects of magnetism and catalytic
activity.”® Recent advancements have demonstrated the versa-
tility of magnetic nanoparticle-supported transition metal
catalysts in various carbonylation reactions, including carbon-
ylative coupling, alkoxycarbonylation, thiocarbonylation, and
aminocarbonylation reactions (Fig. 5). This review compre-
hensively examines the mechanistic insights into how magnetic
fields influence catalytic performance, the design and func-
tionalization of magnetic catalysts for specific reactions, and
the practical implications of these catalysts in industrial
applications. Through critical analysis of current literature and
case studies, the article presents a forward-looking perspective

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 MNP-supported transition metals for catalysis in carbonylation
reactions.

on the potential of magnetic catalysts to revolutionize carbon-
ylation reactions, paving the way for more sustainable and
innovative approaches in organic synthesis.

2 Synthesis of ketones via
carbonylation reactions

The synthesis of ketones is a fundamental aspect of organic
chemistry due to their versatility and central role in various
chemical processes.”® Ketones serve as key intermediates in
synthesizing complex organic compounds, often acting as
pivotal building blocks in constructing larger molecules.'*®
Their unique chemical properties enable various reactions,
making them indispensable for creating pharmaceuticals,
natural products, and other specialized chemicals.**® The ability
to synthesize ketones through methods such as oxidation of
secondary alcohols, ozonolysis of alkenes, and hydration or
hydroboration of alkynes provides chemists with powerful tools
to manipulate molecular structures and develop new
compounds with desired properties.*® Moreover, ketones are
used in various industries as solvents and are involved in
essential biological processes, such as the formation of ketone
bodies during fat metabolism in living organisms.*** This
multifaceted utility underscores the importance of ketone
synthesis in advancing both chemical research and industrial
applications.'** The synthesis of ketones through carbonylation
reactions is a crucial process in organic chemistry due to its
atom efficiency and the ability to produce a wide range of
valuable compounds.'® Carbonylation reactions introduce
a carbonyl group (C=O) into an organic substrate. When
applied to the synthesis of ketones, it transforms readily avail-
able starting materials into complex ketone structures."** These
ketones are essential in various fields, including pharmaceuti-
cals, which serve as building blocks for drug design and mate-
rials science, where they contribute to developing new materials
with specific properties.’™® The importance of this method lies
in its versatility and efficiency, enabling chemists to create
a diverse array of ketone compounds in a relatively straight-
forward manner, which can be further used to synthesize more
complex molecules."™

140
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Fig. 6 Structure of magnetically reusable catalysts (MRC-1-5).

In 2022, the Hajipour research group reported that palla-
dium immobilized on methionine-modified iron nanoparticles
[ImmPd(0)-MNPs] [MRC-1] (Fig. 6) in the presence of KOH can
serve as an excellent catalytic system for the preparation of
diaryl ketone derivatives through a one-pot three-component
carbonylative Suzuki-Miyaura coupling reaction of aryl
iodides with aryl boronic acid and Mo(CO)s in DMF under mild
conditions."” Fe;O, nanoparticles were modified with methio-
nine; then, the palladium complex was stabilized in the pres-
ence of ethanol and acetone on its surface to synthesize
a magnetic palladium catalyst. SEM and TEM analyses showed
that the fabricated particles are well within the nanometer
range, and XRD analysis confirmed the structure and phase of
the ImmPd(0)-MNPs catalyst. After conducting optimization
experiments, the authors synthesized different derivatives of
diaryl ketones in 4-12 hours with good to high yields through
a one-pot three-component carbonylative Suzuki-Miyaura
coupling reaction of aryl iodides with aryl boronic acid and
Mo(CO)s. According to the mechanism proposed in Scheme 1 by
the authors, the presence of palladium and base was essential
to carry out the reaction. According to the recycling tests, the
ImmPd(0)-MNPs catalyst was separated through magnetic
decantation and could be used 8 times without reducing its
catalytic efficiency.

Li's research team reported the fabrication of palladium
immobilized on Fe;0,@SiO, functionalized with mercapto-
propyl [Fe;0,@Si0,-SH-Pd"] for the preparation of diaryl
ketone derivatives via carbonylative Suzuki coupling reac-
tions."*® The Fe;0,@Si0,~-SH-Pd" catalyst [MRC-2] (Fig. 6) was
synthesized using a simple method from available materials.
Several identification analyses confirmed the successful prepa-
ration of the Fe;0,@Si0,-SH-Pd" catalyst. The VSM technique
confirmed the magnetic properties of the Fe;0,@Si0,~SH-Pd"
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Scheme 1 Scope of the ImmPd(0)-MNPs catalyst [MRC-1] for a one-
pot three-component carbonylative Suzuki—Miyaura coupling reac-
tion of aryl iodides with aryl boronic acid and Mo(CO)e.

catalyst [MRC-2], and TGA analysis showed that the catalyst has
acceptable thermal stability. Various tests were performed to
obtain optimal conditions for preparing diaryl ketone deriva-
tives. Under optimal conditions, the one-pot, three-component
carbonylative Suzuki coupling reactions of aryl halides, aryl
boronic acids, and carbon monoxide were successfully catalyzed
by the Fe;0,@Si0,~SH-Pd" nanocomposite to synthesize
various products of diaryl ketones with high acceptable yields
(Scheme 2). According to the recycling tests, the Fe;0,@SiO,-
SH-PA" catalyst was separated through magnetic decantation
and could be used 5 times without reducing its catalytic
efficiency.

In a similar method, Li's research group reported the use of
a new magnetic palladium catalyst [Fe;0,/PPy-Pd(u)] to prepare
diaryl ketones via one-pot three-component carbonylative
reactions of aryl iodides, aryl boronic acids and carbon
monoxide."™ Several spectroscopic techniques were used to
determine the structure of the Fe;0,/PPy-Pd(u) catalyst [MRC-3]
(Fig. 4); XRD analysis confirmed that the structure of the cata-
lyst is consistent with that of the reported samples. Under the
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Scheme 2 Scope of the Fez0,@SiO,—SH-Pd" catalyst [MRC-2] for
the one-pot, three-component carbonylative Suzuki coupling reac-
tions of aryl iodides, aryl boronic acids, and carbon monoxide.
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pot, three-component carbonylative Suzuki coupling reactions of aryl
iodides, aryl boronic acids, and carbon monoxide.

standardized conditions shown in Scheme 3, the reactions of
aryl halides with arylboronic acids and carbon monoxide were
well catalyzed by the Fe;O,/PPy-Pd(un) nanomaterial, and the
diaryl ketone products were synthesized with moderate to good
yields. According to the recycling tests, the Fe;O,/PPy-Pd(u)
catalyst was separated through magnetic decantation and could
be used 5 times without reducing its catalytic efficiency.

In an exciting method, Shafiq's group prepared a magnetic
ligand by immobilizing 2-picolylamine (pyridin-2-ylmethanamine)
and forming an imine bond on the surface of Fe;0, nanoparticles
and immobilized palladium on its surface to form a magnetic
palladium catalyst (Fe;O,-bis(Py-imine)-PdCl,) [MRC-4]."** The
catalytic application of this magnetic palladium nanocomposite
was studied in the preparation of diaryl ketone derivatives, and the
results of these experiments are summarized in Scheme 4. As
shown in Scheme 4, a broad range of derivatives of diaryl ketones
(24 examples) were synthesized with high yields from several
derivatives of aryl iodides or aryl boronic acids with different
functional groups (electron donating and withdrawing groups)
under eco-friendly conditions. According to the designed mecha-
nism, first the Fe;0,-bis(Py-imine)-PdCl, catalyst [MRC-4] (Fig. 4)
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o
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Z SN
Na,COy, PEG, 120 °C, 5 h
24 Examples
84-99%

Catalyst Recovery: 6 Runs

! (HORB
R'E TR
~ + N

Mo(CO)s
1.0 o

Pd—I

[ Mo(CO) 99%

ﬂHeat Maximum Yield Minimum Yield

co

Magnetic Separation

Rod
& Ve,

Q
c—Pd
= 5D
/N
R 7\'iz

1B(OH),

Q
o—Pd—1

O

Scheme 4 Scope of the FezO4—bis(Py-imine)—-PdCl, catalyst [MRC-4]
for one-pot, three-component carbonylative Suzuki coupling reac-
tions of aryl iodides, aryl boronic acids, and Mo(CO)s.
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reacts with aryl iodide, and then a carbonylated intermediate is
formed due to the carbonyl group entering the reaction. Then, the
desired diaryl ketone products were synthesized by adding aryl
boronic acid to the reaction in the presence of a base. According to
the recycling tests, the Fe;O,/PPy-Pd(u) catalyst [MRC-4] was
separated through magnetic decantation and could be used 6
times without reducing its catalytic efficiency.

A palladium complex stabilized on triphenylphosphine
attached to Fe;0,@8SiO, nanoparticles as a recoverable catalyst
[MRC-5] (Fig. 6) was developed by Cai's group research, and it
was used in the preparation of diaryl ketone derivatives."> FT-IR
analysis confirmed the presence of a phosphine functional
group and the formation of Fe-O and Fe;0,@SiO, bonds. In
order to enhance the reaction conditions for the synthesis of
diaryl ketones, a series of meticulous experiments were con-
ducted. These experiments explored various factors, including
the selection and quantity of the catalyst, the choice of base,
and the type of solvent used in the model reaction. Each vari-
able was systematically tested to determine its impact on the
overall efficiency and yield of the desired products. Under the
optimal conditions shown in Scheme 5, various derivatives of
diaryl ketones were synthesized with poor to high yields
through the carbonylation reactions of aryl boronic acids, aryl
iodides, and formic acid as the carbonyl source. One of the
important features of this work is the use of formic acid as both
a solvent supplement and a carbonyl agent. According to recy-
cling tests, the Fe;0,@Si0,-2P-PdCl, catalyst [MRC-5] was
separated through magnetic decantation and could be used 6
times without a decease in its catalytic efficiency.

In another method used to prepare diaryl ketones, Ichie's
research group reported that arginine immobilized on Fe;O,
nanoparticles can act as an excellent ligand to catalyze the
carbonylation reactions by palladium metal. BET, VSM, and
ICP-OES confirmed the Fe;O0,@arginine-Pd(0) catalyst's struc-
ture.”* Experimental tests showed that the amount of the Fe;-
O,@arginine-Pd(0) catalyst [MRC-6] (Fig. 7), along with the use
of the base, is a very crucial component in optimizing the
reaction conditions. As seen in Scheme 6, the carbonylation
reaction of aryl iodides with aryl boronic acids and Cr(CO)e as
the carbonyl source in the presence of KOH base in DMF solvent

| (HO),B Q
N ~ 0
Rl \(}Rz Fe304@S8i0,-2P-PdCl; (3 mol%) NP
Z + N c R JR?
m HCOOH m K,CO3,Toluene, 100 °C, 12 h & ~
[+ mmo | 47 Examples
27-86%

R': Me, OMe, NO,, CN, NH,, CO, COMe, Ph, Br, F, Cl, CF3, H

R?: Me, OMe, NO,, CN, Br, F, CF3, CO,Me, CI, H

Several Examples 9

QO
N NS 27%

Maximum Yield Minimum Yield

Magnetic Separation

Scheme 5 Scope of the Fez0,4@SiO,—-2P-PdCl, catalyst [MRC-5] for
one-pot, three-component carbonylative Suzuki coupling reactions of
aryl iodides, aryl boronic acids, and HCCOH as the carbonyl source.

Nanoscale Adv., 2025, 7, 3189-3209 | 3195


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00040h

Open Access Article. Published on 14 March 2025. Downloaded on 11/8/2025 6:27:24 PM.

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

(cc)

Nanoscale Advances

Pd(0) N7
@ @
N (o} NH LRAO)

Pdo) )Nz
HN
Pd(0)

Fe30,@Dop-Py-Pd(0)

Fe30,@Arginine-Pd(0)

7
|
pd ©
HaN
o
7
o 5 >’<_{j
N o}
NH,
g o Pd
=0
NH,
=
0 pd
s

Fe;0,@AFPA-Pd(0)

MRC-10

Fe;0,@ABA-BiPy-Pd(0)

MNPs-Acac@Cu

Fe30,@Benzo[d]imidazole-Zr Fe30,@Si0,-Diol-Phen-Pd(0)

Fig. 7 Structure of magnetically reusable catalysts (MRC-6-12).

N ! (HO),B._~ 9
R 2 . \GW Fe304@Arginine-Pd(0) (25 mg) N C~ .
r > R gz
O oo DEE  owowmeo —
m 10 Examples
83-95%
R': OMe, Me, CI, NO,, OH, H
RZ: CF3, Et, H
Catalyst 6 Runs

Several Examples
g g o
. QL :

C.
©/ \LS} FsC NO, O/

Magnetic Separation

Scheme 6 Scope of the FezO4@arginine—Pd(0) catalyst [MRC-6] for
one-pot, three-component carbonylative Suzuki coupling reactions of
aryl iodides, aryl boronic acids, and Cr(CO)g as the carbonyl source.

was efficiently catalyzed by the Fe;O,@arginine-Pd(0) nano-
composite [MRC-6] and ten derivatives of diaryl ketones were
obtained with high yields in less than 5 h. According to the
recycling tests, the Fe;O,@arginine-Pd(0) catalyst [MRC-6] was
separated through magnetic decantation and could be used six
times without reducing its catalytic efficiency.
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Scheme 7 Scope of the FezO4@DopPy—Pd(0) catalyst [MRC-7] for
one-pot, three-component carbonylative Suzuki coupling reactions of
aryl iodides, aryl boronic acids, and Mo(CO)g as the carbonyl source.

In a similar method, So-Ho's research group also showed
that immobilization of dopamine on Fe;O, nanoparticles and
its reaction with pyridine 2-carbaldehyde leads to the formation
of an imine bond and the production of an excellent magnetic
ligand to stabilize palladium metal [Fe;0,@DopPy-Pd(0) cata-
lyst] [MRC-7] (Fig. 5)."*>'*® VSM analysis showed that the Fe;-
O,@DopPy-Pd(0) catalyst has strong magnetic properties. The
optimized palladium catalyst demonstrated remarkable effec-
tiveness in synthesizing diaryl ketone derivatives through an
innovative one-pot, three-component reaction mechanism. This
process involves the interaction between aryl iodides and aryl
boronic acids, with Mo(CO), serving as the carbonyl source,
leading to the efficient formation of the desired ketone products
(Scheme 7). The streamlined approach facilitates a direct and
efficient route to these complex compounds, underscoring the
catalyst's high catalytic efficiency and versatility in organic
synthesis. The carbonylation reactions were carried out in the
presence of sodium hydroxide base in DMSO solution under
thermal conditions for 6 hours, and 10 examples of diaryl
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Scheme 8 Scope of the FezO4@DH/Ph—-ImH-Phen—Pd(0) catalyst
[MRC-8] for one-pot, three-component carbonylative Suzuki
coupling reactions of aryl iodides, aryl boronic acids, and Cr(CO)e as
the carbonyl source.
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ketone derivatives were prepared with acceptable yields.
According to the recycling tests, the Fe;0,@DopPy-Pd(0) cata-
lyst [MRC-7] was separated through magnetic decantation and
could be utilized six times without diminishing its catalytic
effectiveness.

Jin's research group prepared a magnetic ligand through the
reaction of Fe;O, nanoparticles coated with 3,4-dihydrox-
ybenzaldehyde with 1,10-phenanthroline-5,6-diamine; and by
immobilizing the palladium(0) complex on the surface of the
Fe;0,@DH/Ph-ImH-Phen ligand, they constructed a palladium
magnetic catalyst. In this publication, the authors showed that
the palladium magnetic catalyst [Fe;0,@DH/Ph-ImH-Phen—
Pd(0)][MRC-8] (Fig. 5) in the presence of KHCO; in PEG can act
as a green and efficient catalytic system for the preparation of
diaryl ketone derivatives through carbonylation reactions.*** By
optimizing the conditions by studying the amount of the
Fe;0,@DH/Ph-ImH-Phen-Pd(0) catalyst and the effect of base
and solvent, the authors studied the effect of different
substrates, including aryl and heteroaryl iodides and boronic
acids, and the desired diaryl ketone products were synthesized
with high yields (Scheme 8). According to the recycling tests, the
Fe;0,@DH/Ph-ImH-Phen-Pd(0) catalyst [MRC-8] was sepa-
rated through magnetic decantation and could be used 8 times
without reducing its catalytic efficiency. The reaction proceeded
through the formation of carbonyl-palladium intermediate and
then by adding aryl boronic acids in the presence of KHCO3, the
reaction cycle was completed, and the desired diaryl ketone
products were synthesized with satisfactory yields.

2.1. Synthesis of flavones via carbonylation/cyclization
reactions

Flavone derivatives are a significant class of natural compounds
with a broad spectrum of biological and pharmaceutical
applications.’”**” Biologically, flavones are known for their
antioxidant, anti-inflammatory, and antimicrobial properties,
which contribute to their role in defining mechanisms and
potential health benefits in human nutrition and
pharmacology.****** From a pharmaceutical perspective,
flavones and their derivatives have been extensively studied for
their therapeutic potential, including anticancer,
protective, and cardioprotective effects.'””'*> The flavones can
be synthesized through various methods, including the
carbonylation reaction, a palladium-catalyzed process that
introduces a carbonyl group into organic compounds. Such
synthetic versatility is crucial for developing new compounds
with improved biological properties for further pharmaceutical
applications.

To prepare flavone derivatives via carbonylation reaction,
Wang's research group reported the use of a palladium
magnetic catalyst [Fe;0,@AMBA-BiPy-Pd(0)]. The Fe;0,@-
AMBA-BiPy-Pd(0) catalyst [MRC-9] (Fig. 7) was prepared by
modifying the surface of Fe;0, NPs with 4-aminobenzoic acid
and reacting it with [2,2'-bipyridine]-6,6’-dicarbaldehyde and
stabilizing palladium metal on its surface. Various analyses
were used to confirm the successful preparation of the Fe;-
0,@AMBA-BiPy-Pd(0) catalyst; SEM and TEM analyses, in line

neuro-
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Scheme 9 Scope of the FezsO,@AMBA-BiPy—Pd(0) catalyst [MRC-9]
for one-pot, three-component carbonylative annulation reactions of
2-iodophenol derivatives, terminal alkynes, and Cr(CO)e.

with XRD analysis, showed that the particles are entirely
spherical and synthesized in the nanometer range.'*® Also, the
magnetic properties and thermal stability of the Fe;0,@AMBA-
BiPy-Pd(0) catalyst [MRC-9] were confirmed by VSM and TGA
analyses, respectively. Experiments to optimize the model
reaction showed that the presence of a base and a catalyst is
vital for carrying out the reaction, and in their absence, the
reaction will not be carried out. Under the optimized conditions
shown in Scheme 9, 24 examples of flavones were synthesized
with satisfactory yields through three-component carbonylation
reactions of 2-iodophenol derivatives, terminal alkynes, and
Cr(CO)¢ in the presence of DABCO in PEG for 6 h. The reaction
first proceeded through the interaction of 2-iodophenol with
the Fe;0,@AMBA-BiPy-Pd(0) catalyst in the presence of
Cr(CO)s (carbonyl source) to prepare the carbonylated inter-
mediate; subsequently, with the introduction of terminal alkyne
into the reaction cycle in the presence of DABCO base and the
Fe;0,@AMBA-BiPy-Pd(0) catalyst, flavone products were
synthesized through several intramolecular reactions. Accord-
ing to the recycling tests, the Fe;0,@AMBA-BiPy-Pd(0) catalyst
[MRC-9] was separated through magnetic decantation and
could be used six times without reducing its catalytic efficiency.

More recently, Martin reported that multicomponent reac-
tions of 2-halide phenols (halide: I, Br) with terminal alkynes
and Mn(CO); (as the carbonyl source) can be successfully
catalyzed by the Fe;0,@AFPA-Pd(0) nanocomposite [MRC-10]
(Fig. 7).*** The structure of the Fe;0,@AFPA-Pd(0) catalyst was
evaluated by FT-IR, TGA, and SEM analysis; the high thermal
stability of the Fe;0,@AFPA-Pd(0) catalyst was proved by TGA.
By performing optimization reactions, and testing various bases
and solvents, 15 mol% catalyst in the presence of DABCO in
DMF under thermal conditions for 8 hours was considered as
the standardized condition for the preparation of flavone
derivatives. In this publication, as shown in Scheme 10, the
scope of the catalytic system was tested by studying several aryl

Nanoscale Adv., 2025, 7, 3189-3209 | 3197
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Scheme 10 Scope of the FesO4@AFPA-Pd(0) catalyst [MRC-10] for
one-pot, three-component carbonylative annulation reactions of 2-
iodophenol derivatives, terminal alkynes, and Mn(CO)s.

and heteroaryl alkynes, and 8 examples of flavone derivatives
were synthesized with high yields. According to the recycling
tests, the Fe;0,@AFPA-Pd(0) catalyst [MRC-10] was separated
through magnetic decantation and could be used six times
without reducing its catalytic efficiency. By reacting the Fe;-
O,@AFPA-Pd(0) catalyst with 2-halide phenols and then intro-
ducing Mn(CO); into the reaction cycle, first the carbonylated
palladium intermediate was formed; then this process was
accompanied by the reaction with activated alkynes (through
the reaction with DABCO) to synthesize the flavone products.

The synthesis of quinolines is critically significant due to
their extensive applications across various fields, including
pharmaceuticals, agrochemicals, and material sciences. Quin-
olines are key structural components in many biologically active
compounds, prominently featuring in anti-malarial medica-
tions like chloroquine and in agents prescribed for cancer
treatment, inflammation reduction, and microbial infections.
Their wide-ranging pharmacological properties underscore
their importance in drug discovery and the ongoing research
within medicinal chemistry. Beyond their medicinal uses,
quinoline derivatives also play vital roles in developing vibrant
dyes and innovative organic light-emitting diodes (OLEDs) and
serve as essential ligands in coordination chemistry. The quest
for efficient and sustainable methodologies for synthesizing
quinolines has led to the emergence of catalytic approaches,
including one-pot, three-component carbonylative reactions.
These strategies not only enhance the accessibility of quinolines
but also streamline the overall synthesis process, reducing the
number of reaction steps involved. Such advancements align
with principles of green chemistry, making quinolines
increasingly valuable for industrial applications and academic
research endeavors.'>>*>®

Kazemi and his research group introduced a novel and
highly effective methodology for synthesizing various deriva-
tives of quinoline-4(1H)-ones, as shown in Scheme 11.**° This
innovative approach employs a palladium nanocomposite
catalyst, specifically [Fe;0,@SiO,-Diol-Phen-Pd(0)], which is
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Scheme 11 Scope of the Fez0,4@SiO,-Diol-Phen—-Pd(0) catalyst
[MRC-13] for the synthesis of quinoline-4(1H)-one derivatives via one-
pot, three-component carbonylative reactions.

not only magnetic but also reusable, making it attractive in
green chemistry [MRC-13] (Fig. 7). The procedure involves three-
component reactions, where a diverse range of heteroaryl
alkynes react seamlessly with nitrobenzene. The catalytic role of
the Fe;0,@Si0,-Diol-Phen-Pd(0) nanocomposite is notably
pronounced, particularly when paired with Cr(CO)s acting as
a carbon monoxide source. The reaction takes place in an
essential aqueous environment using potassium acetate (KOAc)
in a mixture of water and polyethylene glycol (PEG), and it yields
an impressive array of quinoline-4(1H)-one derivatives with
remarkable efficiency. Water plays an important role in this
reaction, facilitating the conversion of the nitro functional
group into an amine, significantly enhancing the overall effi-
ciency of the process. Scheme 10 beautifully illustrates the
versatility of the Fe;0,@SiO,-Diol-Phen-Pd(0) catalyst
(referred to as MRC-4) in this one-pot, three-component car-
bonylative transformation. The reaction involves explicitly
a bromo-nitro-substituted aromatic compound, an alkyne, and
hexacarbonylchromium [Cr(CO)s] as a source of carbon
monoxide, all occurring under basic aqueous conditions at
a temperature of 100 °C for two hours. The results are striking,
showcasing 24 examples achieved with high yields ranging from
87% to an impressive 99%. The substrate scope is compre-
hensive, accommodating various functional groups—including
heteroaryl, methoxy (OMe), nitro (NO,), bromo (Br), chloro (Cl),
and hydrogen (H)—as well as a wide variety of aryl and heter-
oaryl alkynes, including phenyl, naphthyl, thiophene, furan,
and pyridine. One of the key advantages of this process is the
ability to easily separate the magnetic catalyst, allowing for its
recyclability up to eight reaction cycles. The catalytic perfor-
mance is exemplary, with the highest yield recorded at 99% and
the lowest at 84%, underscoring both the effectiveness of the
catalyst and its broad substrate tolerance.

2.2. Synthesis of esters and thioesters via alkoxy and thio
carbonylation reactions

Esters and thioesters play pivotal roles in both biological
systems and pharmaceutical applications.'®® Biologically, esters

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are essential for forming fats and oils, serving as energy storage
molecules, while thioesters are crucial in metabolic pathways.
For instance, acetyl coenzyme A, a central metabolite, is a thio-
ester that transports acyl groups in the citric acid cycle,
a fundamental energy-releasing pathway.'®* In pharmaceuticals,
esters are often employed as prodrugs, where the ester moiety is
metabolized to release the active drug, enhancing its absorption
and distribution.'®*™% Aspirin, one of the most widely used
medications, is an ester of salicylic acid and is a prime example
of this application.'****” The preparation of esters and thioesters
typically involves the reaction of an acid derivative with an
alcohol or thiol, respectively.'®**”® Carbonylation reactions
introduce a carbonyl group into a compound and are a standard
method for synthesizing these derivatives.'”* Recent advance-
ments have enabled the synthesis of thioesters via carbonyla-
tion reactions that are more atom-efficient and environmentally
friendly."”> These methods often involve transition-metal-free
conditions, broadening the substrate scope and improving
functional group tolerance, which is particularly advantageous
in synthesizing complex molecules for pharmaceutical appli-
cations. The ability to perform these reactions under mild
conditions is also beneficial for preserving the integrity of
sensitive molecules.

To synthesize ester and thioester derivatives, Wei's research
groups prepared a nickel magnetic catalyst [Fe;0,@BA/Pyrim—
carboxamide-NiCl,]. They studied its catalytic activity in three-
component reactions of aryl iodides, aryl or benzyl phenols or
thiols, and carbonyl source (Cr(CO)g), as shown in Scheme 12.'*
In order to prepare a magnetic nickel catalyst, Fe;0, NPs were
first surface modified with 4-(aminomethyl)benzoic acid. The
aminolysis via the amine reaction with pyrimidine-2-carbonyl
chloride led to the production of the magnetic Fe;0,@BA/
Pyrim-carboxamide ligand. With the addition of nickel metal,
the Fe;0,@BA/Pyrim-carboxamide-NiCl, catalyst [MRC-11]
(Fig. 8) was successfully synthesized. VSM analysis clearly
showed that the Fe;O0,@BA/Pyrim-carboxamide-NiCl, catalyst
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has high magnetic potential. The structure and functional
groups in the Fe;O,@BA/Pyrim-carboxamide-NiCl, catalyst
[MRC-11] were confirmed by XRD and FT-IR analyses. The
authors conducted various experiments to optimize the condi-
tions for preparing esters and thioesters. The base type and the
catalyst amount were crucial in the optimization process. Also,
by testing different solvents, the authors found that the ChCI-
urea solvent is more efficient than other solvents for preparing
ester and thioester derivatives. Three-component reactions of
aryl iodides with aryl or benzyl phenols or thiols and Cr(CO)s
(carbonyl source) were catalyzed by the Fe;0,@BA/Pyrim-car-
boxamide-NiCl, nanocomposite in the presence of KOAc and
various derivatives of esters and thioesters were synthesized
with high yields in ChCl-urea under air and mild conditions.
According to the recycling tests, the Fe;O,@BA/Pyrim-carbox-
amide-NiCl, catalyst [MRC-11] was separated through magnetic
decantation and could be used eight times without reducing its
catalytic efficiency.

Al-Shakarji and Kamel researched the synthesis of thioesters,
demonstrating the effective use of a nanocomposite consisting
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Scheme 13 Scope of the FesO @benzold]imidazole-Zr catalyst
[MRC-12] for the synthesis of thioester derivatives via one-pot, three-
component thiocarbonylation reactions.
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of Fe;0,@benzo[d]imidazole-Zr, as shown in Scheme 13. This
innovative material was employed in thiocarbonylation reac-
tions involving aryl iodides.'”® Notably, they utilized Cr(CO)s as
a solid source, showcasing a novel approach for facilitating
these reactions. The plausible reaction mechanism for the
synthesis of thioesters from iodobenzene catalyzed by Fe;-
O,@benzo[d]imidazole-Zr follows a typical catalytic cycle
involving oxidative addition, carbonyl insertion, and nucleo-
philic substitution (Scheme 13). Initially, the zirconium catalyst
(zr(0)) undergoes oxidative addition with iodobenzene, forming
an aryl-Zr(u) complex. This intermediate reacts with carbon
monoxide (CO) to generate an acyl-Zr(un) species [MRC-12]
(Fig. 7). Subsequently, the acyl complex undergoes nucleophilic
attack by a thiol (Ar-SH) in the presence of a base (K,COj3),
forming the thioester-Zr(m) complex. Finally, protonation
releases the thioester product, regenerating the active Zr cata-
lyst for the next cycle. The Fe;O, support enhances catalyst
stability and reusability, making the system efficient for thio-
ester synthesis. The condensation reaction exhibited a faster
rate for aryl halides and thiols that contained electron-
withdrawing substituents, such as nitro groups, in compar-
ison to those with electron-donating substituents, like alkyl,
alkoxy, and hydroxy groups. This observation aligns with the
expected predictions regarding the influence of substituent
types on the reactivity of these compounds. After conducting
a thorough series of recycling tests, we noted that the catalyst
maintained its integrity throughout the process, showing no
significant decline in its quantity or catalytic activity. This
remarkable stability allowed for the successful recovery and
reuse of the catalyst in four consecutive cycles. The results
highlighted the catalyst's durability and effectiveness, under-
scoring its potential for sustainable applications in various
catalytic processes."”*

In order to prepare thioester derivatives, Khalili's research
group reported an interesting and valuable method for the
reaction of methylene derivatives with aryl or alkyl thiols in the
presence of +-BuOOH based on the use of rGO/Fe;0,~CuO
nanocomposite as an efficient and reusable catalyst.”* The rGO/
Fe;0,—-CuO catalyst [MRC-15] (Fig. 8) was prepared in a multi-
step process by coating graphene with Fe;O, NPs and then
fixing copper oxide on its surface. The structure and
morphology of the rGO/Fe;0,-CuO catalyst were well confirmed
by XRD and TEM analyses. The effect of the amount of catalyst
and solvent was studied to optimize the reaction. As seen in
Scheme 14, 10 derivatives of thioesters were synthesized with
relatively good yields in an aqueous medium under mild
conditions. A carbonyl radical was generated from the reaction
of toluene derivatives with -BuOOH in the presence of the rGO/
Fe;0,-CuO. A sulfide-copper intermediate was formed by the
reaction of aryl and alkyl thiols in the presence of the rGO/
Fe;0,~CuO catalyst. The desired thioester products were
synthesized with good yields when this intermediate entered
the reaction cycle. According to the recycling tests, the rGO/
Fe;0,-CuO catalyst [MRC-15] was separated through magnetic
decantation and could be used six times without reducing its
catalytic efficiency.
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Scheme 14 Scope of the rGO/FesO4—CuO catalyst [MRC-15] for one-
pot, three-component thioesterification annulation reactions.

In a fascinating and convenient research method, Prasad's
research group reported that the magnetic palladium catalyst
[Pd/Fe;0,] in the presence of K;PO, base in DMF can act as an
effective catalytic system for the preparation of ester derivatives
through alkoxy carboxylation reactions of iodo benzenes with
aryl, benzyl or alkyl alcohols and carbon monoxide."”> TEM
images showed that the catalyst was successfully constructed in
the nanometre range. The conditions for carrying out alkoxy
carboxylation reactions were optimized by examining the effect
of base and solvent. The results showed that this catalytic
system has relatively good efficiency for synthesizing esters and
is a general and suitable method for carrying out alkoxy
carboxylation reactions of aryl iodides. The scope of the catalytic
system was studied by using iodo benzenes with electron-
withdrawing and electron-donating groups, and under stan-
dardized conditions, the ester products were synthesized with
different yields, which shows that the effect of substitution and

\_/

1 o
?
i %
X O/ . o Pd/Fe;0, [1.5 mol% of Pd] ®/c\ oR
: xL
>

co m K3PO,, DMF, 80 °C, 10 h
m 14 Examples
60-95%
X: OMe, Me, F, Cl, CF3, COMe, H
Pd

. i Catalyst Recovery: 5§ Runs
et R: Phenyl, Benzyl, Butyl, i-Propyl

MNP:
MNPs, ki o o Me O
Pd (Il) ~Bu
e <~ /©)kOA© o
( MeO'
% 66%
lagnetic Separation
MNPs
- R-OH + K;PO, o
s
mMNPs €O ‘ni i by
N S— ~ = SN Pd (1) —
Pd (Il X1 Pd (Il) —1 |;-——> x—}O/ () —OR
N ~ A 1 Y 2
X MNPs
~ MNPs KsPOz +HI

Scheme 15 Scope of the Pd/FesO,4 catalyst [MRC-16] for one-pot,
three-component esterification annulation reactions.
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substrate on the catalyst is practical (Scheme 15). The reaction
cycle proceeded through the reaction of iodo benzenes with the
Pd/Fe;0, catalyst [MRC-16] and carbon monoxide to form the
carbonyl-palladium intermediate. The reaction of alcohol and
K3PO, leads to the production of an alkoxy nucleophile, which
then enters the cycle and reacts with the carbonyl-palladium
intermediate, completing the process."”® The alkoxy carbonyla-
tion reaction is completed, and the ester products are synthe-
sized with acceptable yields. According to the recycling tests, the
Pd/Fe;0, catalyst [MRC-16] was separated through magnetic
decantation and could be used five times without reducing its
catalytic efficiency.

Zhang and Zheyuan introduced a highly effective method-
ology for synthesizing thioester derivatives through the inter-
action of tertiary thioamides and alcohols, utilizing
a nanocatalyst known as MNPs-Acac@Cu, combined with PEG
as a solvent (Scheme 16). To achieve optimal results, the
researchers meticulously adjusted various reaction parameters,
such as temperature, solvent choice, and the amount of catalyst,
at the outset of their investigation. The morphology and struc-
tural characteristics of the nanocatalyst were assessed through
TEM, which also provided insights into the average particle size.
The TEM images revealed that copper is effectively immobilized
on the Fe;O, substrate, forming the MNPs-Acac@Cu nano-
catalyst at the nanoscale level. Under the specified conditions,
the method yielded thioesters with impressive efficiencies,
achieving yields ranging from 81% to 90% in a remarkably short
reaction time. The proposed mechanism, illustrated in Scheme
3, begins with the MNPs-MA@Cu catalyst protonating the
alcohol, followed by a nucleophilic attack from the thioamide
after removing water and forming a carbocation. This process
leads to S-alkylation and the subsequent creation of thio-
formamidinium salt. Finally, the hydrolysis reaction, facilitated
by water, results in the formation of desired thioester products.
Following a series of comprehensive recycling tests, it was
observed that there was no significant reduction in either the
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Scheme 16 Scope of the MNPs—Acac@Cu catalyst [MRC-11] for the
synthesis of thioester derivatives via one-pot, three-component thi-
ocarbonylation reactions.
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quantity or the activity of the catalyst during the process. As
a result, the catalyst was successfully recovered and reused four

consecutive times, demonstrating its durability and
effectiveness.
2.3. Synthesis of amides via amino carbonylation reactions

Amide derivatives are pivotal in various scientific fields due to
their structural significance and functional versatility."”” Bio-
logically, amides form the backbone of peptides and proteins,
essential for life's myriad functions.'”® The amide bond is
a fundamental component of biomolecules, playing a crucial
role in the structure and function of living organisms.?® In the
pharmaceutical industry, amides are integral, with a significant
portion of drugs containing at least one amide bond due to their
stability and ability to engage in hydrogen bonding, which is
vital for drug-target interactions. Medically, amides are found
in various therapeutic agents, highlighting their importance in
treatment and disease management."”® Chemically, amides are
synthetically versatile and capable of undergoing a range of
transformations, making them valuable in creating complex
molecules for various applications.'® The preparation of
amides can be achieved through several methods, with
carbonylation reactions being a prominent technique.*®* This
process involves introducing a carbonyl group (C=O) into
a molecule. Specifically, amino carbonylation is a method where
a nitrogen-containing group is introduced into the molecule
along with the carbonyl group, forming an amide.’® This
reaction typically employs a palladium catalyst and involves
carbon monoxide, offering a route to synthesize amides from
aryl halides and amines. The carbonylation reaction is impor-
tant for the synthesis of amides and exemplifies the advance-
ment of green chemistry practices, as it often allows for the
creation of amides in a more environmentally friendly manner
compared to traditional methods. Developing new, efficient,
and sustainable synthetic routes for amide formation is an
ongoing area of research, reflecting the compound's signifi-
cance across multiple disciplines.

In order to prepare derivatives of amides and esters, the Abu-
Reziq research group used a magnetic palladium catalyst [MNP-
Im-NH,-Pd] [MRC-16] (Fig. 8) (made by immobilizing palla-
dium on the surface of functionalized magnetic nanoparticles
with imidazole-amine) to carry out alkoxy and amino carbon-
ylation reactions.'®® TEM analyses, in line with the XRD anal-
ysis, confirmed that the particles of the MNP-Im-NH,-Pd
catalyst were in the nanometer range. A series of studies were
conducted on optimization reactions to obtain standard
conditions for preparing amide and ester derivatives. As can be
seen in Scheme 17, three-component reactions of aryl and
heteroaryl halides with various derivatives of amines and alco-
hols in the presence of carbon monoxide were successfully
catalyzed by the MNP-Im-NH,-Pd nanocomposite [MRC-16]
and Et;N in toluene for 24 h, and the desired ester and amide
products were synthesized with good to high yields. According
to the recycling tests, the MNP-Im-NH,-Pd catalyst [MRC-16]
was separated through magnetic decantation and could be used
five times without reducing its catalytic efficiency.
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Scheme 17 Scope of the MNP-Im—-NH,—-Pd catalyst [MRC-16] for
one-pot, three-component esterification and amino carbonylation
annulation reactions.

In a similar method, Jain's research group developed
a palladium magnetic catalyst [Fe;0,@APPA-Pd] [MRC-17]
(Fig. 9) by immobilizing palladium on a magnetic ligand (made
from the reaction of magnetic Fe;O, nanoparticles with amino
acid). The catalytic activity was investigated in alkoxy and amino
carbonylation reactions.”® TGA analysis showed that the
synthesized Fe;O,@APPA-Pd catalyst [MRC-17] has high
thermal stability, and the presence of functional groups in the
catalyst was confirmed by FT-IR analysis. By studying different
amounts of the Fe;O,@APPA-Pd catalyst [MRC-17] in the
presence of several bases in different solvents on the model
reaction, the optimal conditions for preparing amide and ester
derivatives were optimized. In alkoxy carbonylation reactions,
various derivatives of aryl and heteroaryl iodides reacted readily

MNPs-Dopamine-BiPy-Pd(0)

MRC-18

) o’®
04 »d
7\ \
=N N—

Fe;0,@APPA-Pd -
Pd’

MRC-17

Fe;0,@Si0,-Phen-Pd(0)

Fig. 9 Structure of magnetically reusable catalysts (MRC-15-17).
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Scheme 18 Scope of the Fes04,@APPA—-Pd catalyst [MRC-17] for one-
pot, three-component esterification annulation reactions.

with phenol or benzyl alcohols in the presence of carbon
monoxide under optimal conditions, and the desired ester
products were synthesized with acceptable yields (Scheme 18).
Also, by reacting anilines or pyridine amines with a carbonyl-
containing palladium intermediate (made from the reaction
of a palladium catalyst with aryl halides with a carbonyl source),
amide products were synthesized with relatively high yields
(Scheme 19). According to the recycling tests, the Fe;0,@APPA-
Pd catalyst [MRC-18] was separated through magnetic decan-
tation and could be used five times without reducing its cata-
Iytic efficiency.

In order to pepare a palladium magnetic catalyst [MNPs-
dopamine-BiPy-Pd(0)], Jain's research group first fixed dopa-
mine on magnetic Fe;O, nanoparticles and then reacted with
[2,2-bipyridine]-6,6"-dicarbaldehyde to synthesize the desired
magnetic ligand by forming an imine bond between dopamine
and bipyridine. By immobilizing palladium metal in the pres-
ence of NaBH, on the prepared MNPs-dopamine-BiPy
magnetic ligand, the MNPs-dopamine-BiPy-Pd(0) magnetic
catalyst [MRC-18] (Fig. 9) was prepared. Its catalytic activity was
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Scheme 19 Scope of the Fes04,@APPA—-Pd catalyst [IMRC-17] for one-
pot, three-component amino carbonylation annulation reactions.
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evaluated in the preparation of amide derivatives through
amino carbonylation reactions of iodobenzenes with Mo(CO),
and sodium azide in PEG solvent under mild conditions. To
confirm the successful production of the MNPs-dopamine-
BiPy-Pd(0) catalyst [MRC-18], several analyses such as FT-IR,
SEM, TEM, TGA, VSM, EDX, ICP-OES, XRD, and elemental
mapping analysis were used.®” The structure of the catalyst was
confirmed by XRD and FT-IR analysis, and EDX and elemental
mapping analysis also confirmed the elements present in the
catalyst structure. The scope and efficiency of the catalytic
system were evaluated by using several derivatives of iodo-
benzenes with electron-donating and -electron-withdrawing
groups, and the desired amide products were synthesized
with high yields (Scheme 20). According to the mechanism
shown in Scheme 20, the cyclization of amides proceeded
through the reaction of iodobenzenes with the MNPs-dopa-
mine-BiPy-Pd(0) catalyst [MRC-18] in the presence of the
carbonyl source (Mo(CO)s) to form a carbonyl-palladium
intermediate. By reacting palladium-iodobenzenes intermedi-
ates with sodium azide, benzene azide was formed, and when
this compound entered the mechanism cycle, amine-palla-
dium-carbonyl intermediates were formed, leading to the
synthesis of amide products. According to the recycling tests,
the MNPs-dopamine-BiPy-Pd(0) catalyst [MRC-18] separated
through magnetic decantation and could be used eight times
without reducing its catalytic efficiency.

Recently, Jain's research group presented a desirable,
general, and efficient method in which magnetic palladium
catalyst [Fe;0,@SiO,-Phen-Pd(0)] (made by immobilizing
palladium on a magnetic nanoparticle substrate modified with
phenanthroline dicarboxylic acid) in the presence of potassium
acetate to prepare benzothiazole amide derivatives were used.*®*
SEM and TEM analyses showed that the catalyst particles were
synthesized in the nanometer range, and VSM analysis
confirmed the high magnetic properties of the Fe;0,@SiO,—
Phen-Pd(0) catalyst [MRC-19] (Fig. 9). By conducting studies on
the model reaction and optimization experiments, it was found
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Scheme 20 Scope of the MNPs—dopamine-BiPy—Pd(0) catalyst
[MRC-16] for one-pot, three-component amino carbonylation annu-
lation reactions.
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Scheme 21 Scope of the Fez04@SiO,—-Phen—Pd(0) catalyst [MRC-19]
for one-pot, three-component amino carbonylation annulation
reactions of 2-aminobenzothiazoles.

that the presence of the Fe;0,@SiO,-Phen-Pd(0) catalyst [MRC-
19] and a base is essential to carry out the amino carbonylation
reactions. As can be seen in Scheme 21, numerous derivatives
(19 examples) of the benzothiazole amides were synthesized
with very high yields through Fe;0,@SiO,-Phen-Pd(0)
nanocomposite-catalyzed amino carbonylation reactions of aryl
or heteroaryl iodides with Mo(CO), and 2-aminobenzothiazoles
using KOAc in glycerol. FT-IR and XRD analyses showed that the
structure of the Fe;0,@Si0O,-Phen-Pd(0) catalyst [MRC-19] ¢ did
not change even after recovery, which indicates the high
stability of the Fe;0,@Si0,-Phen-Pd(0) catalyst. According to
the reported mechanism, the reaction cycle is completed with
the introduction of the nucleophile 2-amino benzothiazole
(obtained from the reaction in the presence of KOAc) to the
palladium carbonylated intermediates (obtained from the
reaction of iodobenzene with the palladium catalyst and the
carbonyl source) and benzothiazole amide products were
synthesized with high yields. According to the recycling tests,
the Fe;0,@Si0,-Phen-Pd(0) catalyst [MRC-19] separated
through magnetic decantation and could be used eight times
without reducing its catalytic efficiency.

3 Summary and outlook

In conclusion, exploring magnetic catalysts in carbonylation
reactions significantly advances organic synthesis. The unique
properties of these catalysts, including their enhanced reac-
tivity, selectivity, and ease of separation via magnetic decanta-
tion, have opened new avenues for developing more efficient
and sustainable chemical processes. Integrating magnetic
catalysts has improved the yield and purity of carbonylation
products and contributed to reducing environmental impact by
minimizing waste and simplifying purification steps. As high-
lighted in this review, the versatility and robustness of magnetic
catalysts suggest a promising future for their application across
various domains of chemical manufacturing. The ongoing
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Table 2 Catalyst properties
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Aspect

Magnetic catalysts

Traditional catalysts

Composition
Surface area

Functionalization

Table 3 Reaction efficiency

Nanomaterials (e.g., Fe;0,) are often combined
with active metals or ligands

The high surface area is due to nanoscale
particles

Easy functionalization of magnetic
nanoparticles to improve activity

Homogeneous (e.g., metal complexes) or
heterogeneous (e.g., supported catalysts)
Variable surface area; traditional supports like
silica or alumina may limit dispersion
Functionalization can be more complex for
homogeneous or bulk catalysts

Aspect Magnetic catalysts

Traditional catalysts

Catalytic activity
Selectivity

Table 4 Practical advantages

Comparable or higher activity due to nanoscale effects
High selectivity achieved via tunable surface chemistry

Well-established activity for various systems
Depends on the catalyst structure and reaction conditions

Aspect Magnetic catalysts Traditional catalysts
Separation Easily separated using an external magnetic Separation often requires filtration,

field, reducing processing steps and solvent use centrifugation, or phase separation
Reusability High reusability with minimal activity loss Reusability can be challenging, particularly for

Waste reduction Reduces waste by avoiding additional

separation agents

research and development in this area are expected to refine
these catalysts further, potentially leading to groundbreaking
discoveries that could revolutionize the industry. Therefore,
continued investigation into the use and importance of
magnetic catalysts in carbonylation reactions is not only of
academic interest but also of substantial practical value,
holding the potential to contribute significantly to the
advancement of green chemistry and process optimization.
While offering numerous advantages, using magnetic cata-
lysts in carbonylation reactions also presents challenges that
must be addressed to harness their potential fully. One of the
primary concerns is the stability of these catalysts under reac-
tion conditions. The harsh environment can compromise the
catalytic activity, leading to deactivation and a decrease in effi-
ciency over time. Additionally, the magnetic properties of these
catalysts, which are crucial for their separation and recovery,
can be affected by the reaction milieu, potentially leading to
difficulties in catalyst retrieval and reuse. Another challenge lies

Table 5 Environmental impact

homogeneous catalysts
May generate more waste due to additional
recovery steps

in the specificity of the catalysts; ensuring that they selectively
facilitate the desired reaction without unwanted side reactions
is a complex task that requires precise control over the catalyst's
structure and the reaction conditions.

Furthermore, the scalability of processes using magnetic
catalysts is often questioned, as reactions that are successful on
a laboratory scale may encounter obstacles when translated to
industrial-scale production, such as maintaining consistent
magnetic separation or dealing with the increased mass trans-
fer limitations. Lastly, the synthesis of magnetic catalysts
themselves can be intricate and costly, necessitating the devel-
opment of more economical and straightforward methods for
their production. Despite these challenges, the continuous
advancements in the field are promising, and ongoing research
is dedicated to overcoming these hurdles, paving the way for
broader application of magnetic catalysts in carbonylation
reactions and beyond.

Aspect Magnetic catalysts

Traditional catalysts

Eco-friendliness

Toxicity

3204 | Nanoscale Adv., 2025, 7, 3189-3209

Lower environmental footprint due to easy
recyclability and reduced use of harmful
solvents

Magnetic cores (e.g., iron oxide) are generally
less toxic

Potentially higher environmental impact,
especially for heavy metal catalysts

Toxicity depends on the catalyst composition
(e.g., Pd, Rh, and Co)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Aspect Magnetic catalysts Traditional catalysts

Scalability Challenges in synthesizing magnetic catalysts at scale Established production methods

Stability Susceptible to aggregation or oxidation if not properly stabilized Typically more stable under reaction conditions

Cost Initial synthesis can be expensive Costs depend on the material and preparation method

Magnetic catalysts have emerged as a promising alternative
to traditional carbonylation reactions due to their unique
properties and operational advantages.***® Below is a compar-
ison between the two types of catalysts (Tables 2-6).

Magnetic catalysts offer significant advantages over tradi-
tional catalysts, especially regarding reusability, separation
ease, and environmental impact. However, scalability and long-
term stability must be addressed to realize their full potential in
industrial applications.

4 Conclusion

In conclusion, the continued development of magnetic catalysts
will likely focus on enhancing their selectivity and stability,
which could lead to breakthroughs in carbonylation methods.
This would further solidify their role as a cornerstone in the
pursuit of green chemistry, where the goal is to minimize
environmental impact while maximizing chemical productivity.
As research progresses, we anticipate a surge in the application
of magnetic catalysts across various domains of chemical
synthesis, particularly carbonylative reactions, potentially
transforming the landscape of industrial and pharmaceutical
chemistry.

5 Perspective

The field of magnetic catalysts in carbonylation reactions
presents both opportunities and challenges. While magnetic
catalysts offer simplified separation and recyclability, future
development should enhance their catalytic activity and
stability to match or exceed homogeneous counterparts. The
key directions are exploring novel magnetic nanomaterials,
optimizing catalyst immobilization techniques, and designing
magnetically recoverable ligands. Challenges include prevent-
ing metal leaching, maintaining a high dispersion of active
sites, and ensuring compatibility with diverse reaction condi-
tions. Overcoming these hurdles will unlock the full potential of
magnetic catalysts, paving the way for greener and more
sustainable carbonylation processes in academia and industry.
Further research into understanding the structure-activity
relationships and developing scalable synthesis methods is
crucial for widespread adoption.

Building on the potential of magnetic catalysts in carbonyl-
ation reactions, the future landscape is set for transformative
advancements deeply rooted in green chemistry principles. We
anticipate breakthroughs in magnetic nanoparticle design and
functionalization, boosting catalytic performance, selectivity,
and longevity. This evolution will unlock new realms of
carbonylation reactions conducted under gentle, eco-friendly

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

conditions. Integrating machine learning and high-
throughput experimentation can revolutionize catalyst design
by predicting optimal surface modifications and reaction
parameters, accelerating efficiency gains. Flow chemistry
systems offer another exciting avenue, enabling continuous,
scalable carbonylation with minimal waste through magnetic
catalyst integration. Further exploration of synergistic combi-
nations of magnetic catalysts with photocatalytic or electro-
catalytic systems could pave the way for innovative
methodologies that harness sustainable energy sources. By
proactively tackling challenges like catalyst deactivation and
expanding the synthesis scope, magnetic catalysts are poised to
redefine carbonylation reactions, aligning seamlessly with the
eco-conscious objectives of the industrial and pharmaceutical
chemistry sectors. The journey forward necessitates collabora-
tive efforts, merging expertise from materials science, chemical
engineering, and catalysis to fully realize the potential of
magnetic catalysts in shaping a sustainable future for carbon-
ylation chemistry.
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