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Chapter-I

Introduction

1.1. Background
In synthetic organic chemistry, catalysis plays a significant role in organic

transformations synthesizing novel compounds with a wide range of applications that benefit
society such as the production of medicines, vitamins, other nutritious products, cosmetics,
polymers, plastics, high-energy fuels, and high-tech materials, etc. Researchers are attempting
to develop novel catalysts, that either have advantages over currently available catalytic
systems or that can be utilized to improve developing processes in terms of cost-effectiveness
and reaction ease. In the past several decades, many catalysts have been developed for organic
transformations. Despite great success in achieving this, there are a few challenges such as loss
of catalytic activity over usage cycles, leaching of the active species of the catalyst under harsh
reaction conditions, non-recovery of the catalyst and its non-reusability, usage of toxic
solvents, inadvertent production of byproducts, use of expensive chemicals, high reaction
temperatures, more reaction time, etc. To address these challenges, innovative catalytic systems
are highly demanding. Innovative catalytic systems are the new catalysts and processes that
reduce energy consumption and minimize environmental pollution in chemical synthesis and
thus follow the principles of Green Chemistry. It is well-established that catalysts in nano size
show enhanced efficiency and activity as they offer a large surface area for the reaction to
occur. Hence, in recent years, researchers made significant advances in the development of

nanocatalysts and nanocatalysis, which has emerged as an important research area.’

1.1.1. Nanocatalysis for organic synthesis
Green chemistry is one of the major areas of applied significances for catalysis, which is

the scientific discipline that aims to generate products and minimize the production of
hazardous substances. Catalysis has recently been recognized as an advanced field of study
with established concepts and explanations. The design and development of new catalytic
systems is achieving the sustainable goals of environmental protection and economic benefit.
Researchers are working toward designing new catalysts that either outperform already
available catalytic systems or can be used to enhance newly developing processes in terms of
cost effectiveness and reaction ease. Nanocatalysts (catalysts in the nanoscale range ~1-100
nm in at least one dimension) have unique features due to the electronic and structural changes
that set them apart from bulk materials. They show enhanced efficiency and activity as they

offer a large surface area for the reaction to occur and are essential for sustainable and green
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chemistry. Nanocatalysts facilitates the use of green reagents, solvent free reaction conditions,
ambient reaction conditions, catalyst’s reusability and avoid the use of toxic chemicals, needs
less reaction time. These characteristics of the nanocatalysts have resulted in their wide range
of applications in several organic transformations.>® Furthermore, it is prevalent that these
nanocatalysts provide straightforward, ecofriendly processes for various synthetic organic
transformations with enhanced yields and selectivity.*®>  In last few years, numerous

nanocatalysts have emerged for various organic transformations.®"8

1.1.2. Need for heterogeneous nanocatalyst
It is well-known fact that, a homogeneous catalyst shows good activity, good stability

due to its complete solubility in the medium. However, on industrial scale, homogeneous
catalysts are considered to be expensive as they are associated with laborious work-up
procedure thus minimizing their scope. Besides this, it is difficult to separate and recover the
catalyst from the reaction mixture due to its contamination by products or formation of metal-
complexes. Thus, it increases the economic cost and environmental pollution. To overcome
these limitations, researchers have explored different strategies and the use of heterogeneous
catalyst systems appears to be the most effective one. Recoverability and reusability of the
homogeneous catalyst without affecting its active catalytic sites can be achieved by supporting
the catalyst on NPs. It is also realized that the heterogeneous catalyst is less efficient relative
to homogeneous catalyst, but it can be recovered by simple filtration and centrifugation. Thus,
heterogeneous nanocatalysts are preferred over homogeneous nanocatalysts.

1.1.3. Need for heterogeneous magnetic nanocatalyst
Filtration is not advisable for nanocatalysts because the small size nanoparticles (NPs)

pass through filter paper whereas centrifugation is not an economic process. But, one of the
key aspects of the sustainable approach is the recovery of expensive catalysts after their use,
enabling the catalyst to be reused after recovery. Magnetic separation is an alternative recovery
method to the filtration and centrifugation, which is effective in terms of time, energy, and
efficiency of catalysis as mentioned in Table 1.1.° Magnetic separation results in the efficient
recovery of the catalyst for further use and enhances the catalyst’s ability to be used as green
catalysts. Hence, utilization of magnetically retrievable nanocatalyst (magnetic nanocatalyst-

MNC) in synthetic organic chemistry has been extensively researched in recent years.
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Table 1.1 Difference among various recovery methods
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Hence, the development of heterogeneous MNC is one of the best innovative catalytic

system with a sustainable greener approach in synthetic organic chemistry for a variety of
chemical transformations. Currently, they have gained considerable attention in organic
synthesis which confirms to the principles of green chemistry such as low reaction time, high
product yield, atom economy of the reaction, recovery and recyclability of the catalyst. The
catalyst in the form of magnetic NPs (MNPs) either can directly catalyse the organic

transformation or can assist as a good support for the immobilization of active catalyst.

Figure 1.1. Schematic of magnetic separation of the catalyst

Q Catalyst

Magnet

Reactants Products Magnetic Separation

MNPs are best suited to support the active catalyst over its surface due to their high
surface/mass ratio and easy dispersion in the reaction mixture. Due to large surface area, the
contact between substrate and catalyst increases to a large extent and achieves reaction rate

close to homogeneous counterpart. The added advantage of MNPs is their easy separation from
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the reaction mixture using moderate magnetic field produced by simple external magnet. On
laboratory scale, an inexpensive permanent magnet is enough for magnetic recovery, whereas
electromagnet can be deployed on large scale.!® Just keeping the magnet externally on to the
MNPs allows to hold back the catalyst and decant the reaction mixture for further workup
procedure as shown in the Figure 1.1. The separated catalyst can be reused as long as it is
active.

Over the past several years, development of ferrite NPs supported catalysts have gained
great attention in the field of magnetic nanocatalysis due to the excellent magnetic property of
ferrite NPs.!! These are iron-oxide based materials with low cost, easy method of preparation,*?
good stability over wide range of conditions. Additionally, the strong thermal and chemical
stability,®® broad surface area,'* and mild magnetization of ferrite NPs with spinel structure
make them ideal catalytic supports in the development of MNC for a particular application in
organic synthesis.® Thus, ferrite based heterogeneous nanocatalysts became the fascinating

materials in organic transformations.

1.1.4. Ferrites and ferrite based materials as heterogeneous magnetic nanocatalyst

1.1.4.1. Ferrites and their magnetic properties
As on date, ferrite NPs are the most explored MNPs and are of great interest in a variety

of applications. Ferrites are mixed metal oxides comprising of iron (I11) oxides as their key
component. They crystallize into three forms viz.,

» Spinel ferrite (MFe204)
« Hexagonal ferrite (MFe12019)
Garnet ferrite (M3FesO12)
where M stands for bivalent transition metal (Fe, Cu, Zn, Ni, Co, Mn, etc.)

Among all these, spinel ferrites are gaining recognition due to their attractive properties
and applications. Moreover, majority of important ferrites that have extraordinary applications

are spinel ferrites as shown in Figure 1.2
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Figure 1.2 Properties and applications of spinel ferrites

The general formula for substances that crystallize in the spinel structure is AB204

where ‘A’ represents tetrahedral and ‘B’ represents octahedral cation sites respectively and ‘O’

represents oxygen anion site. Thus, spinel ferrites are represented with the general formula
MFe>O4 where M is Fe, Mn, Co, Ni, Cu, Zn, Cd, Mg, a divalent metal cation. The spinel

ferrites’ unit cell belongs to the cubic structure with a space group Oh7-F3dm. There are two

different types of interstitial spaces between the oxygen anions, namely tetrahedrally co-

ordinated A sites (that are surrounded by 4 oxygen ions) and octahedrally coordinated B sites

(that are surrounded by 6 oxygen ions), as shown in the face-centered cubic arrangement of the

oxygen anions in the Figure 1.3.1
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Figure 1.3 Structure of spinel ferrites a). tetrahedrally coordinated A sites
b). octahedrally coordinated b sites
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For the past few decades, Ferrite NPs (spinel ferrites-MFe>O4, M=divalent metal ions,
such as Fe, Cu, Zn, Ni, Co, Mn, etc.) in bare unmodified form as such have gained attention. It
is found that they have been used in diverse applications as shown in the Figure 1.2 due to
their extraordinary magnetic and photocatalytic properties, less cost, good stability, and high
surface area. There are eight formula units of MFe2O4 in a unit cell. Thus, unit cell of a spinel
ferrite contains 32 oxygen ions (O%) , 16 trivalent iron ions (Fe**) and 8 divalent metal cations
(M?%). A total of 24 metal cations (16 Fe** and 8 M?*) are distributed into tetrahedral (A) sites
and octahedral (B) sites. In a single unit cell of 32 oxygen anions, there are 64 A sites and 32
B sites available for cations and are partially populated by Fe®* and M?* ions. It turns out that,
of the 64 A sites only 8 are occupied and of 32 B sites only 16 are occupied.!’ The general

cation distribution in spinel ferrites can be represented as*®
[M,_;Fe;]*[M;Fe,_;]°0,

Where M = divalent cation which shares A and B sites with Fe3* cation and i = inversion
parameter. Inversion parameter depends on the type of constituents in the ferrites and method
of synthesis. Spinel ferrites can be divided into three categories according to the distribution of

metal cations between the A and B sites, which is dependent on the degree of inversion.

I When i = 0, they are named as normal spinel where divalent cations (M?*) reside
in A sites and trivalent cations (Fe**) occupy B sites with the structural formula
[M]4[Fe,]?0,

EX: ZnFe204, CdFe204

ii. When i = 1, they are named as inverse spinel where M?* occupy B sites and one
half of the Fe®* occupy B sites and other half of the Fe** occupy A sites with the
structural formula [Fe]4[MFe]?0,

Ex: Fes0Os, CoFe204, NiFe204, CuFe204, MgFe204

iii.  When 0<i<1, they are named as mixed spinel where the M?* and Fe®" are spread
on both A and B sites
Ex: MnFe204

Most important properties of ferrites includes high magnetic permeability, low magnetic loss
and high electrical resistance. Various properties of ferrites which make them a good catalytic
support are low cost, hardness, chemical stability, and good magnetic property. Important

property of ferrites is ferrimagnetism due to the exchange phenomenon between metal
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electrons and oxygen ions. That is there is a net magnetic moment at molecular level as a result
of electronic exchange between metal and oxygen ions called as super exchange. A
ferrimagnetic material does not lose its magnetism even in the absence of external magnetic
field. In ferrimagnetic materials atoms have opposing magnetic field strengths/moments, but
they are unequal. Thus, there exists some net magnetic moment.

A very good characteristic feature of ferrite is that its composition can be modified by
keeping the basic crystalline structure same. This enables the retention of structural properties
and enhancement of other properties by modifying the composition. This property of ferrites
enables us to use them as good catalyst supports and allow for surface functionalization for a
specific catalytic activity. Thus, in the design of different ferrite supported heterogeneous
catalysts, unique magnetic and structural properties such as good chemical stability of ferrites
plays a pivotal role.'®

1.1.4.2. Ferrites as heterogeneous magnetic nanocatalyst
Recent past reports have emerged suggesting that spinel nanoferrites including
magnetite (Fe304) have been extensively used as efficient magnetic nanocatalysts in the field

of heterogeneous catalysis for various organic transformations as shown below in Figure 1.4
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hydrosilylation
reaction

Sugar
deacetylation
reaction

Azide-alkyne
reaction

Types of
Reactions

C-C Coupling
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A3 Coupling
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C-heteroatom
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Figure 1.4 Application of spinel ferrites in various organic transformations
The catalytic activity of spinel ferrites in various reactions can be attributed to several
factors as described below,
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High surface area: Spinel ferrites often possess a high surface area due to their porous
structure and fine particle size.?’ This increased surface area provides more active sites for
catalytic reactions to occur.

Redox properties: Spinel ferrites can undergo redox reactions, where they can alternate
between different oxidation states of the metal cations.? This redox behaviour is crucial for
catalyzing oxidation and reduction reactions in organic transformations

Lewis acid/base sites: The metal cations in spinel ferrites can act as Lewis acid or base sites,
which are important for facilitating various catalytic reactions. Following is an example where
ZnFe204 catalyst has a dual role: Lewis acid site (activating isatin carbonyl oxygen) and Lewis

base site (base proton abstraction of O% ions).?

Synergistic effects: Spinel ferrites often consist of multiple metal cations in their structure.
The interaction between different metal cations can create synergistic effects that enhance the
catalytic activity and selectivity of the material 23
Magnetic properties: The magnetic nature of spinel ferrites can influence the reaction kinetics
through magnetic stirring or by promoting interactions between the catalyst and reactants
Adsorption capability: The porous structure of spinel ferrites can facilitate the adsorption of
reactants onto the catalyst surface, promoting their interaction and enhancing reaction rates
Stability and reusability: Spinel ferrites are generally stable under a wide range of reaction
conditions, and their magnetic properties can make separation and recovery of the catalyst
relatively easy, enabling their reuse in catalytic reactions
Tunable properties: Ferrites have tunable size and shape which can be achieved by adjusting
the composition of the ferrite and synthesis methods. The morphology and size of ferrites will
greatly influence the catalytic activity of the materials when used as catalysts. Thus enables the
design of catalysts with specific activity and selectivity.?*
1.1.4.3. Literature on unmodified ferrites and mixed ferrites for catalytic applications
Many research groups have synthesized efficient and magnetically reusable CuFe2O4
as a catalyst for various applications such as production of B, y-unsaturated ketones from acid
chloride and allyl bromide/cinnamyl chloride,?® oxidation of alkenes to epoxide or aldehyde,?
C-O coupling in Ullmann reaction with aryl halides and phenols. The oxidative coupling

reaction with an aryl halide is said to be made easier by Cu(ll) being more active than Cu(l) in
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CuFe 042" It was used as a catalyst for the generation of derivatives of a-aminonitrile using
condensation of different aldehydes with amines, trimethyl silyl cyanides?. It was also used as
a ligand free magnetically reusable catalyst for the synthesis of carbonyl compounds through
oxidative decarboxylation of phenyl acetic acid.?®

NiFe2O4 as a catalyst was developed by many research groups for water gas shift
reaction in industry,®® Claisen-Schmidt condensation between acetyl ferrocene and various
aldehydes,! synthesis of polyhydro quinoline derivatives.®2

CoFe;O4 was synthesised as a magnetically recoverable nanocatalyst for aldol
condensation of different aromatic aldehydes and acetophenone derivatives, for the oxidation
of primary and secondary aliphatic alcohols to produce corresponding carbonyl compounds
using Oxone as oxidising agent in the presence of water.3* It was also used for C-O bond
formation from aryl halides and phenol derivatives.®® CoFe.Os was also developed as
photocatalyst for the degradation of methylene blue (MB) and Erythrosin B.*® There were many
other unmodified ferrites used as catalysts for different organic application and photocatalytic
applications.t®

Many mixed ferrites were also used as catalysts/photocatalysts for different reactions.
To name few, CoMno2Fe1804 for the generation of aromatic amines from nitroarenes and the
reaction was studied by UV-visible spectroscopy®’ and CoxZnixFe204,% CoMnyFez-x0a,¥
NixMni.xFe204,%° were developed by different synthesis methods as mixed ferrite

photocatalysts for the degradation of MB under different reaction conditions.

1.1.4.4. Modified ferrite based materials as heterogeneous magnetic nanocatalyst

As mentioned above, bare magnetic spinel ferrites can be used as such for numerous
applications such as catalysts for organic transformations and photocatalysts for dye
degradation and organic reactions. Sometimes, due to the instability and hydrophobic
behaviour of bare magnetic NP’s, they try to agglomerate in the absence of any surface coating.
This results in decrease in surface energy with subsequent reduction in its activity for a specific
application. So as to impart stability to magnetic NPs during their use or after their usage in
organic transformations, surface functionalization with organic or inorganic materials is the
best suggested and reported method.**#? Thus, surface functionalization of nanoferrites is an
important step in the development of nanosystems for diverse applications. Because it reveals
the intended use and enables the regulation of the physical and chemical processes at the
surface due to synergistic effect of ferrite and modifier, which can be used to tune a number of

magnetic, optical, and electrical properties of ferrites.
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It can be done by in situ functionalization of synthesized ferrite NPs or post synthetic
surface functionalization of obtained ferrite NPs depending on the type of synthesis method
used. The presence of surface transition metal d-orbitals function as Lewis acids in the presence
of donor ligands. It is a key characteristic that enables surface functionalization of the ferrite
with polymers, ligands, carbonaceous materials, siliceous materials etc. and thus act as best
catalytic support.** The advantages of surface modification of ferrites and use of surface

modified ferrites in chemical catalysis and photocatalysis for various applications is shown

~

schematically in the Figure 1.5.
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Figure 1.5 Surface modified ferrites for chemical and photocatalysis
Reports say that the surface modification of nanoferrites is done to immobilize

catalytically active metal NPs that are usually expensive, non-separable and moreover undergo
agglomeration thus decreasing the catalytic activity. In such cases, ferrites act as a best solid
support and also a magnetic core of the catalyst making the recovery of the catalyst easy. In
recent reports, the surface modification of the nanoferrites was performed with ligands with
subsequent immobilization of metal NPs on its surface to deploy them as efficient
heterogeneous magnetic nanocatalysts for organic transformations.*4546

Thus, the modification/functionalization of ferrite NPs can be achieved by following ways
to attain wide range of applications and selective activity.

I By immobilisation of various active metals

ii. Supporting various ligands on its surface to synthesize important chemical

compounds

iii. Immobilization of metal NPs on surface of ferrite NPs via linkers and ligands

10
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iv. Formation of ferrite core-shell materials using other surface modifiers
Modification of surface of spinel ferrite NPs with other active nanometals is of interest
for catalysis because it enhances the catalytic activity and selectivity. This can be achieved by

direct immobilization of active metal NPs on its surface.

1.1.4.5. Literature on surface functionalization of spinel ferrites

In the area of heterogeneous catalysis, ferrite-based catalysts with ferrite as a support
are evolving as more and more useful materials for the establishment of sustainable procedures.
This method has made it possible to perform a wide variety of organic transformations, such
as C-C, C-S, and C-O coupling reactions, alkylation and oxidation processes, asymmetric
synthesis, Mannich type reactions, and others.

Many research groups have developed active metal immobilized spinel nanoferrites as
catalysts to enhance their activity for a specific application. To mention few reports, Pd
substituted ZnFe.O4 for Heck and Suzuki cross coupling reactions under ligand free
circumstances,*’ Pd-NiFe;O4 for Sonogashira cross coupling reactions,*® FezOs-Ni for the
reduction of carbonyl and nitro compounds,*® Cu-NiFe,Ox for the preparation of aryl amines
from nitroarenes mediated by NaBH4.%° For the first time, Ni-CoFe,O4 was used in the C-O
coupling reaction between phenol derivatives and aromatic halides,*® and Pd-CoFe,04 was
developed for Suzuki coupling reaction without ligand.>* There are plenty of active metal
immobilized spinel ferrites reported with enhanced activity and selectivity in organic
transformations. Besides this, to make the catalyst selective and active for a specific organic
transformation the alteration can be adopted in the catalyst at the selection of nanoferrite and
at the selection of metal NPs. Fe3O4-Pd was prepared for carbonylative Sonogashira coupling
reaction,®? FesO4-Ni for reduction of nitro aromatic compounds,*® Fe304-Co for oxidation of
alcohols,* Fe304-CuO for Manich type of reaction,> Fes04-PdO for cross coupling Suzuki-
Miyaura reaction,> FesOs-Ru,0s3 for alkylation of aromatic amines and synthesis of aromatic
imines.*

To enhance the effective binding, post synthetic modifications using organic ligands®’
and other materials is done which allow the effective adsorption of active metal NPs that result
in enhanced reactivity compared to the corresponding homogeneous catalyst.>® To name few
such nanocatalysts, Fes0s@Guanidine-Pd was reported as an efficient catalyst for Suzuki-
Miyaura cross coupling reactions of aryl halides using phenyl boronic acid,** nanoferrite-
glutathione was used for Paal-Knorr reaction for the synthesis of aryl, alkyl and heterocyclic

amines.”® Nano-FeDOPACu bimetallic catalyst was used for C-S coupling of Aryl halides

11
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with thiophenol® whereas by changing the anchoring ligand from dopamine to glutathione it
results to form NanoFe-GT-Cu. It was observed to show activity for the Huisgen cycloaddition
(azide alkyne cycloaddition) reaction.®? Nano-Fes0s-DOPA-SnO, was used as heterogeneous
magnetically recoverable catalyst for greener synthesis of dihydroquinazolinone derivatives
using water as a solvent.®? Fes0.@SiO.-Ru was developed for hydration of nitriles,%
mesoporous silica supported iron oxide NPs for oxidation of alkene using H20- in aqueous
medium.%  Immobilization of Ru(ll) complex was done on Fes3Oa4 support for asymmetric
hydrogenation of aromatic ketones with high activity and enantioselectivity and FesOs-DOPA-
Pd was used for hydrogenation reactions.%® By changing the ferrite support to NiFe2O4in the
above catalyst with the same linker dopamine, the resulting catalyst NiFe204-DOPA-Pd
worked very well for Suzuki and Heck C-C coupling reactions.®® A research group have
developed various catalysts by immobilization of various metals like Ni, Pd, Ru on FezO4 using
dopamine as linker and explored its applications.%” From the literature, it is also understood
that activity can be changed by altering the anchoring ligand for the immobilisation of NPs
over magnetic nanoferrite surface and the catalyst can be made selective for a specific organic
transformation.

Further, in designing new catalytic systems, ferrites can be considered as magnetic core
over which other inorganic or polymer is coated as a shell for further immobilisation of metal
NPs resulting in core-shell materials as catalysts to meet the diverse applications. The choice
of core and shell materials depends on the final application. Types of ferrite core@shell
nanomaterials are ferrite@ferrite, ferrite@silica, ferrite@titania, perovskite@ferrite,
ferrite@metal, ferrite@polymer. These different types of ferrite core@shell nano materials can
be used for catalysis, biomedical applications, water purification, photocatalysis, sensors, etc.
Many ferrite@core shell nanostructured materials were reported for desired applications.®®

Based on the latest development in the field of catalysis, it is worth noting that ferrite
based nanocatalysts is a growing field of research with green chemical approach in organic
synthesis and transformations. It is reported and realized that the future lies in the design and
development of novel magnetically recoverable, heterogeneous nanocatalyst supported on

spinel ferrite/Fes04 NPs system with outstanding applications in organic synthesis.

1.1.4.6. Photocatalytic applications of nanoferrites
Another important observation from the above-mentioned literature is that spinel

ferrites have low band gap and thus behave as good semiconductors. Hence, they find
applications in photocatalysis as photocatalysts.®*’® The magnetic nanoferrites show good
potential in the photocatalytic degradation of pollutants and photocatalyzed organic reactions

12
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due to their low band gap, high chemical stability, ease of preparation, surface modification,
and above all strong magnetic nature for their easy recovery from the reaction mixture.
Two important reactions in photocatalysis are
I Generation of electron-hole pair by absorption of light (photogenerated €™ -h™ pair)
ii. Photogenerated e -h™ pair separation
In the process of photocatalysis, these photogenerated e™ are responsible for reduction
of organic molecules and h* are responsible for their oxidation. Due to the low band gap in
ferrites, there is a possibility of e -h™ pair recombination, thus affecting the photocatalytic
activity if the ferrite is used as the only component of the catalyst. To address this fact, it is
reported that integration of high band gap materials such as TiO2, ZnO, ZnS etc with the low
band gap nanoferrites will tune the band gap for visible light absorption. The resulting material
can be used as magnetically retrievable, visible light active, core-shell photocatalyst (ferrite as
magnetic core and other material as shell) for the degradation of many organic pollutants. To
further improve the selectivity and activity for a particular organic transformation, surface of
the core-shell can be functionalized by other materials and catalytically active species as
described under section 1.1.4.4.

1.1.4.7. Literature on ferrite based core-shell nanophotocatalyst in dye degradation and
organic transformations
Many reports are available on the application of ferrite based core-shell nanophotocatalyst

for the successful degradation of toxic dyes such as methylene blue, methyl orange, rhodamine
B, azo dye, congo red, etodolac, ofloxacin etc.”>"?>"® The reports on magnetic photocatalysts
for various organic transformation is scarce which can be explored by ferrite based surface

functionalized nanophotocatalyst.

1.2. Scope of Research Work

The modern chemical industries significantly demand the need for sustainable and
affordable synthetic techniques following a greener approach in organic synthesis for
synthesizing useful products. The goal of this work is to create new, effective and cost-
effective reusable catalysts that may be employed for said purpose in chemical industries.
Based on the aforementioned background and literature reports, the main objective of this
research is to synthesize and explore potential applications of the MNCs to satisfy the needs of
the chemical industry. Substantial advancement has been achieved in the development of
functionalized MNCs, which offer the same or improved reactivity as comparable
homogeneous catalysts. These facts motivated us to develop a few surface-modified ferrites as

heterogeneous magnetic nanocatalysts and to explore their applications in chemical catalysis
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under ambient conditions and photocatalysis under sunlight irradiation for a few important
organic transformations that are useful in the chemical industry.
1.3. Objectives
Based on the aforementioned facts, different ferrite based heterogeneous nanocatalysts
were proposed to develop for different organic transformations with the following objectives.
» To synthesize magnetically recoverable ferrite based heterogeneous nanocatalysts for
their application in chemical catalysis and photocatalysis for organic transformations
» To characterize the synthesized catalysts using analytical techniques such as XRD,
FTIR, SEM, FESEM, TEM, EDAX, XPS, VSM, UV-Vis DRS, ICP-OES etc.
» To study their applications in organic transformations such as
= Coupling reactions (C-C, C-N, A3

» Suzuki coupling reactions
» Sonogashira coupling reactions
» Chan-Lam coupling reactions
> A3 coupling reactions

= Aromatic C-H activation

= Reduction of nitroaromatic compounds
» To investigate the multifunctional behavior of the catalyst
» To investigate the magnetic recoverability of the catalyst

» To investigate the reusability and stability of the catalyst

1.4. Methods of synthesis

The properties of NPs depend on chemical composition, particle size, and morphology
and can be tuned by working at their size and chemical composition. It is reported that the
chemical and physical properties of spinel nanoferrites depend on the synthesis methods and
conditions. Hence, the selection of a suitable method plays a vital role in tuning the properties
to get spinel nanoferrites and other ferrite based materials with remarkable properties to suit a

selective application.”
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Many attempts have been made to alter the size, shape, composition, and structure of
ferrites that influence their properties. This is achieved by adopting different synthesis methods
with different synthesis conditions like calcination temperature, concentration of reactants, pH,
stirring speed, type of dopant, duration etc.” A noble synthesis technique must result in NPs
that are well dispersed, homogeneous in size with good crystallinity. To make the process
sustainable, it should use non-toxic reagents, low temperatures and be associated with simple
scalable operations. Some of the most common and important synthesis methodologies used
for the synthesis of spinel nanoferrites and their associated materials are shown in the Figure

1.6. Outlines of the common synthesis methods are discussed below.

Sonochemcial

/' Syntheis
methods of
nanoferrites

Hydrothermal
\ or solvothermal

Micro-
emulsion

Figure.1.6 Synthesis methods
1.4.1. Sol-gel method

Sol-gel method is a simple, low temperature process that produce fine, highly dense,
homogeneous ferrite NPs with single phase morphology. This method involves the use of
metal salts or metal alkoxides as precursors which undergo hydrolysis and condensation. A
standard process involves dissolving metal salts or metal alkoxides in a small amount of water,
mixing them, and then adding an appropriate organic fuel (chelating/complexing reagent) such
as citric acid, urea, or glycine. In order to improve the metal ion binding to citrate ions, the pH
of the solution has been adjusted to ~7 by adding ammonia solution. Then the reaction mixture
is heated to 70 °C to form the sol. It is further heated to 110 °C where a nitrate-fuel gel
formation occurs. On further heating, initiation of autocatalytic self-combustion process of gel

occurs and finally forms a loose fluffy powder which is further subjected to calcination to form
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final material. The kind of organic fuel, fuel to oxidizer ratio, concentration of precursors, pH,
rate of stirring, heating rate, calcination temperature, etc will affect how well ultrafine high
purity powder is synthesised. Citric acid is used most frequently as organic fuel in the synthesis
of large number of spinel ferrites.8

1.4.2. Thermal Decomposition

Another straightforward way for creating spinel ferrite NPs is thermal decomposition,
which yields monodispersed particles with high crystallinity and small particle sizes. This
process relies on the thermal decomposition of metallic precursors in an organic solvent with
a high boiling point while stabilising it with surfactant. Surfactant act as protective coating on
NPs, minimizing their agglomeration and improve the properties of material such as size,
porosity, specific surface that control their magnetic properties.

Typically, an inert atmosphere is used to combine the organic solvent, surfactant, and
metallic precursors on a magnetic stirrer. To create monodispersed spinel ferrites, the mixture
is heated for a sufficient amount of time up to 350 °C. The mixture is cooled, the components
are separated, and then it is repeatedly washed with ethanol/acetone before drying overnight.

Fine particles size can be obtained, but, maintaining the temperature is difficult task.”

1.4.3. Co-precipitation method

Co-precipitation method is a facile, convenient, cost-effective, widely used process
with less reaction time for the synthesis of ultrafine spinel nanoferrites as it produces the
material with uniform particles size. The principle involved in this process is the combined
precipitation of aqueous solution consisting of inorganic salts by increasing the pH of the
solution. The ability to alter the reaction temperature, stirring rate, solution pH, solution
concentration, and addition of alkali allows for precise control of the particle size, shape, and
homogeneity. One of the limitations associated with this method is relatively broad size
distribution of the particles and poor crystallinity.

The typical procedure involves the addition of stoichiometric amounts of desired
inorganic salts (chlorides, sulphates, nitrates) in water with continuous stirring in an alkaline
solution (NH4+OH or NaOH). pH of the solution is adjusted in the range of 7-12 with constant
stirring. Mixture is heated between 60 and 100 °C with continuous stirring for an adequate
amount of time to cause precipitate to form. The precipitate is collected employing an external
magnet owing to the magnetic nature of the ferrite, then washed and dried. To increase the

crystallinity, the resulting precipitate is subjected to calcination.’®
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1.4.4. Micro-emulsion method
This method gains attention in the synthesis of spinel ferrite NPs due to its excellent

particles size, shape, uniformity and good control on dispersity. This method can provide
particles with extremely small size. In the procedure, two immiscible liquids that are stabilised
by surfactant molecules are dispersed. This method employs normal micellar method (oil-in-
water) or reverse micellar method (water-in-oil). This technique involves mixing metal salts, a
surfactant, water (a polar solvent), and a non-polar solvent in a set stoichiometric ratio to create
an emulsion mixture. Surfactants that are widely used are sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) and tri methyl ammonium bromide (CTAB) while n-butanol or
poly(oxyethylene)-4-laurylether are used as co-surfactants. The concentration of them is above
critical micelle concentration (CMC). Isooctane, octanol, n-hexane are used as non-polar
liquids.

In the typical procedure, all the solutions are mixed together with a reducing agent such
as hydrazine, sodium borohydride, sodium hydroxide or ammonia solution and constantly
stirred at 20-80 °C by increasing the pH (9-12). The precipitation occurs, which is separated,
washed, dried in an oven and subjected to calcination. Then it is crushed and ground to form
fine product. Major drawback of this method is the poor crystallinity of spinel ferrites, need of

large amounts of solvents.”

1.4.5. Hydrothermal or Solvothermal method

It is one of the most environmentally friendly synthesis techniques since it uses either
an agueous or non-aqueous solvent to achieve desired particle, shape and size distribution. This
process involves dissolving metal salts in the required stoichiometry in either water
(hydrothermal) or an organic solvent (solvothermal), then thoroughly mixing them using
magnetic stirring. The pH of the solution is raised to 9-12 by adding an appropriate reagent
until a clear solution is formed. The resultant solution is subsequently introduced into an
autoclave made of Teflon-coated stainless steel and heated at 140 to 200 °C for varying lengths
of time to finish the reaction. Depending on the type of NPs, the temperature and reaction time
vary. The generated solid particles are separated, repeatedly rinsed with ethanol and water to
achieve a pH of neutral, and then dried in an oven. Then, in order to produce particles with a
narrow size distribution and a high degree of crystallinity, it is ultimately subjected to
calcination. The chemistry involved in the process is the initial formation of metal hydroxides
which oxidise and convert into crystalline spinel ferrite due to thermal treatment under high
pressures. A good control on the shape, size of the NPs can be had by adjusting the time,

temperature, solvent etc.
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1.4.6. Sonochemical method
It is a new, comparatively efficient, and simple process that produces spinel ferrite NPs

without the usage of expensive, harmful, or dangerous substances. Sonochemistry is the study
of the progress of chemical reaction under ultrasonic conditions where sound waves propagate
via the liquid and results in the formation and collapse of bubbles. Particles experience in-situ
calcination due to high-energy collisions among them. Effective mixing can be attained at the
atomic level due to ultra-sonication so that the crystalline phase can be formed at a relatively
lower temperature. The benefit of this approach is that very small amounts of NPs can be
produced while maintaining good control over the reaction environment and particle size
distribution. Also it is a facile, low cost, safe method with fast reaction time, good phase purity
and an eco-friendly process.”’

The advantages and disadvantages associated with various methods of above described
methods are shown in the following table. Based on the mentioned features in the Table 1.2.,
in the present work we have adopted co-precipitation method, hydrothermal method, and
sonochemical method with appropriate reaction conditions for the synthesis of ferrites and
different ferrite-based catalysts.

1.5. Characterization Techniques

It is understood that the spinel ferrites and surface modified ferrites can be prepared by
different methods which influence the structural and physicochemical properties that enable
them to use for a desired application. Hence proper characterization using modern analytical
techniques is crucial for a better understanding of the properties of these materials at nano
regime. Various analytical characterization techniques used in the current work are

e Powder X-ray Diffraction (PXRD)

e Fourier Transform Infrared Spectroscopy (FTIR)

e Scanning Electron Microscopy (SEM)

e Field Emission Scanning Electron Microscopy (FE-SEM)

e Transmission Electron Microscopy (TEM)

e Energy-Dispersive X-ray Analysis (EDAX)

e X-ray Photoelectron Spectroscopy (XPS)

e Vibrating Sample Magnetometer (VSM)

e UV-Visible Diffuse Reflectance Spectroscopy (UV-Vis. DRS)

¢ Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
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Table 1.2. Advantages and disadvantages associated with methods of synthesis of spinel ferrites

Methods

Advantages

Disadvantages

Sol-gel method

Thermal
Decomposition

Co-precipitation
method

Micro-emulsion
method

Hydro or Solvo-

thermal method

Sonochemical
method

AN NN

ANANERN

Controlled morphology

Small particle size

Low synthesis temperature
Simple method of preparation and
equipment

Better crystallinity
Large scale production
Small size and monodispersity

Facile synthesis

Homogeneous mixing of reacting
substances

Good control on particle size and
homogeneity

Cost effective

Exceptional control over shape
and size

Short temperatures

Excellent control of composition
and particle size

Direct formation of product from
solution

Versatile synthesis process for
numerous catalysts
Easy control over
conditions

Better regulation of particle size
distribution

High purity and high reaction rate
of the compound

reaction

ANAANERN

Lower yield

Release of large amount
of gases

Contamination with
carbonaceous residues

High temperature
Need of toxic and organic
solvents

Low crystallinity
Long time
Need good control on pH

Need of more solvents,
surfactants/cosurfactant
Meagre crystallinity

High pressure required
Need of special reactor
(autoclave)

Slurry is corrosive

1.5.1. Powder X-ray Diffraction (PXRD)
One of the most adaptable techniques for determining material’s crystal structure,

crystallite size, atomic spacing, and analysis of solid phase is the PXRD method. It also

provides information about the lattice constants, the presence of external atoms in the crystal

lattice of the active component of the prepared material. The basis of XRD is the constructive

interference of monochromatic X-rays with the crystalline substance. The XRD spectrum has
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resulted from the interaction of a highly energetic incident X-ray beam with the crystalline
material under test as illustrated in Figure 1.7 by satisfying the condition of Bragg’s law®

nl = 2dsinf
Where n = order of reflection
A = wavelength of incident X-rays
d = inter planar distance
6 = angle of incidence

N

Figure 1.7 Bragg’s law for X-ray Diffraction
The Powder Diffraction File (PDF) from the International Centre for Diffraction Data

(ICDD) is the global database of experimentally determined powder diffraction patterns that
includes d-spacing, which is used to determine the crystal structure of crystalline materials.
The PDF contains a data set of more than a million unique materials. ICDD was earlier known
as Joint Committee on Powder Diffraction Standards (JCPDS). The crystal structure and other
crystallographic details of the compound under test can be obtained by comparing the observed
XRD data with the standard data as per JCPDS card.

PAN Analytical Advance X-ray Diffractometer with Cu Ko radiation (\ = 1.5406 A) in
a 20 scan range between 10 and 80° was used in the current investigation to record the PXRD
patterns of our synthetic materials. The crystallite size can be obtained from the broadening of

diffracted beam employing Scherer’s formula’

D 0921
~ Bsind

Where D = crystallite size
A = wavelength of x-rays
0 = angle of diffraction
B = Full Width Half Maximum (FWHM) of the diffraction peak
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1.5.2. Fourier Transform-Infrared Spectroscopy (FTIR)

FTIR spectroscopy is an important tool that has been widely used for structural and
compositional analysis of materials. It deals with the variations in vibrational motion by means
of the structural and bending of atoms of a molecule. Absorption spectra in IR region emerge
from the transition between vibrational levels of a molecule in its ground state on irradiation
with IR radiation.

The basic requirement for a vibrating molecule to interact with incident radiation and
result in a transition between two vibrational energy levels is that the molecule should have a
net change in dipole moment during vibration. The magnitude of the dipole moment decides
the intensity of absorption. Some symmetrical molecules do not induce change in dipole
moment which are called as IR inactive as they do not absorb IR radiation.®°

In the current study, FT-IR spectra of various synthesized materials were recorded using
PerkinElmer (Spectrum-100) FT-IR spectrophotometer by KBr pellet method. IR region of
electromagnetic spectrum (12500-10 cm™) is divided into near-IR region (12500-4000 cm™),
mid-IR (4000-400 cm™) and far IR (400-10cm™). The majority of analytical studies are limited
to a portion of the middle IR region encompassing 4000 to 400 cm™™.

1.5.3. Scanning Electron Microscopy (SEM)

SEM is an electron microscope that scans a sample’s surface with a focused beam of
electrons to create images of the material. The signals produced by the electron’s interactions
with the sample's atoms provide information on the sample's surface topography and
chemical composition. By combining the position of the electron beam and the strength of
the signal being detected while it is being scanned in a raster scan pattern, an image is
produced.®

It provides details of the elemental composition, sample exterior morphology, and the
orientation of the materials that make up the sample. Finally, a 3D image is created using the
data gathered over a specific area of the complex. SEM makes it easier to analyze samples
with a resolution as low as a nanometer and magnifies an image up to 2 million
times. In the current study, the morphological traits and chemical composition were recorded
using SEM, Carl Zeiss SMT Ltd., Zeiss EVO 18 equipped with an energy dispersive X-ray

spectrometer.

1.5.4. Field Emission Scanning Electron Microscopy (FESEM)
A FESEM is used to analyze very minute topographic details on the entire surface or

fractioned objects. It is widely used by researchers in biology, chemistry, and physics to

observe structures that are as small as 1 nm. This technique is meant for high-resolution
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imaging of different kinds of materials and the source of current used is field emission that
uses a field emitter gun (FEG) to emit electrons. Thus, SEM which uses FEG as the electron
source is called FESEM and is an advanced technique that offers enhanced magnification to
observe very fine topographies at lower voltage than SEM .82

In the presentstudy, the morphological features and chemical composition are
investigated by a field emission scanning electron microscope (FE-SEM; JEOL JSM-7000F
instrument) integrated withan energy dispersive X-ray spectrometer (EDS). The schematic

of the working of SEM is shown in Figure 1.8.83

1.5.5. Transmission Electron Microscope (TEM)

It is an electron microscope which use a broad beam of electrons that transmits
through the sample and generates an image of the internal structure of the sample which
details the morphology, composition, and crystal structure.®® The sample should be very thin
~ <150 nm thick so as to allow the electrons to transmit through them. TEM is an
advantageous technique over other electron microscopes as it generates high resolution
images, provide crystallographic and atomic data and create a 2D image that is easy to
interpret. In the current study, the high-resolution morphology of the synthesized materials
is examined by using TEM; JEOL/JEM-2100 instrument operated at 200 kV. The schematic
of working of TEM is shown in the Figure 1.8.3
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Figure 1.8 Working of SEM and TEM

1.5.6. Energy-Dispersive X-ray Analysis (EDAX)
It is a technique when combined with electron microscopes such as SEM, FESEM

provides elemental analysis of the sample on very small areas of nm size and the overall
positional mapping in it. In this technique, an electron beam with high energy ~10-20 KeV
strikes an atom’s inner shell, it knocks an electron out and creates an electron hole of positive
charge. When one electron is displaced, the vacancy is filled by drawing another electron from
an outer shell. This energy difference can be released as an X-ray as the electron moves from
the outer, higher-energy shell to the inner, lower-energy shell of the atom, as shown in Figure
1.9. The energy of the emitted X-ray is unique to the particular element and transition and
provides the elemental composition of the material or areal distribution of elements based on
the scanning ability of the electron microscopes.?
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Figure 1.9 Energy-dispersive X-ray Analysis

1.5.7. X-ray photoelectron Spectroscopy (XPS)
The term "Electron Spectroscopy for Chemical Analysis" (ESCA) is another name for

X-ray photoelectron spectroscopy (XPS). It is a method for examining the chemistry of a
material's surface. Using this tool, elemental composition at the parts per thousand ranges along
with the chemical and electronic state of the elements that exist within the material can be
measured. Along with the information about the type of elements present, it also shows the
other elements to which they are bonded. It is used to analyse inorganic compounds and
catalysts etc. XPS technique is based on the photoelectric effect. In this technique, when the
sample is irradiated with X-ray, the electrons are ejected from the surface and the binding
energy of electrons can be given by photoelectric effect equation®
Ebinding = Ephotons-(Ekinetic+()

Where Ebpinding = electron’s binding energy

Ephoton = X-ray photon’s energy

Exinetic = electron’s kinetic energy

¢ = a small instrumental correction factor

Atoms with higher positive oxidation states exhibit higher binding energies due to the
enhanced coulombic interaction between the photo-emitted electron and the core ion. The
ability of the XPS technology to distinguish between various oxidation states and chemical
environments is one of its main advantages. The spectrum is obtained by plotting the emission
intensity on the ordinate and electron binding energy on the abscissa. The location of XPS

peaks provides information about the surface chemistry composition of the sample. Moreover,
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the magnitude of the peaks correlates with the amount of the element present in the analyzed
area. Thus, the technique offers a quantitative analysis of the surface composition. In the
present study, the XPS spectra of synthesized materials are recorded on the Kratos/Shimadzu
Amicus, Model: ESCA 3400.

1.5.8. Vibrating Sample Magnetometer (VSM)
It is an analytical technique that measures the magnetic properties of nanostructured

materials. VSM data describes the size-dependent magnetic properties of the sample as a
function of the applied magnetic field at ambient temperatures to describe the field dependent
magnetic properties of NPs. The basis for the working of VSM is Faraday's law of
electromagnetic induction, which states that a changing magnetic field produces an electric
field that can be measured.®® The sample is subjected to a steady magnetic field during the
measurement. The applied magnetic field will magnetize the sample if it is magnetic because
the magnetic domains will be properly aligned with the field. Larger magnetization results from
a stronger constant field. By controlling and monitoring the software, the system provides
information on how much the sample is magnetized and how magnetization varies depending
on the strength of the magnetic field. For a specific field strength, the signal received from the
probe is converted into magnetic moment of the sample. A plot of magnetization against
magnetic field strength is produced when a constant magnetic field varies across a certain
range, called a magnetic hysteresis loop or M-H loop as shown below in Figure 1.10.
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Figure 1.10 Magnetic hysteresis loop
Various magnetic parameters obtained from the M-H loop are coercivity (Hc),
saturation magnetization (Ms), and remanent magnetization (M or Br). Ms is the state where
there is no further increase in magnetization with an increase in the applied field. It is a
characteristic of ferromagnetic materials. M is the ability of the material to continue to be
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magnetic when the magnetic field reaches zero. A field with the opposite direction must be
applied in order to reduce My to zero. Hc is the magnitude of the field necessary to reduce the
sample's magnetization to zero.

In the present work all the synthesized catalysts are ferrite based materials that show
ferromagnetic behaviour due to which they can be magnetically recovered. To establish their
magnetic nature VSM measurements were performed using VSM, Lake Shore, Model: 8600

Series.

1.5.9. UV-Visible Diffuse Reflectance Spectroscopy (UV-Vis. DRS)
It is a widely used technique to study the optical properties of the solid or powder

samples such as transmission, absorption, emission, reflection, refraction, diffraction, and
scattering effects by its interaction with electromagnetic radiation. In this technique, when a
powdered sample is exposed to UV or visible light, the light can reflect in all directions. In
diffuse reflection, a portion of the light enters the interior of a solid sample, interacts with the
structure and composition, and returns to the surface. As a reference standard, barium sulphate
(BaSO4) must be recorded before any other powder sample.®” In the present study, UV-Vis-
DRS studies of the synthesized materials were performed using Analytik Jena, SPECORD 210
PLUS at RT.

The ferrites behave as semiconductor materials with a reasonable band gap and can be
utilized for photocatalytic applications. This technique is adopted, to find the band gap of the
ferrite based catalyst which is evaluated following the Tauc method using the Tauc relation

(ah9) = A(h9 — E,)"

Where A = constant
h = Planck’s constant
9 = Frequency of light
a = absorption coefficient
E, = Band gap energy
n is a variable that depends on the type of optical transition resulting by photon absorption.

A typical Tauc plot show the variation of (ah9)? vs hd as shown in Figure.1.11
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Figure 1.11 Tauc plot
Drawing a straight line (Tauc line) to the linear region of the optical spectrum and
extrapolating will intersect the energy (hv) axis which is termed as Band gap energy. The value
of a was determined using Kubelka Munk function as shown below®
LRy
2R
Where «a is the reflection coefficient of the sample, R is the reflectance.

In the present work, the band gap energy of ferrites and ferrite based photocatalysts were

determined using UV-Vis. DRS spectroscopy.

1.5.10. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
The components of a sample are identified and quantified using this analytical

approach. This method's fundamental principle is based on the observation that atoms and ions
absorb energy when they move electrons from the ground state to the excited state. The source
of the energy for this purpose is heat from an argon plasma which operates at 10,000 Kelvin.
Those excited atoms return to their normal low energy state by releasing energy (or photon).
Spectrometer measures the spectrums of these photons and it is possible to identify elements
based on their individual spectrum and a value is assigned to them.®

ICP-OES helps to determine the real active metal content in the catalyst and also ICP-
OES elemental analysis of the recovered catalyst gives information about the leaching of the
metal if any. In the current study, ICP-OES analysis of the recovered catalyst was made with
PerkinEImer Optima 5300 DV.
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Chapter-I1
Palladium-Supported Polydopamine-Coated NiFe.Os@TiO-: A Sole
Photocatalyst for Suzuki and Sonogashira Coupling Reactions under

Sunlight Irradiation
2.1. Introduction

Solar energy has considerable potential as a green energy resource owing to its
superabundance, cost efficiency, and non-polluting nature. The use of sunlight to carry out
chemical reactions, frequently named as photo-catalysis, is a significant method to harness
solar energy.' It shows good potency in a number of chemical processes such as
photocatalytic degradation of pollutants, photocatalyzed organic reactions in the presence of
various nanostructures, and so forth.*® Two important phenomena in the photocatalysis
process are efficient photogeneration of the electron—hole (¢ —h*) pair and their separation.”®
The use of photo-generated holes or electrons for oxidation or reduction of organic molecules
IS an important aspect in light-driven chemical reactions. Regardless, the simultaneous
application of both the photo-generated e — h* pairs for organic chemical reactions provides an
outstanding catalytic perspective for cost-efficient and environmentally benign synthesis. Very
limited reports are available on this aspect, and it has grabbed the attention of researchers to
take it as a challenge in synthetic organic chemistry.” !

Organic reactions involving C—C bond coupling (Suzuki and Sonogashira) are
extremely significant with convenient approaches in synthetic organic chemistry in the
preparation of natural products, pharmaceutical drugs, functional conjugated organic molecular
materials, and so forth.!>”!> The traditional way of carrying out coupling reactions is the
homogeneous catalysis using Pd/Pd complexes.*® The notable limitations associated with the
homogeneous Pd/Pd complex catalyst are its non-reusability, air and water sensitivity, and
product contamination by residual Pd/ligands, thus making it inseparable.!’” These limitations
accompanying the homogeneous catalysis motivated the scientific community to develop novel
approaches in the form of heterogeneous catalysis with a focus on catalyst recovery and
reuse.'® 2! Thus, development of eco-friendly heterogeneous photocatalysts for various organic
coupling reactions with excellent stability, reusability, separability, and activity under ambient
reaction conditions is crucial for synthetic organic applications.?2?

For the efficient harvesting of solar energy, several photocatalysts have been developed.
TiO2 is a well-known photocatalyst, but its usage is restricted due to a wide band gap (3.2 eV)
that falls in the UV region. Due to environmental concerns, there is an exigency to perform the

photocatalytic activity under visible light irradiation.?* 26 Consequently, the photocatalyst that
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absorbs visible light and that can be easily separable from the reaction mixture is the immediate
priority. Incorporating magnetic materials into solid matrices is the best choice that enables the
integration of prominent methods for both photo-catalysis and magnetic separation.?” Among
the magnetic materials, spinel ferrites have extraordinary properties such as a low band gap,
good stability against photo-corrosion, unique superparamagnetic nature, easy preparation, low
cost, high adsorption capacity, and so forth.?22 Among the magnetic spinel ferrites, NiFe2Oa, as
an n-type semiconductor with a low band gap (~1.63 eV), has attracted much attention due to
its effective light absorption capacity and stable physical and chemical properties. In
accordance with the aforesaid facts, it is expected and reported that the integration of TiO>
(high band gap) with NiFe204 (low band gap) leads to a core—shell material with a tuned band
gap for visible light absorption. The resulting material thus possesses better magnetic
separability for use as a good photocatalyst.2%3°

To make this photocatalyst suitable for Suzuki and Sonogashira coupling reactions, we
propose to incorporate Pd nanoparticles (NPs) onto the NiFe2O.@TiO2 core@shell material
owing to the effectiveness of Pd in catalyzing the coupling reactions. For the past few years, it
has been reported that the supported Pd NPs have been explored to be a substitute for Pd
complexes as a catalyst to overcome its limitations.?'>* For good binding of Pd particles on
the surface of the catalyst, it is an established fact that polydopamine (PDA) could be used as
a universal surface modifying agent. It is because of the fact that PDA can form coordinate
bonds with transition metal ions via its N- and O- binding sites, and metal ions can easily be
reduced to metal NPs. Thus, it results in the formation of metal-supported PDA that could be
used as an effective catalyst.>>>’

Reports on the availability of a sunlight-driven sole magnetic photocatalyst under
ambient conditions for both Suzuki and Sonogashira coupling reactions are scarce. Hence, in
the present work, it is proposed to synthesize Pd(0) NPs supported on PDA-coated
NiFe204@TiO2 (NiFe204@TiO2@PDA-Pd) as a nanophotocatalyst for C—C coupling
reactions. Pd(0) NPs can be supported on the NiFe;O4@TiO.@PDA material via a simple
method involving mixing of Pd(Il) ions with NiFe:0,@TiO.@PDA followed by their
reduction with sodium borohydride. In Suzuki and Sonogashira coupling reactions, this catalyst
is expected to exhibit effective photocatalytic activity under sunlight absorption and is
validated in the present work. Furthermore, the NiFe:0s@TiO.@PDA-Pd can be easily
separated with an external magnet for its reusability, without appreciable loss in catalytic

efficacy.
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2.2. Experimental Section

2.2.1. Materials
Ferric nitrate (Finar, 99%); nickel nitrate (Finar, 99%); titanium(IV) isopropoxide

(Sigma-Aldrich,99%); dopamine hydrochloride (98%); PdCl, (Sigma-Aldrich, 99%); NaBH4
(Finar, 99%); NaOH (Finar, 96%); HNOs (Finar, 69%); methanol (MeOH, Finar, 99%); ethanol
(EtOH, Finar, 99%); ethyl acetate (EtOAc, Finar, 99%); and n-hexane (Finar, 98%);
ammonium oxalate (AO); K2S20s were used as starting materials, and double distilled (DD)

water was used all through the experiments.

2.2.2. Synthesis of NiFe204 NPs
Nickel ferrite (NiFe204) NPs were synthesized using the hydrothermal method. In this

method, Ni(NOz).:6H20 and Fe(NOz3)3-9H20 were taken in a 1:2 molar ratio and dissolved in
40 mL of DD water. A clear solution was obtained after 15 min of stirring at room temperature
(RT). The pH of the solution was adjusted to 12 using 2 M NaOH solution with continuous
stirring for 30 min. The resulting solution was placed in a stainless-steel autoclave and was
heated at 180 °C for 12 h. Then, it was allowed to cool to RT. The attained product was washed
three times with DD water and ethanol, followed by drying in an oven at 60 °C. Finally, it was

subjected to calcination at 800 °C for 2 h. Thus, NiFe204 NPs were prepared.

2.2.3. Synthesis of NiFe20:@TiO2 (core@shell) NPs
Initially, 1 g of synthesized nickel ferrite (NiFe204) was dispersed in 50 ml of methanol.

The mixture was magnetically stirred for 15 min. 2.5 g of titanium tetraisopropoxide [yield of
TiO> (anatase): 1 g] was then introduced into the mixture and stirred for 10 min, followed by
the addition of 10 mL of DD water. After 10 min, HNO3z was added slowly to maintain the pH
of the solution at 2. The resulting solution was continuously stirred for 90 min which then turns
into a gel-like material. The gel was dried in an oven at 60 °C for 1 h, ground into a fine powder
and then calcined at 500 °C for 2 h. NiFe204@TiO2 NPs were thus prepared.

2.2.4. Surface Modification of NiFe204@TiO2 with PDA
1 g of synthesized NiFe:Os@TiO> NPs was added to 500 mL of Tris buffer (10 mM,

pH 8.5). 1 g of dopamine was then introduced into the resulting solution. The resulting mix
was mechanically stirred at RT for 24 h. During the process, dopamine was polymerized to
PDA and got coated over NiFe204@TiOg, resulting in the formation of NiFe 0@ TiO2@PDA
NPs. PDA-coated NiFe2O4@TiO2 was separated employing an external magnet at the end of
the reaction and was washed with DD water and ethanol, followed by drying in an oven at 40
°C to form the surface-modified NiFe,0.@TiO2 with PDA.
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2.2.5. Synthesis of the NiFe204@TiO2@PDA-Pd Catalyst
1 g of synthesized NiFe.O4@TiO.@PDA was dispersed in 200 mL of DD water for 20

min. Subsequently, 0.05 g of PdClI, in 20 mL of water was introduced into the reaction mixture
with stirring for 24 h. Consequently, with vigorous stirring, 0.05 g of NaBH4 was added to the
reaction mixture. During the process, Pd(I1) got reduced to Pd(0) and deposited on NiFe,Os@
TiO2@PDA. After 1h of stirring, the resulting Pd-supported NiFe:0:@TiO2@PDA
(NiFe204@Ti10.@PDA-Pd) was isolated with the aid of an external magnet, washed
thoroughly with DD water, and then dried at 60 °C under vacuum for 12 h.

2.2.6. Photocatalytic Suzuki Coupling Reaction
The photocatalytic activity of the prepared catalyst for a typical Suzuki coupling

reaction (SCR) between aryl halides and arylboronic acid was investigated. In this process, aryl
halides (1 mmol), arylboronic acid (1.5 mmol), K>COz (2.5 mmol), and the
NiFe.04@TiO.@PDA-Pd catalyst (5 mg) were mixed in a round-bottom (RB) flask with 3 mL
of EtOH and H»0 as a solvent in a 1:1 volume ratio. The reaction mixture was continuously
stirred under direct sunlight from 11.00 am to 3.00 pm. The spectral distribution of natural
sunlight comprise of 3-55 OF UV radiation (290-400nm), 44% of visible ration (400-700nm)
and 53% of infrared radiation (700-1400nm). As the synthesized catalyst is visible light active,
it works well by absorbing the visible light from the sun. The intensity of the sunlight will
influence the rate of reaction. It is reported that higher light intensity will affect the
recombination mechanism thus effecting utilization of electrons. The average intensity of the
sunlight was measured to be 50—60 mW/cm? using a Newport Optical Power Meter (model
842.PE) with an average outdoor temperature of 30 °C. In the present study, moderate intensity
of the sunlight was observed which will not affect the catalytic activity and the catalyst worked
well. On completion of the reaction [as confirmed by thin-layer chromatography (TLC)], the
catalyst was isolated by simple means with the aid of a magnet. After being extracted twice
with ethyl acetate, the products were purified using column chromatography. Each reaction
was performed two times and the average of the yield was reported. *H and *C NMR spectral

analysis was performed to analyze the products.

2.2.7. Photocatalytic Sonogashira Coupling Reaction
The photocatalytic performance of the prepared catalyst for a typical Sonogashira

coupling reaction between aryl halides and arylacetylene to yield diarylacetylene was
investigated. In this experiment, aryl halides (1 mmol), arylacetylene (1.3 mmol), K2COs (2
mmol), and the NiFe:0.@TiO.@PDA-Pd catalyst (10 mg) were mixed in an RB flask with 3

mL of the EtOH solvent. The reaction was continuously stirred under the irradiation of sunlight
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at an average outdoor temperature of 30 °C. On completion of the reaction (as confirmed by
TLC), the catalyst was set apart with the aid of a magnet. After being extracted twice with ethyl
acetate, the products were purified using column chromatography. Each reaction was
performed two times and the average of the yield was reported. *H and *C NMR spectral
analysis was performed to analyze the products.
Catalyst recovery

The magnetic nanocatalyst was isolated from the reaction mixture for further use by
holding the magnet externally to the reaction vessel. Consequently, the catalyst got stuck to the
wall by external magnet and the reaction mixture was decanted into another container. The
retained catalyst in the vessel was washed with DD water and ethanol for three times, dried (at
60 °C overnight) and was used in the next run. 99% of the catalyst was fully recovered with
minimal loss of the catalyst. This can be understood by the fact that the recovered catalyst was

reused further in the reaction where it has shown almost the same activity.

2.2.8. Characterization of the Catalyst
Powder X-ray diffraction (PXRD) analysis of the synthesized materials (NiFe2Oa,

NiFe20:@TiOz, and NiFe20:@TiO,@PDA-Pd) was carried out on a PAN Analytical Advance
X-ray diffractometer with Ni-filtered Cu Ka (A = 1.5406 A) radiation in a 26 scan range
between 10 and 60° to assess the crystalline nature of the catalyst. The Fourier-transform
infrared (FT-IR) spectrum for all the materials was recorded in the range of 4000—400 cm*
using the PerkinElmer Spectrum by KBr pellet technique. The surface morphology of the
synthesized photocatalyst was examined using scanning electron microscopy (SEM, Carl Zeiss
SMT Ltd., Zeiss EVO 18), transmission electron microscopy (TEM), and selected area electron
diffraction (SAED) (TEM, Jeol/JEM 2100 at 200 kV). X-ray photoelectron spectroscopy
(Kratos/Shimadzu Amicus, Model: ESCA 3400) was used to determine the binding energies
of elements in the catalyst. UV—vis diffuse reflectance spectra of all the materials was recorded
on Analytik Jena, SPECORD 210 PLUS at RT. The magnetic hysteresis curves of the catalyst
were recorded using a vibrating sample magnetometer (VSM, Lake Shore, Model: 8600
Series). Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis was
aimed to ascertain the quantity of Pd in the synthesized nanocatalyst (PerkinElmer Optima
5300 DV). 'H NMR and *C NMR spectra were recorded on an ADVANCED-I11 Bruker 400
MHz NMR spectrometer using CDCls as the solvent and tetramethylsilane as an internal

standard where chemical shifts were mentioned as parts per million (ppm).
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2.3. Results and Discussion

2.3.1. Preparation of the NiFe204@TiO2@PDA-Pd Catalyst
The NiFe20:@TiO@PDA-Pd catalyst was synthesized by a multistep procedure

(Scheme 1). In step I, the NiFe.O4 NPs were prepared by the hydrothermal method. In step 11,
the in situ NiFe.0O4@TiO core@shell structure was prepared via the sol—gel method. In step
I11, NiFe20:@TiO2 NPs were surface-modified by PDA where dopamine was polymerized in
Tris buffer solution (10 mM, pH 8.5) under continuous stirring. Finally, in step 1V, palladium
(0) NPs were supported on NiFe:O4@TiO2@PDA by impregnation of Pd(ll) ions over the
surface of the polymer (PDA) layer followed by its subsequent reduction with sodium
borohydride. This led to the synthesis of the palladium-supported PDA-coated core@shell
nanophotocatalyst (NiFe2Os@TiO.@PDA-Pd). An external magnet was used to isolate the
synthesized photocatalyst, which was then dried under vacuum conditions for further use.
Scheme 2.1depicts the overall synthesis of the nanophotocatalyst.
Scheme 2.1. Preparation Path of the NiFe,O4s@TiO.@PDA-Pd Nanophotocatalyst

I 111
TTIP, H,O TiO, Dopamine
HNO;, pH=2 Tris, pH=8.5
MeOH, RT, 90 min RT, 24 h

Cal 500 °C,2h

1) NaOH, pH=12

I 2) Hydrothermal reaction PdCl, v ;
180°C, 12 h Q=rd NaBHy4 :
3) Calcination RT, 24h
800°C,2h
i Fe(NO3)3.9H,0 7 (T Ni(NO3)-6H,0
2 RN
« q/
H,0

NiFe,0,@TiO,@PDA-Pd |

2.3.2. Characterization of the NiFe204@TiO2@PDA-Pd Catalyst.
The indexed XRD patterns of the synthesized NiFe2Os, NiFe:02@TiO2, and

NiFe:0,@TiO.@PDA-Pd catalyst are shown in Figure 2.1. The broad peaks observed in the
figure reveal the nanoscale range of the particles possessing a small crystallite size. The
observed peaks in Figure 2.1a(l) at 20 values of 18.5, 30.4, 35.8, 37.3, 43.4, 53.8, 57.4, and
63.0° were attributed to (111), (220), (311), (222), (400), (422), (511) and (440) diffractions,
respectively, signifying the formation of single-phase pure crystalline spinel NiFe2O4 (ICDD
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card no. 10—0325). A small peak was detected in the figure at 26 of 33.2° for the NiFe;O4
sample calcined at 800 °C, which corresponds to a small quantity of the impure phase of a-
Fe,O3 that occurs naturally as hematite (ICDD card 33-0664).3 The additional peaks appeared
at 20 of 25.3 and 48.1° along with the diffraction peaks of NiFe>O4 in Figure 1a(ll) attributed
to (101), (200) diffractions of anatase (JCPDS card no. 78-2486), thus signify the formation of
NiFe.0.@TiO2 NPs.*® The diffraction patterns of the catalyst in Figure 2.1a(111) depict that
the crystallinity of NiFe,O4s@Ti102 NPs was intact and not altered despite the PDA coating and
Pd loading as well. Also, Figure 2.1a(l111) has no noticeable peak related to Pd NPs owing to

the presence of low palladium content on the PDA surface.

— (Ill) NiFe,0,@TiO,@PDA-Pd b ——(IV) NiFe,0,@TiO,@PDA-Pd
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Figure 2.1. (a) XRD spectra and (b) FTIR spectra of samples

FT-IR spectra of the prepared samples are shown in Figure 2.1b. Two significant peaks
were noticed in the range of 600—400 cm™* for all the samples that are characteristic of the
spinel structure. The peaks detected at 406 and 596 cm™* correspond to the intrinsic vibrations
of metal ion—oxygen complexes in octahedral and tetrahedral sites in the spinel structure,
respectively, and the peaks around ~1600 and ~3400 cm™* represent the bending and stretching
mode of surface-adsorbed H>O and also the stretching mode of OH groups [Figure 2.1b(l)].
The peaks that appeared at 1505 and 1280 cm ™ in Figure 2.1b(111), which were not seen in
Figure 2.1b(1,111), were attributed to C—C stretching and C—N stretching modes, respectively,
that indicated the presence of —C—C—NH functional groups of PDA. The observed peak at
around ~3390 cm ! indicates the presence of —OH of phenol in NiFe,Os@TiO.@PDA. These
outcomes infer that PDA has been successfully deposited on the surface of NiFe2Os@TiO2 NPs
by its adsorption. In the FTIR spectrum of the NiFe204@TiO2@PDA-Pd nanocatalyst, no

dramatic changes were observed as evident from Figure 2.1b(IV). Meanwhile, the peak
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intensity observed at 1505 and 1280 cm ™ has shifted to a low frequency owing to the bonding

interactions between the PDA functional groups and the Pd NPs. 4041

The surface morphology of the synthesized nanocatalyst NiFe.0.@TiO@PDA-Pd
was observed by SEM images shown in Figure 2.2 a,b that represents a near spherical cluster
like structure of the catalyst. Keen examination of the image depicts the presence of small
particles supported on a continuous layer over a core—shell justifying the immobilization of Pd
NPs on the PDA layer over the NiFe204@TiOz core—shell structure as NiFe204@TiO.@PDA-
Pd. Furthermore, the energy-dispersive X-ray spectroscopy (EDAX) detector attached to SEM
was used to establish the existence of Pd particles over PDA on NiFe:0s@TiO2 NPs. The
SEM— EDX spectrum shown in Figure 2.2c describes the presence of Pd, N, Ti, Fe, Ni, C, and
O elements in the catalyst. Thus, the SEM—EDAX images portray the successful coating of
PDA on NiFe,Os@TiO2 and also effective loading of Pd over the surface of
NiFe04@TiO2@PDA.

Deposition of Pd NPs on the surface of PDA in the catalyst was also confirmed by TEM
analysis. TEM images portray a spherical shape of the NPs in the catalyst, thus the morphology
observed by SEM was further confirmed. The presence of a thin continuous PDA layer around
NiFe20,@TiO2 with a thickness of about 15.24 nm was revealed by TEM image in Figure
2.2d. The thick and uniform distribution of small Pd NPs throughout the PDA surface was
clearly seen in the two TEM images shown in Figure 2.2 e,f. They depicted the magnified
images at 100 and 200 nm, where Pd NPs were homogeneously decorated on the peripheral
surface of NiFe,04s@TiO.@PDA without large agglomeration, inferring that Pd NPs were
effectively immobilized on the surface of PDA. The particle size distribution histogram of the
catalyst which is embedded in Figure 2.2e,f estimated the average size of the Pd NPs to be
around 28.6 nm. It was found that the dark Pd NPs were coated over the gray PDA layer on the
dark core—shell of NiFe:04@TiO,. These TEM images are in accordance with SEM
information with respect to the morphology. The polycrystalline nature of the material was
confirmed by the presence of the number of grains with different orientation of the planes as
indicated in the high resolution TEM (HRTEM) image shown in Figure 2.2g. The lattice fringe
spaces of 0.30 nm shown in the figure could possibly be ascribed to the (111) crystal plane of
Pd NPs. The SAED pattern of NiFe:0.@TiO.@PDA-Pd was depicted in Figure 2.2h. It
revealed that diffraction rings composed of a bright spot possessing sixfold symmetry that

manifested the polycrystalline nature of the material.
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Figure 2.2. (a,b) SEM images (c) EDAX (d) PDA layer (e,f) TEM images with a particle size
histogram (g) HRTEM image and (h) SAED pattern of NiFe,0.@TiO.@PDA-Pd
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X-ray photoelectron spectroscopy (XPS) was employed to confirm the effective
coordination of Pd on the PDA layer. It is a powerful tool to understand the electronic
properties of the coordinated particles on the surface such as the electron environment, binding
energy, and chemical valence states of the metals. The chemical valence states of Ti, N, and
Pd in the catalyst were analysed from the XPS spectra of the NiFe.Os@TiO.@PDA-Pd
nanophotocatalyst shown in Figure 2.3. The two noticeable bands in the figure at binding
energies 458.4 and 464.9 eV were ascribed to the Ti 2ps2 and Ti 2p12 photoelectrons in the Ti%*
chemical state, respectively. Whereas the two peaks at 455.4 and 463.4 eV were attributed to
the Ti 2psz and Ti 2p12 photoelectrons in the Ti3* state in the TiO, chemical state, respectively
(Figure 2.3a).2 N1s photoelectrons of the NH group were represented by the peak at 399.7 eV
in Figure 2.3b. It was evident from the N1s spectrum of Figure 2.3b that the NiFe20:@TiO>
core@shell NPs were successfully coated with PDA. Furthermore, the two observed bands at
binding energies 335.3 and 340.6 eV in Figure 3c can be indexed as Pd(0) 3ds/2 and Pd(0) 3dzy2,
respectively. These values confirm the presence of Pd(0) in the prepared catalyst which was

not noticeable in XRD. These results were in accordance with the values of metallic Pd.*®
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Figure 2.3. (a) Ti 2p peaks (b) N 1s peak (c) Pd 3d peaks and (d) magnetization curve of
NiFe;04s@TiO2@PDA-Pd (inset: zoomed-in region of the area under the curve)
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The magnetic performance of the synthesized nanocatalyst was investigated with the
VSM at RT. The magnetization curve of the NiFe,0,@TiO.@PDA-Pd catalyst was depicted
in Figure 2.3d. From the figure, the saturation magnetization (Ms), coercivity (Hc), and
remanence magnetization (M) were found to be 31.9 emu/g, 0.146 kOe, and 7.57 emu/g
respectively. The magnetization data revealed the good magnetic behavior of the synthesized
catalyst, thus becoming evidential of the magnetic recovery and reusability of the catalyst.

The UV-vis diffuse reflectance spectra of the synthesized NiFe2O4, NiFe204@TiOy,
NiFe.04@TiO2@PDA, NiFe:04@TiO2@PDA-Pd, and pure TiO2 were recorded, and the
results were depicted in Figure 2.4a. It is understood from the figure that pure TiO2 and
NiFe2O4 show absorption bands with absorption edges at 400 and 700 nm, respectively, as
illustrated in Figure 2.4a(l,11). The data confirmed that the absorption of TiO2 was in the UV
region and that of NiFe.O4 was in the visible region. However, after the surface modification
of NiFe204 with TiOz, the obtained core@shell (NiFe.0O4@TiO2) material exhibited absorption
in the visible region as seen in Figure 2.4a(l11). It confirmed the ability of NiFe2;O.@TiO: to
absorb visible light. Even after coating NiFe:04@TiO, with PDA and also supported by the
metal (Pd) on its surface, the resulting NiFe20.@TiO.@PDA-Pd magnetic photocatalyst still

exhibited absorption in the visible region as evident from Figure 2.4a(1V,V).
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Figure 4. (a) UV—vis absorption spectra and (b) band gap energies of the samples
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The band gap energy (Eg) of all the samples was estimated from the Tauc plot of (ahv)?
versus hv as presented in Figure 4b. Extrapolation of the hv value to a = 0 resulted in
absorption band gap energy (Eg). As seen from Figure 2.4b, E,4 for pure NiFe2O4 and TiO2 was
found to be 1.67 and 3.29 eV respectively, which is in accord with the reported values.*** In
contrast, the band gap energy of NiFe.O4@TiO. was observed to be 1.63 eV which indicates
the absorption in the visible region. Furthermore, the decrease in energy gap (Eg) upon

core@shell formation confirms the electronic coupling between NiFe.O4 and TiO.. After
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surface modification with PDA supported by the Pd metal, an even stronger visible-region band
gap energy of 1.22 eV was observed for the NiFe204@TiO>@PDA-Pd nanocatalyst.

2.3.3. Application of the NiFe20:@TiO2@PDA-Pd Catalyst in Suzuki and Sonogashira
Coupling Reactions under Sunlight
In the past few decades, Pd has been employed as an active catalyst for C—C coupling

reactions. Nevertheless, most of the times, the coupling reactions with Pd as a catalyst take
place under heating conditions, which consumes lot of energy. Therefore, it would be a
significant improvement if the catalytic activity of Pd as a catalyst could be improved at
ambient temperatures using the visible region of the sunlight (an abundant and environmentally
sustainable energy source). As the synthesized catalyst shows absorption in the visible region,
the validity of the catalyst was tested for the Suzuki and Sonogashira coupling reactions in
natural sunlight under ambient conditions (photocatalytic coupling reactions).

2.3.3.1. Suzuki Coupling Reaction
A simple SCR involving aryl halides and arylboronic acid was performed using the

synthesized NiFe.Os@TiO.@PDA-Pd nanophotocatalyst under sunlight, at an average
outdoor temperature of 30 °C. Optimization of various vital reaction conditions for the SCR,
viz., nature of the solvent, base, light source, and Wt % of Pd, was performed. The effect of
various solvents in the presence of Ko.COz as a base with 5% of Pd by weight on the
photocatalytic SCR was observed. The obtained yield of the product was low in the presence
of polar aprotic solvents, namely, dimethyl sulfoxide and dimethylformamide, and also in the
presence of nonpolar solvents such as toluene (Table 2.1, entries 1-3). However, observed
yield of the product was high in the presence of polar protic solvents such as ethanol and
methanol (Table 2.1, entries 4,5). Furthermore, the reaction in pure H2O resulted in moderate
yield (Table 2.1, entry 6) of the product. It was observed that 98% yield of the product was
obtained in the presence of a mixture of EtOH and H20 as a solvent in a 1:1 ratio, indicating
the significant enhancement in the photocatalytic activity (Table 2.1, entry 7). These results
infered that photocatalyzed Suzuki reactions in the presence of the NiFe20.@TiO@PDA-Pd
nanophotocatalyst require protic solvents. Furthermore, the influence of other bases (Cs.COs,
NaOH, EtsN) (Table 2.1, entries 12—14) in the solvent EtOH-H>O (1:1) was also explored,
but good yield was observed in the presence of only K>COs as a base among all (Table 2.1,
entry 7).

To study the influence of light on the SCR, the reaction was performed in dark at RT
and also at 60 °C. It was found that moderate yields (30 and 64%) (Table 2.1, entries 15,16)

were obtained in dark at RT and at 60 °C, respectively. While performing the reaction under

46



Chapter-11 Palladium-Supported......... Sunlight Irradiation

visible light (Hg lamp 250W), the product yield was improved (85%) (Table 2.1, entry 17).
To test the feasibility of environmental concerns, the reaction was initiated in natural sunlight,
and an excellent yield (98%) of the product was observed. Furthermore, no product was
observed in the presence of NiFe204, NiFe20:@Ti02, and NiFe.04s@TiO.@PDA separately.
Thus, this study indicates the significance of Pd presence in the synthesized nanocatalyst
(NiFe204@TiO2@PDA-Pd) in carrying out the SCR.

Table 2.1 Screening of Reaction Conditions for SCR of lodobenzene and Phenyl Boronic Acid®

---------------------------------------------------------------------------

Catalyst
Solvent, Base

P
C“ammmmmme=

1a 2a Light surce 3a
S.No Solvent Base Sunlight Yield(%)P
1 DMSO K2CO3 + 30
2 DMF K2COs3 + 36
3 Toluene K2COs + 20
4 EtOH K2CO3 + 65
5 MeOH K2COs + 50
6 H.O K2COs3 + 42
7 EtOH:H:0 (1:1) K2COs + 98
8  MeOH:H.O (1:1) K2COs ¥ 80
9 DMSO:H:0 (1:1) K2COs + 52
10 DMF:H.0 (1:11) KoCOs - 60
11 EtOH:H20 (9:1) K2COs - 70
12 EtOH:H0 (1:1) CsCOs  + 92
13 EtOH:H.O (1:1) NaOH + 35
14 EtOH:H.0 (1:1)  EtN + 14
15  EtOH:H20 (1:1) KoCOs - 30°
16  EtOH:HO (1:1) K,COs - 644
17 EtOH:H,0 (1) K,COs - 85
18  EtOH:H20 (1:1) KoCOs + 38
19 EtOH:H20 (1:1) KoCOs + 51

@Reaction conditions: iodobenzene (1.0 mmol), phenyl boronic acid (1.5 mmol),
NiFe20:@TiO.@PDA-Pd catalyst (5 mg) and base (2.5 mmol) in solvent (3 mL) under direct
sunlight (400 to 700 nm) at 30 °C for 0.5 h. PIsolated yields ‘Room temperature (dark) “Thermal
reaction at 60 °C (Dark) ¢ High pressure Hg lamp (250 W) (visible range 350nm and above) at
room temperature.
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Active species trapping experiments were performed using scavengers to understand
the role of photogenerated active species (e h* pair) in the photocatalytic mechanism of the
NiFe20:@TiO.@PDA-Pd photocatalyst. In this experiment, K>S,Og was used as an e~
scavenger, and ammonium oxalate (AO) was used as a h* scavenger. In the presence of K»S,0s,
poor yield (38%) of the product was observed (Table 2.1, entry 18), whereas in the presence
of AO, 51% vyield of the product was observed (Table 2.1, entry 19). Thus, the trapping
experiments indicatede that both the photogenerated active species played a significant role in

the C—C coupling reaction with a major contribution from photogenerated electrons.

The reaction generality was further investigated by NiFe.O4s@TiO.@PDA-Pd under
the sunlight using several aryl halides and substituted arylboronic acids to validate the scope
of the synthesized catalyst (Table 2.2). It was observed that the presence of electron-
withdrawing groups (EWGSs) and electron-donating groups (EDGs) produced outstanding
yields for para-substituted aryl halides. The reaction progressed effectively regardless of
substrates with the EWG and EDG yielding more than 85% in most of the cases, except in case
of aryl bromides and chlorides due to the stronger C—halogen bond than the C—I bond (Table
2.2, entries 10—12). Furthermore, it was observed that the reaction progressed faster on
substrates with EDGs than on substrates with EWGs. This fact could be addressed by the

inductive effects of the substituent groups on the substrates.*®
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Table 2.2. Substrate Scope of the SCR Catalyzed by NiFe.Os@TiO.@PDA-Pd under
Sunlight Irradiation®

---------------------------------------------------------------------------

' Catalyst pry H

RA= Rz/— EtOH:H,0(1:1) R/_ '\Rz:

: K,COj3, Sunlight 1 :

1 2 3 :

Me NO
3b 3¢ 3d
X=1,0.5h,98% X=1,0.5h,92% X=1,1h,82% X=11h,75%

o X=1 1h 85% X = I()Sh 96% X=1, 05h 92% X=1, 05h 95%
X=1,0.5h,93% X =Br, 2 h, 80% X=Br, 2h,76% X=Cl,4h,52%

...................................................................................................

2Reaction conditions: aryl halides (1.0 mmol), phenylboronic acids (1.5 mmol),
NiFe204@TiO.@PDA-Pd catalyst (5 mg), and K2COs (2.5 mmol) in EtOH:H20 (3 mL) under
direct sunlight at 30 °C

2.3.3.2. Sonogashira Coupling Reaction.
The catalytic potential of the synthesized NiFe:0s@TiO@PDA-Pd catalyst with 5%

by weight of Pd loading was further extended to test the feasibility of the Sonogashira coupling
reaction involving aryl halides and arylacetylenes under sunlight, at an average outdoor
temperature of 30 °C. Optimization of various vital reaction conditions, viz., nature of the
solvent, base, and light source for the Sonogashira reaction, was performed. In this reaction,
the solvent played a significant role. EtOH was found to be an excellent solvent for this reaction
out of a variety of solvents tested (Table 2.3, entries 1-5).

High yield of the product was obtained in the presence of K.COs as the base when
compared to other bases (Cs.COs, NaOH, and EtzN) (Table 2.3, entries 6—8). Influence of the
light source on the Sonogashira reaction was also established in the presence of the synthesized
catalyst. The product yield was very low in dark at RT and moderate (59%) at 60 °C (Table
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2.3, entries 9—10). Under vis light (Hg lamp 250W), the yield was 81%, and under sunlight,
higher yield (96%) was obtained (Table 2.3, entries 11, 2). Thus, the fact of using sunlight in
getting high yield was established.

Table 2.3. Screening of Reaction Conditions for Sonogashira Coupling Reaction of
lodobenzene and Phenyl Acetylene

--------------------------------------------------------------------------------

— 1 —
D=l e =)
— Salvent, Base

Tempareture
1 2a Light source 3a ,
S.No Solvent Base  Sunlight Yield(%)®
1 MeOH K2COs + 84
2 EtOH K2COs3 + 96
3 H.O K2COs3 + 32
4 EtOH:H20 K2CO3 + 73
(1:1)
5 DMF K2CO3 + 40
6 EtOH Cs2COs3 + 82
7 EtOH NaOH + 27
8 EtOH EtsN + 22
9 EtOH K2CO3 - 26°
10 EtOH K2COs3 - 59¢
11 EtOH K2COs - 81¢

@Reaction conditions: iodobenzene (1.0 mmol), phenyl acetylene (1.3 mmol),
NiFe:0:@TiO.@PDA-Pd catalyst (10 mg) and base (2 mmol) in solvent (3 mL) under direct
sunlight (400 to 700 nm) at 30 °C for 2.5 h. "Isolated yield “Room temperature (dark) “Thermal
reaction at 60 °C (Dark) ®High pressure Hg lamp (250 W) (visible range 350nm and above) at
room temperature.

The feasibility of the Sonogashira reaction was verified with NiFe;Oas, NiFe;0.@TiOo,

and NiFe.O4s@TiO2@PDA separately, and no products were observed indicating the
significance of Pd in the catalyst. The substrate scope of the Sonogashira coupling reaction
over the NiFe;04@TiO.@PDA-Pd nanophotocatalyst was also investigated using the
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optimized conditions. The aryl halides with EWGs or EDGs have resulted in a higher yield of
the product (Table 2.4).

Table 2.4 Substrate Scope of the Sonogashira Coupling Reaction Catalyzed by
NiFe:04s@TiO2@PDA-Pd under Sunlight Irradiation?

E //:\>—x =Y G _ N =N
iR A= —R,  K,CO,, EtOH RA= =R,
. ’ 5 Sunlight 3 :

................................................................................

..................................................................................................................

X = 125h 96% X= 13h 94% X = I3h 93% X = I3h 90%
: XI3h92% Xl3h88% X13h90% XI3h85%

: 3 3j

5 X = Br,4 h, 85% X = Cl, 5.5 h, 60%

]

.................................................................................................................

Reaction conditions: aryl halides (1.0 mmol), phenylacetylene (1.3 mmol),
NiFe20:@TiO,@PDA-Pd catalyst (10 mg), and K2COs (2 mmol) in EtOH (3 mL) under direct
sunlight at 30 °C

2.3.3.3. Stability and Recyclability of the Catalyst
Two significant parameters to be examined while evaluating a photocatalytic reaction

are photo-stability and recyclability. The photo-stability and recyclability of
NiFe:0:@TiO.@PDA-Pd catalyst in photocatalytic Suzuki and Sonogashira coupling
reactions were investigated in this study. Owing to the magnetic nature of the photocatalyst, it
was retrieved from the reaction mixture in a simple manner with the aid of an external magnet
after each cycle. The magnetically retrieved catalyst was washed with EtOH and dried, and its
catalytic performance was assessed in the next run. Figure 2.5 revealed the reuse of the
recovered catalyst five times without any substantial loss of its photocatalytic activity,

indicated the good stability of the catalyst.
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Many heterogeneous catalysts have leaching issues. The Pd NPs of the catalyst leached
into the solution lead to the decrease in the Pd content in the catalyst which was mainly
responsible for its activity. To test the Pd leaching, ICP-OES analysis of the recovered catalyst
was performed. It was observed that the Pd content of the nanocatalyst had decreased from
(3.61) wt % to (2.26) wt % in the Suzuki reaction and to (2.45) wt % in the Sonogashira reaction
after five times use. To further confirm the structural stability of the magnetic reusable catalyst,
XRD analysis and FT-IR analysis on the recovered photocatalyst were performed. The XRD
spectra of the NiFe.O4s@TiO.@PDA-Pd photocatalyst after five times of reused experiments
was shown in Figure 2.6. No impurity peaks were detected in the XRD spectra of the reused
photocatalyst, thus the stability of the catalyst was confirmed Furthermore, FT-IR analysis of
the photocatalyst after five cycles of reuse was performed where it confirmed the fact that

absorption peaks of the reused catalyst were intact with those of the fresh catalyst (Figure 2.6).
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Figure 2.5. Recyclability of NiFe20.@TiO.@PDA-Pd for photocatalytic activity
a) Suzuki reaction b) Sonogashira reactions.
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Figure 2.6. I) XRD spectra FTIR spectra of (a) synthesized NiFe20,@TiO.@PDA-Pd
catalyst (b) used catalyst for Suzuki coupling reaction and (c) used catalyst for Sonogashira
reaction after 5 cycles
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The efficacy of the catalyst was compared with that of already reported catalysts for
Suzuki and Sonogashira coupling reactions (Table 2.5). It is evident from Table 2.5 that
NiFe20,@TiO.@PDA-Pd nanophotocatalyst was efficient in producing the desired products
in both Suzuki and Sonogashira coupling reactions with an excellently good yield (98 and 96%)
in short reaction time (0.5 and 2.5 h) under natural sunlight. Thus, the synthesized catalyst

showed its supremacy in its activity among other reported systems.

Table 2.5. Comparison of NiFe.04@TiO.@PDA-Pd with other Previously Reported
Catalysts for Suzuki and Sonogashira Coupling Reactions

S.NO Photocatalyst Reactions Light source Time  Yield Cycles Ref.
(h) (%)
1 NiFe04/2D MoS,—Pd Suzuki 300 W Xe lamp 1 97 5 47
2 HPU/Pd@RCD Suzuki sunlight 0.67 97 6 46
3 PdO@WO3 Suzuki 60 W white LED 4 99 5 48
lamp,
4 Au/Pd@UIO-66-NH; Suzuki 300 W Xe lamp, 1 99 3 49
N2
5 St-MOP@Pd Suzuki white LED 5 100 5 50
6 PdsP/CdS Suzuki 4 X25 W LED 8 99 4 51
lamp
7 Pd/SiC Sonogashira Xe lamp 9 97 5 31
8 PdsCul/SiC Sonogashira 300 W Xe lamp 8 99 5 52
9 Pd@TiO2(Nb2Os or Sonogashira  LED light source 5 99 3 12
carbon)
10 Pd-B3-Az04 Sonogashira 350W Xe lamp 3 94 5 53
11 BODIPY functionalized  Sonogashira  LED bulb, 13 W 24 92 - 54
Pd(Il)
12 NiFe:0:@TiO2@PDA- Suzuki Sunlight 0.5 98 5 Present
Pd
Sonogashira Sunlight 25 96 5 work
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2.3.3.4. Photocatalytic Mechanism of Suzuki and Sonogashira Coupling Reactions
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Figure 2.7. The plausible photocatalytic mechanism over the NiFe20.@TiO>@PDA-Pd nano
photocatalyst of Suzuki and Sonogashira coupling reactions

A plausible photocatalytic mechanism for the Suzuki and Sonogashira coupling
reactions in the presence of the NiFe204@TiO.@PDA-Pd photocatalyst was proposed based
on the performed experimental observations and previously reported data.>>>’ Simulated
visible light irradiation of the catalyst led to the simultaneous formation of photogenerated
electrons (e7) and holes (h*) in NiFe2Os and TiOy, as illustrated in Figure 2.7. It was because
light irradiation led to the promotion of an e~ from the valence band (VB) to the conduction
band (CB) leaving a h™ in the VB. Thus, photogenerated e —h" pairs were formed
simultaneously in NiFe2O4 and TiO2. The photogenerated e~ from the CB of NiFe2O4 could be
easily transferred to the CB of TiO2 by the simultaneous transfer of photogenerated h* from the
VB of TiO> to the VB of NiFe2O4. This was ascribed to the more negative CB potential of
NiFe204 than that of TiO2 and more positive VB potential of TiO2 than that of NiFe;Oa.
Furthermore, it was also evident by the fact that the combination of NiFe2O4 and TiO> develops
interfacial contact between them, thus creating a pathway for easy transfer of e~ from the CB
of NiFe204 to the CB of TiO2 and therefore the e —h" pair recombination was hindered. The

photogenerated e available in the CB of TiO2 would be transported through the PDA layer to
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the Pd surface. Active Pd NPs would act as electron reservoirs and thus trap the electrons
reaching their surface. These photogenerated electrons and Pd NPs would act as active sites
and attack the C—X bond of the adsorbed aryl halides forming the aryl— Pd complex via
oxidative addition. On the other hand, arylboronic acid would combine with OH™ in a basic
reaction medium to produce aryl-B(OH)z". Furthermore, C—B bond cleavage would occur to
generate the biaryl-Pd complex in the presence of h™ (transmetalation). In the final step, a
biaryl product was obtained via reductive elimination.*">®

For the Sonogashira coupling reaction also, the photogenerated electrons and Pd NPs
would act as active sites attacking the C—X bond of the adsorbed aryl halide and would result
in the aryl-Pd complex. Simultaneously, photogenerated holes would attract the electronic
clouds of the alkyne units in phenyl acetylene, making the terminal spC—H more acidic. Then,
terminal H of the alkyne unit was deprotonated by K>COs, and the resulting species combined
with the aryl-Pd complex to form an alkynated Pd complex. In the final reductive elimination
step, diarylacetylene was formed.>?>2 The proposed mechanism revealed the uniqueness of the
synthesized photocatalyst as a sole catalyst for both Suzuki and Sonogashira coupling reactions
under sunlight irradiation.

2.4. Conclusions

In summary, a magnetically recyclable Pd-supported PDA-coated core@shell
NiFe20,@TiO2 nanocatalyst was designed and developed, with good photocatalytic activity
for both Suzuki and Sonogashira coupling reactions under sunlight irradiation under ambient
conditions. The activity of the catalyst was validated for both coupling reactions, and its
effectiveness for reactions involving a variety of substrates under sunlight irradiation to yield
biaryls and diarylacetylenes was tested. The reactions were facilitated by low Pd loading in the
presence of eco-friendly polar protic solvents (ethanolic water/ethanol) in a very short reaction
duration with an excellent yield (96—98%). The catalyst was validated for substituted substrates
in both Suzuki and Sonogashira reactions where it gave a good yield of the product, indicating
its efficacy. The plausible mechanism had been proposed for the coupling reactions where the
simultaneous utilization of both the photogenerated e —h" pairs in various steps of the coupling
reactions denoted an exceptional catalytic view point of the catalyst. The catalyst was retrieved
with the aid of an external magnet and was reutilized for five cycles. ICP-OES analysis
indicated the stability of the catalyst without considerable loss after reusing five times which
was further confirmed by FTIR and XRD analysis. It was found that the
NiFe:0:@TiO.@PDA-Pd nanophotocatalyst exhibited greater activity with high yield in

comparison to a number of reported catalysts.
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2.5. Spectral data of synthesized products Suzuki 3a-31 & Sonogashira 3a-3j
Suzuki 3a-3l:

3a

1,1'-Biphenyl (3a)
'H NMR (400 MHz, CDCls): § (ppm): 7.63 (d, J = 8.4Hz, 4H), 7.47 (t, J = 7.6 Hz, 4H), 7.37
(t, J = 7.4 Hz, 2H); *C NMR (100 MHz, CDCls): § (ppm): 141.29, 128.79, 127.28, 127.20.

3b

4-Methoxy-1,1'-biphenyl (3b)

IH NMR (400 MHz, CDCls): & (ppm): 7.58 (t, J = 8.4 Hz, 4H), 7.45 (t, J = 7.6 Hz, 2H), 7.34
(t, J = 7.4 Hz, 1H), 7.02 (d, J = 8.8 Hz, 2H), 3.89 (s, 3H); *C NMR (100 MHz, CDCls): §
(ppm): 159.18, 140.86, 133.81, 128.74, 128.17, 126.76, 126.68, 114.23, 55.36.

Me

3c
2-Methyl-1,1'-biphenyl (3c)

IH NMR (400 MHz, CDCls): 5 (ppm) 7.39 (t, J = 6.8 Hz, 2H), 7.36 — 7.30 (m, 3H), 7.23 (d, J
= 7.2 Hz, 4H), 2.26 (s, 3H); 13C NMR (100 MHz, CDCls): & (ppm) 142.04, 135.39, 130.35,
129.85, 129.24, 128.11, 127.29, 126.81, 125.81, 20.51.

3d| ‘Noz

3-Nitro-1,1'-biphenyl (3d)

IH NMR (400 MHz, CDCls): 6 (ppm): 8.46 (t, = 1.8 Hz, 1H), 8.21 (dd, J = 8.4, 2.4 Hz, 1H),
7.93 - 7.91 (m, 1H), 7.65 — 7.61 (m, 3H), 7.53 — 7.48 (m, 2H), 7.46 — 7.42 (m, 1H); 3C NMR
(100 MHz, CDCls): & (ppm): 148.77, 142.90, 138.69, 133.05, 129.72, 129.18, 128.56, 127.17,
122.04, 121.97.

56



Chapter-11 Palladium-Supported......... Sunlight Irradiation

e

[1,1'-biphenyl]-4-carbonitrile (3e)

'H NMR (400 MHz, CDCls): 6 (ppm): 7.70 (q, J = 8.4 Hz, 4H), 7.59 — 7.57 (m, 2H), 7.50 —
7.45 (m, 2H), 7.44 — 7.39 (m, 1H); 3C NMR (100 MHz, CDCls): d (ppm): 145.70, 139.20,
132.61, 129.13, 128.68, 127.75, 127.25, 118.95, 110.95.

=ane)

3g
4-Nitro-1,1'-biphenyl (3g)

IH NMR (400 MHz, CDCl3): 6 (ppm): 8.29 (d, J = 8.8 Hz, 2H), 7.73 (d, J = 8.8 Hz, 2H), 7.63
— 7.61 (M, 2H), 7.51 — 7.47 (m, 2H), 7.46 — 7.42 (m, 1H); *C NMR (100 MHz, CDCls): §
(ppm): 147.65, 147.12, 138.80, 129.17, 128.93, 127.81, 127.40, 124.12.

3h

4, 4'-Dimethoxy-1,1'-biphenyl (3h)

IH NMR (400 MHz, CDCls): & (ppm): 7.47 (d, J = 8.4 Hz, 4H), 6.95 (d, J = 8.8 Hz, 4H), 3.84
(s, 6H). 3C NMR (100 MHz, CDCls): 6 (ppm): 158.71, 133.50, 127.73, 114.18, 55.34.

on A~ pom

3i

4-Methoxy-4'-Nitro-1,1'-biphenyl (3i)

IH NMR (400 MHz, CDCl3): 6 (ppm): 8.26 (d, J = 8.8 Hz, 2H), 7.69 (d, J = 8.8 Hz, 2H), 7.58
(d, J = 8.8 Hz, 2H), 7.02 (d, J = 8.8 Hz, 2H), 3.87 (s, 3H). 3C NMR (100 MHz, CDCls): 6
(ppm): 160.48, 147.22, 146.58, 131.09, 128.58, 127.08, 124.15, 114.63, 55.44.
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Sonogashira 3a-3j

O—==0

1,2-diphenylethyne (3a)
'H NMR (400 MHz, CDClg): ¢ (ppm): 7.56 — 7.52 (m, 4H), 7.38 — 7.33 (m, 6H); 3C NMR
(100 MHz, CDClg3): 6 (ppm): 130.59, 127.32, 127.23, 122.27, 88.35.

iD=

1-methyl-4-(phenylethynyl)benzene (3b)

3a

3b

IH NMR (400 MHz, CDCls): 6 (ppm): 7.54 — 7.50 (m, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.36 —
7.30 (m, 3H), 7.15 (d, J = 8 Hz, 2H), 2.37 (s, 3H). 3C NMR (100 MHz, CDCls): & (ppm):
138.39, 131.56, 131.51, 129.12, 128.32, 128.07, 123.50, 120.21, 89.56, 88.72, 21.51.

Meo_@T:c_@

1-methoxy-4-(phenylethynyl)benzene (3c)

IH NMR (400 MHz, CDCls): § (ppm): 7.46 — 7.37 (m, 4H), 7.29 — 7.22 (m, 3H), 6.80 (d, J =
8.8 Hz, 2H), 3.75 (s, 3H). 3C NMR (100 MHz, CDCls): é (ppm): 159.64, 133.06, 131.46,
128.32, 127.94, 123.62, 115.42, 114.02, 89.38, 88.08, 55.31.

e —p

1-nitro-4-(phenylethynyl)benzene (3d)

3d

IH NMR (400 MHz, CDCls): § (ppm): 8.15 (d, J = 8.8 Hz, 2H), 7.59 (d, J = 8.8 Hz, 2H), 7.51—
7.47 (m, 2H), 7.34 — 7.29 (m, 3H); 3C NMR (100 MHz, CDCls): J (ppm): 145.99, 131.25,
130.83, 129.26, 128.26, 127.52, 122.62, 121.10, 93.69, 86.53.
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¢ ¢ Ha

1-chloro-4-(phenylethynyl)benzene (3e)

'H NMR (400 MHz, CDCls): 6 (ppm): 7.56 — 7.49 (m, 2H), 7.48 — 7.43 (m, 2H), 7.37 — 7.32
(m, 4H), 7.31 (g, J = 2 Hz, 1H); 13C NMR (100 MHz, CDCls): 6 (ppm): 134.27, 132.82, 131.61,
128.70, 128.49, 128. 40, 122.94, 121.80, 90.32, 88.24.

O=0

3f

3e

1-fluoro-4-(phenylethynyl)benzene (3f)

IH NMR (400 MHz, CDCls): & (ppm): 7.55 — 7.48 (m, 4H), 7.38 — 7.31 (m, 3H), 7.07 — 7.02
(m, 2H); 3C NMR (100 MHz, CDCls): § (ppm): 161.27, 133.52, 133.48, 131.56, 128.38,
128.34, 123.10, 115.64, 89.62, 88.28.

MeO O — O Cl

3g

1-chloro-4-((4-methoxyphenyl)ethynyl)benzene (3g)

IH NMR (400 MHz, CDCls): & (ppm): 7.44 (dd, J = 10.4, 8.4 Hz, 4H), 7.31 (d, J = 8 Hz, 2H),
6.88 (d, J = 8.4 Hz, 2H), 3.83 (s, 3H); 13C NMR (100 MHz, CDCl3): 5 (ppm): 159.80, 133.88,
133.07, 132.64, 128.64, 122.14, 115.03, 114.06, 90.36, 86.99, 55.32.

S S—

3h

1-fluoro-4-((4-methoxyphenyl)ethynyl)benzene (3h)

'H NMR (400 MHz, CDCls): 6 (ppm): 7.54 — 7.45 (m, 4H), 7.07 — 7.03 (m, 2H), 6.92 — 6.88
(m, 2H), 3.85 (s, 3H); 3C NMR (100 MHz, CDCls): J (ppm): 161.45, 159.69, 133.32, 133.24,
133.01, 115.69, 115.47, 114.04, 89.02, 55.32.
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2.7. Selected NMR (*H & '3C) spectra of the products in
2.7.1. Suzuki Coupling Reaction
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2.7.2. Sonogashira Coupling Reaction:
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Chapter-I11

Direct Ortho-C-H Arylation of Benzamides/Benzoic Acids with Aryl
Halides Catalyzed by Pyridine-2-carboimine Pd-complex Immobilized on

Amine Functionalized Magnetic Nanoparticles
3.1. Introduction

One of the main challenges in the field of organic synthesis is the development of novel
approaches for the synthesis of compounds that are biologically and industrially significant
while maintaining atom-economy.'? Biaryl subunit is an important structural motif that can
be seen in wide range of industrially significant compounds such as natural products, organic
functional materials, polymers, liquid crystals and biologically important compounds in
pharmaceuticals etc.>*® For the past few decades, most effective synthetic methods that have
emerged to form aryl-aryl bonds are traditional cross-coupling reactions such as Suzuki,?
Sonogashira,” Heck,® Kumada,® Negishi,*® and Stille*! reactions. These techniques typically
need prefunctionalized starting materials which are either expensive or challenging to produce.

Compared to standard protocols, C-H arylation, which entails mixing an aryl halide (Car-
x) and an arene (Car.n) to cause the cleavage of the sp2 C-H bond in order to create C-C bonds,
is emerging as a more environmentally friendly, productive, and cost-effective methodology to
make biaryls.12131415 |n the recent past, pyridyl,*®1” acylamino,*®*® oxazolyl,?%2 carboxyl,?>%3
hydroxyl,2*?° and oxime 262" were commonly employed as directing groups in the arene to
facilitate C—H activation through intermolecular arylation in the formation of C—C bonds.

Hitherto, plethora of transition metal complexes as homogeneous catalysts (Pd(OAc)2 "
Pd(OTf)2-2H20,% Pd(PPhs)4,% and [PdC1(—C3sHs)]2),* Pd2(dba)s,%° have been reported for C-H
activation which are associated with difficulty in catalyst separation, regeneration and reuse.
Besides it, large amount of these expensive catalysts needs to be used for effective activity
which is of great concern on economic point of view and also they are meant for on time use.
Consequently, it leads to the loss of large amount of expensive metal thus limiting the practical
application of the catalyst on large scale in industry. Hence, there is an immediate need to
develop alternate recyclable catalysts by heterogenization of these homogeneous catalysts for
the generation of a library of biaryls via C-H activation by overcoming the associated
difficulties.

An interesting strategy that has been adopted for the hetrogenization is the immobilisation
of the existing homogenous complexes onto a variety of solid supports. In addition to the

advantages of product separation and catalyst recovery by filtration or centrifugation, these

67



Chapter-111 Direct Ortho C-H......... Magnetic Nanoparticles

solid supported heterogeneous catalysts also exhibit improved efficiency as a result of the
stable active site, which makes them a compelling alternative to the traditional homogeneous
catalysts. However, the selection of a support material is crucial for regulating the catalytic
activity since it can assist to hold the active sites on its surface through effective coordination
during catalysis.®! In this regard, magnetic nanoparticles (MNPs) established themselves as
outstanding and prospective solid support materials due to their durability, inertness,
availability, non-toxicity, and chemical stability. Due to their enormous surface area to volume
ratio, these nanoparticles provide a large number of possible active sites for further
functionalization of the surface. In addition, their magnetic nature makes it possible to rapidly
extract them from the reaction mixture using an external magnet, which reduces the need for
laborious filtration and centrifugation techniques in heterogeneous catalysis. The magnetic
separation can speed up catalyst recovery by cutting down on energy consumption and catalyst
loss. Most of the magnetic supported catalysts can be reused many times by retaining their
initial activity.32%

However, despite the numerous benefits that MNPs as supports provide, they have a
significant tendency to agglomerate that reduces their effectiveness and stability. Based on
recent studies, this issue can be resolved by surface-functionalizing MNPs with different
materials, like precious metals,3 silica,® polymers,®® and carbon.®® When polymers are coated
on solid supports (MNPs), they acquire a number of advantageous characteristics, including
superior chemical inertness, outstanding thermal stability, and ease of subsequent
functionalization.®”  Among polymers, dopamine (DA) with functional catechol and amine
groups is good compared to other supports because of its significant properties such as
availability, safety, non-toxicity, biocompatibility, biodegradability, capability. These
properties are helpful for further functionalization and chemical modification of the resulting
structure thus found extensive applications in the field of catalysis.*%%

It is reported that magnetite (FesOy4) is an ideal magnetic support which is simple to prepare
and provides active surface for its surface functionalization by adsorption/immobilization of
ligands or metal resulting in a sustainable catalyst. Thus, Fe3O4 can be surface functionalized
by DA to result in FesO4-DA where in amine functionality is introduced on the support which
facilitates for further chemical modifications of the catalyst for a specific and selective
application in catalysis. In many cases, schiff base condensation strategy is adopted to anchor
the catalytically active Pd on supports wherein the amine functionality is allowed to interact
with a carbonyl source and get converted into an imine. Thus, allow effective metal binding
enhancing the activity and reducing the leaching of the active expensive metal. This reflects
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the greener approach in the development of heterogeneous catalyst. Recently, there has been a
lot of interest in the directing group assisted one-step synthesis of biaryls from aromatic
compounds towards the goal of heterogenization with the emergence of more sustainable
chemistry.

Based on aforementioned different strategies, and in continuation with the objective of
development of new heterogeneous catalysts, it is proposed to synthesize pyridine-2-
carboimine Pd-complex immobilized on amine functionalized Fes0s MNPs (Fe3Os-DA-2Py-
Pd) as heterogeneous magnetically recoverable catalyst by Schiff base condensation strategy
for ortho C-H arylation in producing biaryls. Based on the literature, Fes04-DA-2Py-Pd would
become the first magnetically reusable heterogeneous nanocatalyst for the ortho-arylation of
benzamides and bezoic acids using aryl iodides containing -CONH> and -COOH as pointing
groups. This catalyst would be advantageous due to low loading of expensive metal, effective
binding by Schiff base strategy, magnetic separability and expected to work excellently well
for dual applications thus establishing the sustainable approach.

3.2. Experimental Section

3.2.1. Materials
The starting materials used in the present work were Ferric nitrate (99%, Finar); Ferric

chloride (99%, Finar); Palladium acetate (Sigma Aldrich); Ammonia solution (Sigma Aldrich);
Dopamine hydrochloride (SRL, 98%); 2-pyridine carboxaldehyde (Avra, 98%); Acetone (99%,
Finar); Ethanol (EtOH), (99%, Finar); Ethyl acetate (EtOAc) (99%, Finar); n-hexane (98%,
Finar). Water that had been double-distilled (DD) was utilised throughout the experimental

process.

3.2.2. Synthesis of FesO4 nanoparticles
The magnetic Fe3O4 nanocatalyst was synthesized using the co-precipitation method.

In this method, Fe(NO3)3.9H20 and FeCl.. 4H.0 were dissolved in 50 mL of DD water in 1:2
molar ratio and the mixture was agitated for 30 minutes at room temperature (RT) to obtain a
clear solution. Ammonia solution was added to the mixture and constantly agitated until the
pH of the mixture was around 10. The resulting mixture was constantly agitated for two hours
at RT, and then the resultant product was dried in an oven at 60 °C after being washed three

times using DD water and ethanol.

3.2.3. Surface modification of FesOswith DA
Fe304 nanoparticles (1 g) were sonicated for 30 minutes to disperse them in 25 mL of

water. To this solution, 1 g of dopamine hydrochloride mixed in 5 mL of water was added, and

it was further sonicated for two hours. After that, acetone was used to precipitate the amine-
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functionalized magnetic nanomaterial (FesO4-DA), which was subsequently separated using

an external magnet and vacuum-dried for two hours at 50 °C.

3.2.4. Synthesis of FesOs-DA-2Py
Fe304-DA nanoparticles (1g) and 2-pyridine carboxyaldehyde (2.0 mmol) was stirred

in 100 mL ethanol solution at RT for 24 h. The obtained pyridine-2-carboimine immobilized
on amine functionalized Fes04 magnetic support (FesOs-DA-2Py) was washed three times with
ethanol, and vacuum dried for 12 h at 50 °C after being separated using an external magnet.

3.2.5. Synthesis of Fe3sO4-DA-2Py-Pd nanocatalyst
Pd(OAC)2 (25 mg) and Fe3s04-DA-2Py (500 mg) were agitated in 20 mL of acetone

solution at RT for 12 h. The resulting nanocatalyst was separated using an external magnet and
vacuum-dried for 12 h at 50 °C.

3.2.6. Ortho C-H arylation of Benzamides
In ortho C-H arylation of Benzamides, the reactants viz., benzamides (1 mmol), aryl

halides (1.5 mmol) and silver acetate (2 mmol) along with prepared nanocatalyst (20 mg) were
mixed in 3 mL of AcOH. The reaction was constantly swirled for 12 hours at 120 °C. Upon
completion of the reaction (as monitored by TLC), the catalyst was quickly separated
employing an external magnet. Ethyl acetate was used twice to extract the products. Each
reaction was performed two times and the average of the yield was reported. The products were
examined using *H & *3C NMR spectral analysis after purification on a microcolumn loaded
with silica gel.

3.2.7. Ortho C-H arylation of Benzoic acids
In ortho C-H arylation of Benzoic acids, the reactants viz., benzoic acids (1 mmol), aryl

halides (1.5 mmol) and silver acetate (2 mmol) along with nanocatalyst (20 mg) were mixed in
3 mL of AcOH. The reaction was constantly swirled for 12 h at 120 °C. Upon completion of
the reaction (as monitored by TLC), the catalyst was quickly separated employing an external
magnet. Ethyl acetate was used twice to extract the products. Each reaction was performed two
times and the average of the yield was reported. The products were examined using *H & *3C
NMR spectral analysis after purification on a microcolumn loaded with silica gel.
Catalyst recovery

The magnetic nanocatalyst was isolated from the reaction mixture for further use by
holding the magnet externally to the reaction vessel. Consequently, the catalyst got stuck to the
wall by external magnet and the reaction mixture was decanted into another container. The
retained catalyst in the vessel was washed with DD water and ethanol for three times, dried (at

60 °C overnight) and was used in the next run. 99% of the catalyst was fully recovered with
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minimal loss of the catalyst. This can be understood by the fact that the recovered catalyst was

reused further in the reaction where it has shown almost the same activity.

3.2.8. Characterization of Catalyst:
Several analytical techniques were used to carry out the structural characterization of

the synthesised materials. Utilising Ni-filtered Cu K (A= 1.5406 A) radiation, powder X-ray
diffraction (PXRD) investigations were conducted with a PAN Analytical Advance X-ray
diffractometer in a 20 scan range between 10° and 80°. FT-IR spectra of the synthesised
compounds were obtained using KBr pellet method with the PerkinEImer Spectrum between
4000 and 400 cm™. To comprehend the surface morphology, grain size, particle size
distribution, and crystallinity of the FesO4-DA-2Py-Pd nanocatalyst, studies were conducted
using Field Emission Scanning Electron Microscope (FESEM, Quanta FEG 250),
Transmission Electron Microscopy (TEM), and Selected Area Electron Diffraction (SAED)
(TEM, JEOL/JEM-2100). Using Kratos/Shimadzu Amicus, ESCA 3400, X-ray photoelectron
spectroscopy, the binding energies of the elements in the FesO4-DA-2Py-Pd catalyst were
ascertained. To further understand the catalyst's magnetic behaviour, the magnetic hysteresis
curves were obtained using a vibrating sample magnetometer (VSM, Lake Shore, 8600 Series).
On an advanced-111 Bruker 400 MHz NMR spectrometer, *H and 3C NMR spectra were
recorded using CDCIs as a solvent and TMS as an internal standard. The units used to express
chemical shifts were parts per million (ppm).

3.3. Results and Discussions
Scheme 3.1. The preparation of the Fe3sO4-DA-2Py-Pd nanocatalyst
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3.3.1. Preparation of FesOs-DA-2Py-Pd nanocatalyst
A four-step (IV) methodology was used to make the Fe3Os-DA-2Py-Pd catalyst

(Scheme 3.1). The co-precipitation approach was used in step | to create the FesOs NPs.
Surface functionalization of FesOs NPs was done with DA in step I, to form amine
functionalized Fe3sOs MNPs (FesOs-DA) via sonication method. In step |IlI, 2-
pyridinecarboxaldehyde and FesO4-DA were continuously stirred to create a Schiff base
material (FesO4-DA-2Py). At last, in step IV, palladium acetate was loaded on the Schiff base
material to led to the synthesis of pyridine-2-carboimine Pd-complex immobilized on amine
functionalized Fes04 MNPs (Fe3Os-DA-2Py-Pd) as heterogeneous catalyst. To make use of the
synthesised nanocatalyst further, it was separated using an external magnet and then vacuum-
dried.

3.3.2. Characterization of FesO4-DA-2Py-Pd catalyst:
The indexed X-ray diffraction patterns of synthesized FezOa, Fe304-DA-Py, and Fez0s-

DA-Py-Pd catalyst were illustrated in Figure 3.1a. The broad peaks in the Figure established
the formation of particles in the nano-regime. The observed peaks in Figure 3.1a(l) at 20
values of 30.1°, 35.4°, 43.1°, 53.9°, 56.9°, and 63.9° correspond to the diffractions of (220),
(311), (400), (422), (511), and (440), respectively. These peaks indicated the formation of
single phased perfect crystalline spinel FesOs4 (JCPDS card No. 19-0629).%° The catalyst's
diffraction patterns in Figure la(ll) demonstrated that, despite the surface being changed with
DA and Schiff base as well, the crystallinity of FesO4 NPs remained unaltered. Figure 3.1a(l11)
did not show any identifiable peaks associated with Pd NPs owing to the low palladium content

on the Schiff base material surface in the catalyst.
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Figure 3.1 a) XRD patterns b) FTIR spectra
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FT-IR spectra of synthesized FesOs, Fes04-DA, Fes04-DA-Py, and FesOs-DA-Py-Pd
catalyst were shown in Figure 3.1b. Two noticeable peaks observed between 600 - 400 cm™
were characteristic of spinel structure. The intrinsic vibrations of the M"™-O bond at the
octahedral and tetrahedral regions of the spinel structure were responsible for the prominent
peaks seen at 438 and 586 cm in Figure 1b(l). The absorption peaks at 3404 and 1619 cm™
were attributed to bending and stretching vibration of surface OH groups. The peaks observed
at 3428 and 1627 cm™ in Figure 1b(11) were ascribed to the bending and stretching vibration
of NH>. The absorption peaks at 2924 and 1380 cm™ indicated the stretching and bending
vibration of C-H and those observed at 1058 cm™ indicated C-O stretching vibration. This data
revealed the successful surface functionalization of FesOs with DA. In Figure 1b(l11) the
absorption peak at 1635 and 1268 cm™ indicated the C=N and C-N stretching vibration
signifying the formation of Schiff base. As shown in Figure 1b(IV), there were no notable
changes in the FTIR spectrum of the FesOs-DA-Py-Pd nanocatalyst. Through bonding
interactions between the Schiff base functional groups and the Pd NPs, the peak intensity

measured at 1635 cm™ had slightly moved to a lower value of 1631 cm™.4142

Figure 3.2. (a, b) FE-SEM images (c) EDAX mapping (d) EDAX data of Fe3O4-DA-2Py-Pd

The surface morphology of the synthesized FesOs-DA-Py-Pd nanocatalyst was
depicted in FE-SEM images in Figure 3.2(a, b) which revealed uniform spherical morphology
of the nanocatalyst. The elemental mapping spectra and energy dispersive X-ray elemental
composition (EDAX) were captured during FE-SEM recording. The catalyst's elemental

mapping (Figure 3.2c) confirmed that all of the elements (Pd, Fe, N, C, and O) were uniformly
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distributed across the surface of Fes3Os4. Furthermore, the subsequent figures displayed the
mapping spectra of each of the elements C, N, O, Fe, and Pd. These images clearly revealed
that the magnetic FezO4 support was functionalized with DA and the surface of Fe3Os-DA was
further modified to form Schiff base whose surface was immobilized with Pd to result in the
formation of the expected FesO4-DA-Py-Pd nanocatalyst. The EDAX elemental composition
of FesOs-DA-Py-Pd from Figure 3.2d revealed the presence of C, N, O, Pd, and Fe elements
which confirmed the successive surface modification, Schiff base formation and effective

loading of Pd on the FesO4 support.

2 1/nm

Figure 3.3. (a, b) TEM images (c) Lattice Fringe Spaces
(d) SAED Pattern of Fes04-DA-2Py-Pd
The TEM was used to describe the catalyst's morphological properties, including size,
crystallinity, and surface morphology. The presence of large black spots with high amount of
Fe in the TEM image in Figure 3.3a could represent magnetic nanoparticles. As seen in Figure
3.3b, there was a light grey halo surrounding these huge black dots, over which little dark grey
spots were visible. Thus, presence of palladium NPs was confirmed. The high resolution TEM

(HRTEM) image shown in Figure 3.3c was indicative of the number of grains with different
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orientation of the planes, thus the polycrystalline nature of the material was confirmed. The
lattice fringe spaces of 0.37 nm shown in the figure could possibly be ascribed to the (111)
crystal plane of Pd NPs. The SAED pattern of FesO4-DA-2Py-Pd was depicted in Figure 3.3d.
The diffraction rings composed of a bright spot in the figure possessing sixfold symmetry
manifested the polycrystalline nature of the material.

X-ray photoelectron spectroscopy (XPS) was employed to verify that Pd was
effectively coordinated in the catalyst. It was an effective instrument for comprehending the
electronic characteristics of the metals in the catalyst, including their chemical valence states,
electron environment, and binding energy. The chemical valence states of the Fe and Pd metals
in the catalyst were analysed using the XPS spectra displayed in Figure 3.4. The two bands
that are apparent at binding energies of 711.9 and 725.2 eV were attributed to the Fe 2p3/2 and
Fe 2p1/2 photoelectrons in the Fe?* chemical state, as shown in Figure 3.4a. On the other hand,
the two peaks observed at 714.3 and 726.9 eV were ascribed to the Fe 2p3/2 and Fe 2p1/2
photoelectrons in the Fe** chemical state of Fe3O4. Furthermore, in the Pd?* chemical state, the
two identified bands in Figure 3.4b at binding energies of 339.0 eV and 345.1 eV were labelled
as Pd 3d5/2 and Pd 3d3/2 photoelectrons, respectively.
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Figure 3.4. (a) Fe XPS (b) Pd XPS (c) VSM of Fe304-DA-2Py-Pd
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These results substantiated the existence of Pd?* content in the produced catalyst,
which was not detected by XRD. The two low intensity bands seen in Figure 3.4b at binding
energies of 335.1 eV and 342.8 eV could be labelled as Pd 3d5/2 and Pd 3d3/2 photoelectrons,
respectively, in the Pd (0) chemical state.*3644

The RT magnetization studies were carried out using VSM in order to ascertain the
magnetic behaviour of the FesOs;-DA-2Py-Pd catalyst. The results were displayed as a
hysteresis curve in Figure 3.4c. The saturation magnetization (Ms), remanence magnetization
(Mr) and coercivity (Hc) were found to be 27.6 emu/g, 0.36 emu/g, and 6.08 Oe respectively.
The catalyst's magnetic retrievability and reusability was demonstrated by the evaluated

magnetic parameters from Figure.

3.3.3. Application of FesOs-DA-2Py-Pd catalyst in ortho-arylation of Benzamide and
Benzoic Acid
Over the last few decades, Pd(OAc). has been deployed as an active homogenous

catalyst for the majority of aromatic C-H activation reactions, both in the presence of ligands
and in ligand free conditions.’># This was associated with difficulty in catalyst separation,
regeneration and reuse. It was necessary to significantly improve the catalyst in order to
heterogenize it for simple separation and also to minimise the loss of expensive Pd catalyst.
The synthesized catalyst (Fes0s-DA-2Py-Pd), a magnetically separable catalyst under ligand
free conditions would address this issue. The catalyst's ability to activate the aromatic C-H

bond of benzoic acids and benzamides was studied.

3.3.3.1. Ortho-arylation of benzamide
Bezamide (1 mmol) and iodobenzene (2 mmol) were taken as model substrates under

reflux condition with different additives, and acetic acid (AcOH) as solvent at 120 °C in the
ortho-arylation of benzamides to yield biaryls. The catalytic activity of the FesOs-DA-2Py-Pd
nanocatalyst (20 mg) was investigated for the aforementioned typical reaction by optimizing
the reaction conditions. The optimized reaction conditions were summarized in Table 3.1. In
the presence of Ag-CO3 as an additive, a considerable product yield was obtained (Table 3.1
entry 1) and the reaction had not at all occurred in the presence of other additives such as
Ag20, AgNO3, Cu(OAC)2, Cu20, K2COs3, CS2C03, Cu(OAC)2 (Table 3.1, entry 2 to 7). On the
other hand, reasonable yield of the product was observed in the presence of Ag>C0O3:K>COs
(1:1) as additive (Table 3.1 entry 8). The reaction was also tried with AgOAc added, and
almost same product yield was obtained (Table 3.1 entry 9). From the tabulated data, AGOAc
was found to be a good additive among all which gave the highest yield (74%) of the targeted
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product (Table 3.1 entry 9) in the presence of FesO4-DA-2Py-Pd nanocatalyst. Thus, AQOAc

was used as an additive for further optimization of reaction conditions.

Table 3.1. Optimization of Reaction Conditions for the reaction of benzamide and iodo

benzene by Fez04-DA-2Py-Pd

Catalyst

©)L @ Condltlons

o

S.NO Additive Solvent Yield(%0)P

1 Ag.COs AcOH 70
2 Ag.0 AcOH NR
3 AgNOs3 AcOH NR
4 Cu20 AcOH NR
5 KoCOs AcOH NR
6 CS2C0O3 AcOH NR
7 Cu(OAc)2 AcOH NR
8 Ag2CO3:K2CO3(1:1) AcOH 73
9 AgOAcC AcOH 74
10 AgOAC DMF NR
11 AgOAc 1,4-Dioxane NR
12 AgOAc Toulene NR
13 AgOAcC AcOH NR®
14 AgOAC AcOH 401
15 AgOAc AcOH 65°
16 AgOAC AcOH 74f

aReaction conditions: Benzamide (1.0 mmol), lodobenzene (2 mmol), Fez0s-DA-2Py-Pd
catalyst (20 mg) and additive (2 mmol) in solvent (3 mL). PIsolated yields, *Without catalyst
reaction, 910 mg catalyst, ®15 mg catalyst, 25 mg catalyst.

To optimize the type of solvent, different solvents such as DMF, 1,4-dioxane, and

toluene were used. In these solvents, the reaction did not progress (Table 3.1, entries

10,11,12). Hence, it was evident that among different additives and solvents used, AgOAc and

AcOH were found to be a good choice which gave the highest product yield (74%) (Table

3.1 entry 9). In order to realize the catalyst's impact, the reaction was also examined without

the catalyst. Since no product was produced, it is likely that the catalyst was essential to the
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reaction. (Table 3.1, entry 13). The aforementioned findings revealed that FesO4-DA-2Py-Pd
functions as a highly effective catalyst for the ortho-arylation of benzamides when AgOAc was
used as additive and AcOH as a solvent. The amount of catalyst was optimised by carrying out
the reaction at 120 °C with varying amounts of Fe3O4-DA-2Py-Pd nanocatalyst, in the presence
of AgOAc as an additive and AcOH as a solvent. The yields of the products observed using
different amounts of catalyst (10 mg, 15 mg, and 20 mg) were 40%, 65%, and 74% respectively
(Table 3.1, entries 14, 15, 9). The product yield (74%) didn't increase further when 25 mg of
catalyst was employed. (Table 3.1, entryl16). Thus, the optimized amount of the catalyst was
20 mg.

Table 3.2. Substrate Scope of the ortho arylation of Benzamide catalysed by Fe;O4-DA-2Py-Pd

Catalyst
AgOAc AcOH

120 °C, 12 hr

3a, 74%

CH; O

CH;,

31, 76% 3g, 81%

3h, 61%
3e, 72% °

CH; O

Employmg the Fe3O4-DA-2Py-Pd catalytic system and optimised reaction condltlons
substituted benzamides and substituted aryl iodides were chosen as coupling partners for the
synthesis of biaryls, to investigate the substrate scope of ortho arylation of benzamide. The
model reaction along with the optimized reaction conditions was shown in Table 3.2. It was
evident that the intended products 3a-j (Table 3.2) could be obtained by the reaction of
benzamides and aryl iodides with either electron-donating (EDG) or electron withdrawing
groups (EWG). It has been found that para-substituted aryl iodides gave good yield in the
presence of EDG groups. Table 3.2 (3e-3h) demonstrated that O-methyl substitution on the
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benzamide phenyl ring lowered the product yield a little, indicating that the "ortho-substituent”

effect was not noticeable.

3.3.3.2. Ortho arylation of benzoic acid
Employing acetic acid as a solvent, AQOAc as an additive, and benzoic acid and aryl

iodides as coupling partners, the synthesised FesOs-DA-2Py-Pd catalyst's catalytic potential
was further extended to test the viability of ortho arylation of benzoic acid at 120 °C. The same
optimization conditions were extended to the ortho-arylation of benzoic acid as in the ortho-
arylation of benzamide. The substrate scope of the ortho arylation of benzoic acid over the
Fe304-DA-2Py-Pd nanocatalyst was also investigated by choosing substituted benzoic acids
and substituted aryl iodide as coupling partners for the synthesis of biaryls under the same
optimized conditions and was shown in Table 3.3. The reaction yields were influenced by the
substituent's position in the substrate, as demonstrated by the positional isomers of methyl-
substituted benzoic acid (Table 3.3, entries 3c, 3g; 3d, 3h). The steric hindrance caused by the
ortho substituents may have contributed to the decreased yields of the ortho-substituted benzoic
acids in these positional isomers when compared to their para isomers. From Table 3.3, it was
also evident that benzoic acids with EDG gave more yield than those with EWG. The inductive
effects of the substituent groups on the substrates would address this phenomenon.*8

Table 3.3. Substrate Scope of ortho arylation of benzoic acids catalysed by FesOs-DA-2Py-Pd

g [

, 1

i X OH | \ Catalyst
Sz * |~ AgOAc, AcOH
| R 1 Ry

120 °C, 12 hr

________________________________________________________________________________________________

e~ O e O

I 3a,86% 3b, 80% 3¢, 2% 3d, 70% 5
0 0 :
' ] o '
: OH OH |
o w0 o
5 H;C O H;C O ;
: _CH; i
e 0T : |
L 3e,88% 3f, 86% CH; 39 81% 3h, 78% !
o o
SO ¢
Cl Cl
_CH;
3i, 74% Y 3j, 73% CH;
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3.3.3.3. Recyclability of the catalyst
Recycling the catalyst in organic synthesis is a crucial issue from an industrial,

economic, and environmental standpoint. The recyclability of FesOs-DA-2Py-Pd nanocatalyst
for ortho arylation of benzamide and benzoic acid was examined. Once the reaction was
finished in each cycle, the catalyst was extracted from the reaction mixture by means of an
external magnet. After being dried and washed with ethanol, the magnetically recovered
catalyst was examined for its activity in the next cycle. As depicted in Figure 3.5, the catalyst
was retrieved and used for at least 5 successive runs without noticeable loss in activity. In the
fifth run, the product yields for the benzamide C-H activation and benzoic acid C-H activation

reaction were 70% and 81%, respectively.

2
Cycles Cycles

Figure 3.5: Recyclability test of catalyst for a) ortho arylation of benzamide reaction
b) ortho arylation of benzoic acid reaction
Subsequently, the reused catalyst was examined for its structural stability after five

cycles by employing XRD and FT-IR analysis. The recycled catalyst's XRD spectra in Figure
3.6(1) showed no impurity peak and its FT-IR spectra revealed that their absorption peaks
matched with those of the fresh catalyst in Figure 3.6(11), indicating a similarity between the

two. Consequently, the catalyst's structural stability was verified.

I II

Intensity (a.u.)
E
(%)T
=

a A g m

T T T T T
20 3'0 i0 50 @ 70 4000 3500 3000 2500 2000 1500 1000 500
-1
2 Theta (degree) Wavenumber (¢cm™)

Figure 3.6. I) XRD spectra Il) FTIR spectra of (a) synthesized nanocatalyst (b) used catalyst
for ortho-arylation of benzamide and (c) used catalyst for ortho-arylation benzoic acid after
5 cycles
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The efficiency of the Fe30Os-DA-2Py-Pd nanocatalyst was compared with the
previously reported catalysts for ortho arylation of benzamides and benzoic acids (Table 3.4).
The catalysts shown in the entry 1 to 4 are non-reusable homogeneous catalysts that were
meant for ortho arylation of benzoic acid with more reaction time. The catalyst shown in entry
5 and 6 were meant for ortho arylation of benzamide. Out of these two, catalyst in the entry 5
was homogeneous non-reusable catalyst and entry 6 was heterogeneous reusable catalyst with
low product yield and used for only benzamide C-H activation. Whereas synthesized FezOs-
DA-2Py-Pd nanocatalyst in the present work was found to work excellently well as a
magnetically reusable catalyst. It was able to produce the desired biaryl products in
orthoarylation of both benzamide and benzoic acid with satisfactory yield of 88 and 82%
respectively as evident from Table 3.4. Thus, synthesized catalyst demonstrated its superiority
over previously reported catalysts in terms of sustainability.

Table 3.4 Comparison of FesO4-DA-2Py-Pd with other previously reported catalysts for
Benzamide/Benzoic acid C-H activation reaction:

S.NO Catalyst Reaction Additive Solvent Temp (°C) Time  Yield Reuse Ref.
(h) (%)
1 Pd(OAc). Benzoic AgoCO4/K,COs AcOH 120 24 81 0 1
acid
2 Pd(OAC)z Benzoic KOACc, NMe,Cl, AcOH 120 43 87 0 2
. acid
/Ligand
3 Pd(O AC)z Benzoic Ag,CO3/Cs,CO3 HFIP 30 12 95 0 15
acid
4 (Ru(p_ Benzoic K,CO; NMP 100 24 97 0 4
acid
cym)Cly)./
PCyg
5 pd(o AC)z Benzamide Ag.0 AcOH 120 5 82 0 *
6 Pd/Mesoporous Benzamide AgOACc AcOH 120 15 76 5 !
Silica
7 Fes04-DA- Benzoic AgOAc AcOH 120 12 88 5 This
2Py-Pd acid work
Benzamide AgOAc AcOH 120 12 82 5
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3.3.3.4. Plausible Mechanism of ortho-arylation of benzamide/benzoic acid over FezOs-
DA-2Py-Pd
A plausible reaction mechanism was proposed for ortho-arylation of

benzamide/benzoic acid and iodobenzene as shown in Figure 3.7 based on the previous studies
and the aforementioned experimental findings.®!%!* This mechanism would mainly involve
three major steps, viz., aromatic C-H activation, oxidative addition, and reductive elimination.
Step-1 involved cyclopalladation of benzamide/benzoic acid via aromatic C-H activation of
benzamide/benzoic acid to form aryl Pd (Il) intermediate-1. In step-2, intermediate-1 would
undergo oxidative addition to give Pd (IV) Complex intermediate-2. Finally, in step-3,
reductive elimination of Pd (IV) Complex intermediate-2 would give the final product

regenerating the catalyst.

(o)
©)LX
X=NH,,0H

C-H activation HOAc

Reductive
elimination

‘IIIIIIIIIIIIIIIIIIIIIIIIIII

Figure 3.7. Plausible reaction mechanism for FezOs—DA-2Py-Pd catalyzed
Benzamide/Benzoic Acid C-H activation reaction
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3.4. Conclusions

In summary, FesOs-DA-2Py-Pd nanocatalyst was successfully synthesized for ortho
arylation of both benzamide and benzoic acid by aryl iodide. Catalyst was magnetically
recoverable and worked exceptionally well for the said application under ligand free conditions
with an excellent yield of the product (88% & 82%) respectively. The efficacy of the catalyst
was validated for substituted benzamides/benzoic acids and substituted aryl iodide (coupling
partners) for the synthesis of biaryls which gave good yield of the products. It was found that
the catalyst may be reused for at least five cycles with no appreciable reduction in activity.
After 5 cycles, the structural stability of the reused catalyst was established by XRD and FT-
IR study. This catalyst is the first magnetically reusable catalyst for aforementioned
applications. On comparison of this catalyst with reported catalysts, it was understood that
current catalyst is superior to the reported ones due to its unique features such as i) presence of
low amount of expensive active metal ii) effective binding of active metal by Schiff base
strategy iii) Magnetic separability of the catalyst iv) Use of catalyst for dual applications. Thus,
the sustainable application of the synthesized catalyst (FesO4-DA-2Py-Pd) was established.
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3.5. Spectral data of synthesized products Benzamide C-H activation 3a-3j & Benzoic
acid C-H activation 3a-3j
Benzamide C-H activation:

[1,1'-biphenyl]-2-carboxamide

IH NMR (400 MHz, CDCls): & (ppm): 7.78 (d, J = 8.0 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.46
—7.35 (m, 7H), 5.67 (brs, 1H), 5.27 (brs, 1H); 3C NMR (100 MHz, CDCls): & (ppm): 171.41,
140.20, 139.87, 134.39, 130.55, 130.43, 129.07, 128.80, 128.71, 127.95, 127.63.

3b

4'-methoxy-[1,1'-biphenyl]-2-carboxamide

IH NMR (400 MHz, CDCls): § (ppm): 7.77 (dd, J = 7.6, 1.2 Hz, 1H), 7.50 — 7.46 (m, 1H), 7.40
(t, J = 7.6 Hz, 1H), 7.37 — 7.30 (m, 3H), 6.87 (d, J = 7.8 Hz, 2H), 5.87 (s, 1H), 5.32 (s, 1H),
3.85 (s, 3H).; 3C NMR (100 MHz, CDCls): & (ppm): 171.51, 159.34, 139.88, 134.25, 130.52,
130.42, 129.42, 129.10, 128.67, 127.40, 114.09, 55.28.

3c

CH
3)

4'-methyl-[1,1'-biphenyl]-2-carboxamide

'H NMR (400 MHz, CDCla): 6 (ppm): 7.77 (d, J = 7.6 Hz, 1H), 7.48 (t, J = 7.6 Hz, 1H), 7.40
(t,J=7.6 Hz, 1H), 7.36 — 7.31 (m, 3H), 7.23 (d, J = 7.8 Hz, 2H), 5.86 (brs, 1H), 5.32 (brs, 1H),
2.39 (s, 3H); 3C NMR (100 MHz, CDCls): J (ppm): 171.53, 139.89, 137.82, 137.26, 134.27,
130.53, 130.44, 129.44, 129.11, 128.69, 127.41, 21.21.
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3d

Br
Y,

4'-bromo-[1,1'-biphenyl]-2-carboxamide

IH NMR (400 MHz, CDCls): 5 (ppm): 7.71 (d, J = 7.6 Hz, 1H), 7.58 — 7.47 (m, 3H), 7.43 (t, J
= 7.6 Hz, 1H), 7.33 (t, J = 8.4 Hz, 3H), 5.85 (brs, 1H), 5.37 (brs, 1H); 3C NMR (100 MHz,
CDCls): 6 (ppm): 171.29, 139.07, 138.61, 134.56, 131.82, 130.64, 130.38, 130.25, 128.84,
127.94, 122.32.

p
CH,0 |

3e

3-methyl-[1,1'-biphenyl]-2-carboxamide

'H NMR (400 MHz, CDCls):  (ppm): 7.45 (d, J = 7.6 Hz, 2H), 7.39 — 7.29 (m, 4H), 7.20 (t, J
=8 Hz, 2H), 5.80 (brs, 1H), 5.33 (brs, 1H), 2.43 (s, 3H); **C NMR (100 MHz, CDCls): 6 (ppm):
172.12,140.44,138.97, 135.67, 135.34, 129.37, 129.03, 128.65, 128.43, 127.54, 127.39, 19.57.

([ CH,0 A

4'-methoxy-3-methyl-[1,1'-biphenyl]-2-carboxamide

'H NMR (400 MHz, CDCls): ¢ (ppm): 7.39 (d, J = 8.8 Hz, 2H), 7.30 (d, J = 7.6 Hz, 1H), 7.19
(d, J = 6.4 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 5.89 (brs, 1H), 5.32 (brs, 1H), 3.83 (s, 3H), 2.44
(s, 3H); *C NMR (100 MHz, CDCls): 6 (ppm): 172.59, 159.21, 138.61, 135.47, 135.35, 132.77,
129.76, 129.06, 129.00, 127.34, 113.90, 55.27, 19.57.
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3,4'-dimethyl-[1,1'-biphenyl]-2-carboxamide

IH NMR (400 MHz, CDCls): & (ppm): 7.36 (d, J = 8 Hz, 2H), 7.31 (t, J = 8 Hz, 1H), 7.22 —
7.16 (m, 4H), 5.70 (brs, 1H), 5.30 (brs, 1H), 2.44 (s, 3H), 2.38 (s, 3H); 13C NMR (100 MHz,
CDCls): ¢ (ppm): 172.20, 138.93, 137.52, 137.34, 135.58, 135.34, 129.18, 129.03, 128.52,
127.38, 21.18, 19.58.

( CH;0 )

3h

4'-bromo-3-methyl-[1,1'-biphenyl]-2-carboxamide

IH NMR (400 MHz, CDCls): § (ppm): 7.51 (d, J = 8.4 Hz, 2H), 7.35 — 7.31 (m, 3H), 7.23 (d,
J=7.6Hz, 1H), 7.16 (d, J = 7.6 Hz, 1H), 5.86 (brs, 1H), 5.36 (brs, 1H), 2.44 (s, 3H): *C NMR
(100 MHz, CDCls): J (ppm): 171.93, 139.28, 137.69, 135.53, 135.43, 131.59, 130.30, 129.72,
129.20, 127.15, 122.00, 19.50.

3'-methoxy-[1,1'-biphenyl]-2-carboxamide

IH NMR (400 MHz, CDCl3): J (ppm): 7.83 — 7.79 (m, 1H), 7.54 — 7.45 (m, 2H), 7.38 — 7.33
(m, 2H), 7.04 — 6.97 (M, 2H), 6.94 (d, J = 8 Hz, 1H), 5.61 (s, 1H), 5.32 (s, 1H), 3.83 (s, 3H).;
13C NMR (100 MHz, CDCls): § (ppm): 172.18, 159.54, 141.94, 138.96, 135.71, 135.46, 131.04,
129.57, 129.12, 127.34, 121.16, 114.17, 113.52, 55.35.
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([ CH;0 h
Osch,
\_ 3'] Wy,

3'-methoxy-3-methyl-[1,1'-biphenyl]-2-carboxamide

'H NMR (400 MHz, CDCls): d (ppm): 7.34 — 7.26 (m, 2H), 7.21 (t, J = 7.2 Hz, 2H), 7.04 —
7.01 (m, 2H), 6.89 (d, J = 8.2 Hz, 1H), 5.78 (brs, 1H), 5.36 (brs, 1H), 3.80 (s, 3H), 2.44 (s, 3H);
13C NMR (100 MHz, CDCls): § (ppm): 172.08, 159.45, 141.84, 138.86, 135.62, 135.36, 129.47,
129.02, 127.24, 121.06, 114.07, 113.42, 55.25, 19.55.

Benzoic acid C-H activation:

4 o )

® OIH
3a O’CHS )

4'-methoxy-[1,1'-biphenyl]-2-carboxylic acid

\_

'H NMR (400 MHz, CDCls): 6 (ppm): 7.91 (d, J = 8.0 Hz, 1H), 7.53 (t, J = 7.2 Hz, 1H), 7.40
—7.34 (m, 2H), 7.27 (d, J = 8.0 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H).; °C NMR (100
MHz, CDCls): 6 (ppm): 172.85, 159.10, 142.81, 133.36, 131.93, 131.17, 130.62, 130.44,
129.66, 126.84, 113.62, 55.25.

e o )

0

\_ J

[1,1'-biphenyl]-2-carboxylic acid

IH NMR (400 MHz, CDCl3): & (ppm): 7.93 (d, J = 7.8 Hz, 1H), 7.55 (t, J = 7.4 Hz, 1H), 7.42
(d, J=7.6 Hz, 1H), 7.38— 7.32 (m, 6H); 13C NMR (100 MHz, CDCls): § (ppm): 172.94, 143.30,
141.08, 131.98, 131.18, 130.63, 129.52, 128.49, 128.07, 127.34, 127.19.
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([ CH;0 A

oL
Clen

J

\

4'-methoxy-3-methyl-[1,1'-biphenyl]-2-carboxylic acid

IH NMR (400 MHz, CDCls): 8 (ppm): 7.37 — 7.33 (m, 3H), 7.20 (d, J = 7.6 Hz, 2H), 6.92 (d,
J=8.8 Hz, 2H), 3.83 (s, 3H), 2.45 (s, 3H): 3C NMR (100 MHz, CDCls): 6 (ppm): 173.61,
159.18, 139.70, 135.35, 133.09, 130.45, 129.64, 129.52, 128.84, 127.45, 113.86, 55.27,
19.91.

CH; 0

so.
___3d y

3-methyl-[1,1'-biphenyl]-2-carboxylic acid

IH NMR (400 MHz, CDCls): § (ppm): 7.41 — 7.34 (m, 6H), 7.23 — 7.20 (m, 2H), 2.45 (s, 3H):
13C NMR (100 MHz, CDCls): 6 (ppm): 174.24, 140.68, 140.17, 135.45, 132.21, 129.70, 129.22,
128.79, 128.38, 127.52, 127.47, 19.93,

( o )

oo
3e O O,CH3

J

\_

3-(4-methoxyphenyl)-2-naphthoic acid

IH NMR (400 MHz, CDCls): 6 (ppm): 8.52 (s, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.85 (d, J = 8.4
Hz, 1H), 7.79 (s, 1H), 7.60 (t, J = 7.8 Hz, 1H), 7.54 (t, J = 7.8 Hz, 1H), 7.37 (d, J = 8.8 Hz,
2H), 6.96 (d, J = 8.8 Hz, 2H), 3.86 (s, 3H); 13C NMR (100 MHz, CDCls): J (ppm): 172.68,
159.01, 138.69, 134.82, 133.55, 132.27, 131.33, 130.46, 130.06, 129.84, 128.78, 128.62,
127.71, 126.68, 113.63, 55.29.
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oo
CH, |

3-(p-tolyl)-2-naphthoic acid

\

IH NMR (400 MHz, CDCls): & (ppm): 8.53 (s, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 8.4
Hz, 1H), 7.79 (s, 1H), 7.63 — 7.53 (m, 2H), 7.37 (d, J = 8.8 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H),
2.44 (s, 3H); 3C NMR (100 MHz, CDCls): & (ppm): 172.77, 138.71, 137.10, 134.84, 133.57,
132.29, 131.35, 130.48, 130.08, 129.86, 129.55, 128.80, 128.64, 127.73, 126.70, 21.39.

( 0 )

e
A
36 o-CHz

\. J

4'-methoxy-5-methyl-[1,1'-biphenyl]-2-carboxylic acid

IH NMR (400 MHz, CDCl3): & (ppm): 7.85 (d, J = 8.0 Hz, 1H), 7.25 (d, J = 6.4 Hz, 3H), 7.19
(d, J = 7.6 Hz, 1H), 7.15 (s, 1H), 6.91 (d, J = 8.8 Hz, 2H), 3.84 (5, 3H), 2.41 (s, 3H); 3C NMR
(100 MHz, CDCls): & (ppm): 172.14, 159.01, 143.13, 142.65, 133.59, 132.09, 131.04, 129.65,
127.62, 126.26, 113.52, 55.26, 21.50.

0]

o
w >
3h

5-methyl-[1,1'-biphenyl]-2-carboxylic acid

IH NMR (400 MHz, CDCls): & (ppm): 7.87 (d, J = 8.0 Hz, 1H), 7.38 — 7.30 (m, 5H), 7.22 (d,
J =8.0 Hz, 1H), 7.16 (s, 1H), 2.42 (s, 3H); 13C NMR (100 MHz, CDCls): ¢ (ppm): 172.25,
143.62,142.72,141.33,132.08, 131.04, 129.19, 128.48, 128.32, 127.97, 127.93, 127.22, 21.50.
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5-chloro-4'-methoxy-[1,1'-biphenyl]-2-carboxylic acid

IH NMR (400 MHz, CDCls): & (ppm): 7.86 (d, J = 8.8 Hz, 1H), 7.37— 7.34 (m, 2H), 7.24 (d, J
= 8.8 Hz, 1H), 6.91 (d, J = 8.8 Hz, 2H), 3.84 (s, 3H); 13C NMR (100 MHz, CDCls):  (ppm):
172.14,159.01, 143.13, 142.65, 133.59, 132.09, 131.04, 129.65, 127.62, 126.26, 113.52, 55.26,

3j E CH
J 3 )

5-chloro-4'-methyl-[1,1'-biphenyl]-2-carboxylic acid

IH NMR (400 MHz, CDCls): & (ppm): 7.87 (d, J = 8.8 Hz, 9H), 7.39 — 7.36 (m, 2H), 7.25 (d,
J=8.6 Hz, 20H), 7.21 (d, J = 6.8 Hz, 3H), 2.38 (s, 3H); 1*C NMR (100 MHz, CDCls): & (ppm):
171.23,144.75, 138.06, 137.43, 132.14, 131.23, 130.91, 129.61, 128.83, 128.50, 127.01, 21.36.
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3.7. Selected NMR (*H & 3C) spectra of the products in
3.7.1. Benzamide C-H activation
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3.7.2. Benzoic acid C-H activation:
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Chapter-1V

Magnetically Reusable CuFe>O4 Nanocatalyst for its Dual Catalytic Action

in Sonogashira and Chan-Lam Coupling Reactions
4.1. Introduction

Study on coupling reactions is invariably a significant area in organic synthesis. One
of the areas of organic chemistry that has received the attention of researchers is the
development of carbon-carbon (C-C) bonds and carbon-nitrogen (C-N) bonds via coupling
reactions. The deployment of catalysts in performing coupling reactions is an emerging topic
in organic synthesis. In recent times, the use of magnetically recoverable nanocatalysts in
performing cross-coupling processes to develop C-C and C-N bonds in the reactions has been
explored as a greener and simple strategy in the generation of a wide range of drugs, bioactive
molecules, natural products and so forth to satisfy the demand of industry and society.l:23#
Among magnetically recoverable nanocatalysts, magnetic nanoparticles (MNPs) have attained
great interest nowadays, because of their unique features such as large surface-to-volume ratio,
enhanced activity, good thermal stability, less toxicity, good potential for surface modification
to make them suitable for a specific application. Besides these features, the significant
greatness of these MNPs is their simple way of separation from the reaction mixture with the
aid of an external magnet for further use. It is a proven fact that the magnetically separable
catalyst is the best favorable strategy to overcome the limitations associated with homogeneous
catalysis, and tedious methods of separation of catalyst from the reaction mixture in
heterogeneous catalysis such as filtration and centrifugation.>%’

In recent days, magnetic spinel ferrite NPs (MFe204, M=Mn, Fe, Co, Ni, Cu, Zn) were
explored to be efficient materials as catalysts in synthetic organic chemistry, owing to their
remarkable electronic and magnetic properties which enables the separation of the catalyst
using an external magnet.8%101112 Among them, copper spinel ferrites (CuFe204) gained
attention because of their noteworthy properties such as low-cost, ease of synthesis, moderate
saturation magnetization, good coercivity with outstanding chemical and thermal stability
under high temperatures. An added advantage of these ferrites is their magnetic recovery and
easy surface functionalization for a specific application. During the past decade, CuFe>O4 and
their surface-functionalized materials were extensively used as catalysts in the field of catalysis

for organic synthesis.**
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Reactions comprising of C-C and C-N bond development gained much attention owing
to their significance in the synthetic organic chemistry for the development of complex
molecules from simpler units. Most important and well-known C-C coupling reactions are
Heck, Negishi, Suzuki and Sonogashira reactions.®%1"18 Among these, Sonogashira coupling
reactions are notable that involves the formation of aryl alkynes from terminal alkynes and aryl
halides. It is because, aryl alkynes are used as important intermediates in synthesizing
numerous agrochemicals, polymers and pharmaceuticals.'® Usually, the Sonogashira coupling
reaction is conventionally mediated by Pd in the presence of metal co-catalyst, ligands and a
base.?® Commonly used co-catalysts are copper salts, Zn, Sn, Al etc and ligands are pyridines,
pyrimidines etc. Currently, research community prefer to use Pd-free and ligand free catalytic
system because of expensive nature of Pd and ligands. Instead of Pd, cheaper metals such as
Fe, Ni would be used as catalysts but they need complex ligands, copper as a co-catalyst, and
harsh reaction conditions.?* Thus, numerous methods have been developed for the Pd-free
Sonogashira coupling reactions using other low-cost transition metals such as Cu, Rh, Zn, Co.
Despite having good progress, many of the reported Pd-free procedures are associated with
harsh reaction conditions, lower yields of the product, more reaction time, tedious workup
procedure etc.?>%3 On the other hand, many copper-based homogeneous catalysts were reported
as a substitute for the Pd-based catalysts for the Sonogashira reaction because of their
inexpensive nature, good selectivity and catalytic activity.?#? In spite of great achievements
as homogeneous catalysts, they are also associated with limitations such as non-recoverability
of the metal and ligand, non-recyclability and single-use nature of the catalyst (non-
reusability). Hence, it is intended to prepare a simple copper catalyst that should be
heterogeneous and magnetic in nature to favour its easy recovery. It is proposed to synthesise
simple magnetic nano CuFe2O4 as a catalyst for Songashira-coupling reaction with Pd-free
conditions. Simultaneously its usefulness for the development of C-N bond in base-free
reaction conditions was also tried to explore.

C-N bond is an integral part of many useful compounds such as agrochemicals, natural
products, pharmaceuticals, dyes etc. C-N coupling reaction involving arylamine synthesis by
amination (N-arylation) is a significant research area in synthetic organic chemistry owing to
their numerous uses in the generation of bioactive compounds, HIV-protease inhibitors,
heterocycles, medicinally important compounds, and natural products, etc. Three important
strategies reported so far for development of C-N bond are the Ullmann coupling, Buchward-
Hart Wig amination and Chan-Lam coupling. Ullman coupling reaction involving coupling of
aryl halides with amines mediated by Cu(l) was reported to be associated with a few
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limitations.?® To overcome these, Buchward-Hart Wig reactions have emerged that comprise
of aryl halide coupling with amines mediated by Pd (I1). But those reported catalysts were not
suitable for the coupling reaction of aryl halides with excess electrons or ortho-substituted aryl
halides with aromatic amines. But, they were successful by small Pd loading thus making the
process expensive.?® Consequently, Chan-Lam proposed a new strategy for C-N bond
development by arylation of amines using aryl boronic acid mediated by Cu(ll) source which
uses mild reaction conditions and weak base. Overall among all the strategies, the Chan- Lam
coupling methodology seems to be advantageous in view of low toxicity, good stability, ligand
free and mild reaction conditions, good structural diversity of aryl boronic acid.?®?” Until now,
many catalysts were reported but they were homogeneous in nature.?® To overcome the
limitations associated with homogeneous catalysts, and to favor easy separation of the catalyst,
a magnetic heterogeneous catalyst is the need for the Chan-Lam coupling reaction. Thus, it is
intended to explore the catalytic activity of simple magnetic CuFe>O4 for Chan-Lam coupling
reaction under base-free mild conditions.

Based on the available literature it is understood that many Pd-free, Cu-based complex
catalytic systems were reported?® for the said applications. But, simple, reusable, magnetically
recoverable catalyst via facile synthesis method for both C-C and C-N coupling reaction was
not reported. Thus, current work reports the synthesis of reusable, magnetic CuFe;O4
nanocatalyst via a simple co-precipitation method for the Sonogashira coupling reaction (C-C)
under Pd-free, ligand free conditions and Chan-Lam coupling reaction (C-N) under base free
conditions.

4.2. Experimental Section

4.2.1. Materials
Ferric nitrate (99%, Finar,); Copper acetate (99%, Finar); Ammonia solution; Methanol

(MeOH) (99%, Finar); Ethanol (EtOH), (99%, Finar); Ethyl acetate (EtOAc) (99%, Finar); n-
hexane (98%, Finar) were used as starting materials. Throughout the investigation, Double

Distilled (DD) water was used.

4.2.2. Synthesis of CuFe204 nanocatalyst
The magnetic CuFe2O4 nanocatalyst was synthesized using the facile Co-precipitation

method. In this process, a clear solution was produced by dissolving Cu(OAc)2.H20 (1 mmol),
Fe(NO3)3.9H.0 (2 mmol) in 50 mL of DD water and the mixture was stirred continuously for
30 minutes at room temperature (RT). The pH of the solution was adjusted to ~10 with the
addition of ammonia solution while being stirred continuously. The resulting mixture was

constantly agitated for two hours at RT, and then the obtained product was washed three times
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with DD water and ethanol before being dried in an oven at 60 °C. It was then calcined for 2 h
at 550 °C.

4.2.3. Sonogashira coupling reaction
In a typical Sonogashira coupling reaction experiment, the reactants viz., aryl halides

(1 mmol), phenyl acetylenes (1.5 mmol) along with KoCOz (2 mmol), CuFe O catalyst (20
mg) were mixed in 3 mL of EtOH. The reaction mixture was constantly stirred at 80 °C for 12
h. Soon after the reaction was completed (as tracked by TLC), the catalyst was readily separated
using an external magnet. Ethyl acetate was used twice to extract the products and purified on
a microcolumn loaded with silica gel. Then, the products were examined using H and *C

NMR spectral analysis.

4.2.4. Chan-Lam coupling reaction
In the Chan-Lam reaction, aryl amines (1 mmol), phenylboronic acid (1.5 mmol), and

CuFe204 catalyst (20 mg) were mixed in 3 mL of EtOH:H,0 (1:1). The reaction mixture was
constantly stirred at 80 °C for 10 h. After the completion of the reaction (as tracked by TLC),
the catalyst was readily isolated using a magnet. Ethyl acetate was used twice to extract the
products and purified on a microcolumn loaded with silica gel. Then, the products were
examined using H and 3C NMR spectral analysis.
Catalyst recovery

The magnetic nanocatalyst was isolated from the reaction mixture for further use by
holding the magnet externally to the reaction vessel. Consequently, the catalyst got stuck to the
wall by external magnet and the reaction mixture was decanted into another container. The
retained catalyst in the vessel was washed with DD water and ethanol for three times, dried (at
60 °C overnight) and was used in the next run. 99% of the catalyst was fully recovered with
minimal loss of the catalyst. This can be understood by the fact that the recovered catalyst was

reused further for the reaction where it has shown almost the same activity.

4.2.5. Characterization of Catalyst
The structural characteristics of the synthesized CuFe>O4 were carried out using various

techniques. Powder X-ray diffraction (PXRD) studies were performed using a PAN Analytical
Advance X-ray diffractometer in a 26 scan range between 10° and 80° utilizing Ni-filtered Cu
K (A= 1.5406A) radiation. FT-IR spectra for CuFe,O4 were recorded between 4000 and 400
cmtusing the PerkinElmer Spectrum by KBr pellet technique. Scanning Electron Microscope
(SEM, Make: TESCAN, Model: VEGA3 LMU) was used to understand the surface
morphology of the CuFe.O4 catalyst. The magnetic hysteresis curve of the catalyst was

obtained using a vibrating sample magnetometer (VSM, Lake Shore, Model: 8600 Series) to
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understand the magnetic behavior of the catalyst. Using CDCl3 as a solvent and TMS as an
internal standard, *H and *3C NMR spectra were recorded on an advanced-111 Bruker 400 MHz
NMR spectrometer. Chemical shifts were expressed as parts per million (ppm).

4.3. Results and Discussion

4.3.1. Preparation of the CuFe204 Catalyst
CuFe204 catalyst was synthesized by a simple one step (I) procedure (Scheme 1).

CuFe204 NPs were prepared by using Co-precipitation method in 2 h. An external magnet was
used to isolate the synthesized nanocatalyst, which was then dried under vacuum conditions
for its further use. The overall synthesis of nanocatalyst was shown in Scheme 1.

Scheme 4.1. Preparation Path of the CuFe2O4 Nanocatalyst

\
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/\.& D
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4.3.2. Characterization of the CuFe204 Catalyst
The XRD patterns of synthesized CuFe>O4 catalyst were depicted in Fig4.1a. The XRD

patterns revealed the existence of clear distinctive peaks at 260=18.5°, 30.4°, 35.8°, 37.4°, 43.4°,
53.8°, 57.4°, 62.5° of the spinel ferrite structure that were indexed to (111), (220), (311), (222),
(400), (422), (511) and (440) reflection planes. These planes were identical with the distinctive
peaks of CuFe204, standard JCPDS data card no. 77-0010. Thus, the formation of single phased
cubic spinel structure of the catalyst with fd3m space group was confirmed without any
impurity peak.3%3! The formation of particles in the nano-regime was confirmed by the broad
peaks and the average crystallite size of CuFe204 was cculated to be around 19.16 nm using
the Debye-Scherrer’s formula.®? The most intense peak (311) from the figure at 35.8° was the

representative peak of the spinel phase.
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Figure 4.1 (a) XRD spectra and (b) FTIR spectra of sample
FT-IR spectra of the synthesized CuFe,O4 catalyst’s was depicted in Figure 4.1b. The

appearance of two prominent peaks between 600 and 400 cm™ were representative of spinel
structure in consistent with Waldrons report.®® These were the result of M-O band stretching
vibrations i.e. they were due to Fe-O and Cu-O vibtrations at both A (tetrahedral sites) and B
(octahedral sites). It was reported that Cu prefer to occupy octahedral B site while Fe ions can
be distributed between A & B sites resulting in the formation of inverse spinel structure of the
ferrites.3* The substantial peaks observed at 414 cm™ and 583 cm were because of the intrinsic
stretching vibrations of the M"*-O bond in the octahedral and tetrahedral locations of the spinel
structure respectively.® The absorption peak at 3430 cm™ and 1623 cm™ signifies stretching
and bending vibration of surface OH groups. The observed peaks at 1374 cm™ and 1025 cm*

denote the overtone O-H stretching vibrations of hydroxyl group of water on catalyst.®

SEM images in Figure 4.2 (a,b) established that agglomeration of sub micrometric
range particles has resulted in micrometric clusters with irregular shape. This means that small
particles have been synthesized during the synthesis process but during the calcination, they
coalesced with each other resulting in bigger agglomerates. From the obtained SEM results, it
was difficult to estimate the size of individual particles but it was evident that they were below
1. It was also evident that in spite of the irregular shape of the aggregates, shape of individual

nanoparticles looked like spherical.

102



Chapter-1Vv Magnetically Recoverable......... Coupling Reactions

-« ) 3
SEM HV: 15.0 kV WD: 15.08 mm VEGA3 TESCAN|  SEMHV: 15.0 kv wo:1513mm | | vEGA3TESCAN
SEM MAG: 10.0 kx Det: SE SEM MAG: 7.50 kx [ 5 pm
1 Date(midly): 06/09/23 NIT, Warangal 9 Date(midly): 06/09/23 NIT, Warangal

Figure 4.2. a,b SEM images of the CuFe>O4 nanocatalyst
To establish the magnetic behaviour of the CuFe>O4 catalyst, the RT magnetization

measurements were performed using VSM and the results were shown in the form of
magnetization curve (magnetic hysteresis curve) in Figure 4.3. As the applied magnetic field
is dropped to zero, the CuFe>O4 nanocatalyst had still 4.71 emu/g remanence (M) value with
coercivity (Hc) of 147 Oe. The saturation magnetization (Ms) was found to be 18.67 emu/g.
This behaviour of synthesized catalyst explicitly supported the presence of ferromagnetic
component in it. Thus, the magnetic retrievability and reusability of the catalyst was supported

by the evaluated magnetic parameters from Figure 4.3 which the notable magnetic
performance of the synthesized catalyst was manifested.

20 - a —— M-H Loop
. Ms= 18.67
15+ Mr= 4.71
1 Hc= 147
5
5 .
3
g 0
A
= -5
10 4
415 4
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Applied Field(Oe)
Figure 4.3. a) VSM of CuFe2O4 nanocatalyst
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4.3.3. Application of CuFe204 catalyst in Sonogashira and Chan-Lam coupling reactions

4.3.3.1. Sonogashira coupling reactions
A simple Sonogashira coupling reaction combining aryl halide and phenyl acetylene

was performed using the synthesized CuFe2Os4 nanocatalyst. Several important reaction
conditions for the Sonogashira reaction viz., type of the solvent, base, temperature and amount
of the catalyst (mg) were optimized systematically. The effect of different solvents on the
reaction using K>CO3 as a base and 20 mg of the catalyst at 80 °C was studied. The product's
yield was low in the presence of polar aprotic solvents like DMF, DMSO and nonpolar solvents
like toluene (Table 4.1, entry 1-3). Furthermore, it was observed that poor yield of the product
was obtained in presence of pure H>O as solvent (Table 4.1, entry 4). But, when polar protic
solvents like ethanol and methanol were used, a significant yield of the product (96% and 90
% respectively) was obtained (Table 4.1, entry 5, 6). Hence, it confirmed that EtOH as a
solvent gave a higher yield (Table 4.1, entry 5). Further, the effect of mixture of polar protic
solvents on the product yield was also investigated. However, no significant yield was seen.
(Table 4.1, entry 7-8). These findings implied that EtOH, a protic solvent was an optimized
solvent for Sonogashira reactions in the presence of CuFe>O4 nanocatalyst.
To identify the right base for the reaction, the effect of other bases (Cs,COs, NaOH,
EtsN) on the reaction, other than KoCOs (Table 4.1, entries 9—11) in EtOH as solvent was also
investigated. However, the use of just K.COz as a base produced the best yield of all the bases
used (Table 4.1, entry 5) at 80 °C with 20 mg of the catalyst. Thus, K.CO3 was the optimized
base for Sonogashira reactions in the presence of CuFe.O4 nanocatalyst.
In general, the yield of the reaction is significantly influenced by temperature.
To understand the effect of temperature, the reaction was carried out in the presence of CuFe204
nanocatalyst (20 mg) using EtOH as solvent and K.COz as base at various other temperatures
(RT, 60 °C, and 100 °C). At RT, a very low yield was noted (Table 4.1, entry 12), and the
reaction moved forward more quickly at 60 °C compared to RT. The yield of the product,
increased noticeably at temperatures greater than RT (60 °C, 80 °C, and 100 °C) (Table 4.1,
entries 13, 5, 14). These findings from Table 4.1 implied that the optimum temperature was
80 °C. In order to optimize the amount of catalyst, the reaction was conducted with various
quantities of CuFe204 nanocatalyst at 80 °C in the presence of EtOH as solvent and K.COsz as
base. The yields of the products observed using different amounts of catalyst (10 mg, 15 mg,
and 20 mg) were 58%, 81%, and 96% respectively (Table 4.1, entries 15, 16, 5). In the
presence of 25 mg of catalyst, the yield of the product was 95% (Table 4.1, entry 17). From

these findings, it may be concluded that the optimum dosage of the catalyst was 20 mg.
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Table 4.1. Optimization of Reaction Conditions for the reaction of lodobenzene and Phenyl Acetylene
by CuFe204

_____________________________________________________________________

! CuFe,0, !
O O= 5=
e B e ;
S.No Solvent Base  Temperature Time(hr)  Yeild(%)°
1 DME K>COs3 100 12 58
5 DMSO K,COs3 100 12 30
3 Toluene K2COs 100 12 20
4 H,0 K,COs3 100 12 42
5 EtOH K2COs 30 12 96
5 MeOH K,COs3 30 12 90
7 EtOH:H,0 (1:1)  KeCOs 80 12 8
8  MeOH:H.0 (1:1) KeCOs 80 12 62
9 EtOH Cs,CO3 80 12 80
10 EtOH NaOH 80 12 76
11 EtOH Et:N 80 12 14
12 EtOH K2COs3 RT 12 Trace
13 EtOH K2COs 60 12 64
14 EtOH K2COs 100 12 95
15 EtOH K,COs3 80 12 58¢
16 EtOH K2COs3 80 12 g1¢
17 EtOH K»COs3 80 12 96°

@Reaction conditions: iodobenzene (1.0 mmol), phenyl acetylene (1.5 mmol), CuFe2O4
catalyst (20 mg) and base (2 mmol) in solvent (3 mL). Isolated yields, °10 mg catalyst, 915 mg
catalyst, 25 mg catalyst.

With these optimized conditions, the catalyst was further used to validate the substrate
scope of Sonogashira coupling reaction by considering different aryl halides (X= Cl, Br, 1),
substituted aryl halides and substituted phenyl acetylenes (Table 4.2).

It was found that para-substituted aryl iodides yield exceptionally well in the presence
of both EWG and EDG groups giving more than 85% yield of the product in most cases. This

inferred that the reaction progressed successfully regardless of the substrates with EWG and
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EDG. The reaction was also feasible with aryl bromide and chlorides (Table 4.2, compounds
7, 8) but with low yield of the product because the C-X (X= CI, Br) bond is stronger than the
C-I bond. Further, it was also observed that the reaction proceeded rapidly in case of substrates
with EDG than those with EWG. The inductive effects of the substituent groups on the
substrates could address this phenomenon.

Table 4.2 Substrate Scope of the Sonogashira coupling reaction catalyzed by CuFe2O4

! { \ Catalyst — — !

/AR X 7 \\_— - —_— !

1 + p— H — ) !

1 2 80 °C 3 !
OO0 w00 w050
a 3b .

X=1,96% X=1,92% X=1,94%
; X—I 88% X—I 86% X= I 85% :
! 3g E

: X=Cl, 56% X= Br, 78%

_______________________________________________________________________________________________

For Sonogashira coupling reactions, the effectiveness of the CuFe>O4 nanocatalyst was
compared with previously reported Pd-free catalysts (Table 4.3).

Catalysts mentioned in entries 1-3 were complex in nature and used DMF as a solvent
which was reported as toxic and certainly generate obnoxious environment for workers which
is not safe.3” Catalyst shown in the entry 4 in spite of being simple, also used DMF as a solvent
and used high temperature, larger time (130 °C and 48 h). The catalyst in entry 5 was complex
in nature and used high temperature 140 °C but still resulted in low yield (72%). Catalyst in
entry 6 was also simple, magnetic in nature but took 18 h with low yield (84%). It was clear
from Table 4.3 that our CuFe2O4 nanocatalyst worked effectively in the Sonogashira coupling
reaction in green solvent EtOH with K>COg as a base at low temperature (80 °C) in 12 h with
a good yield of 96% when compared to all the catalysts in the Table 4.3. Thus, catalyst in the
present work demonstrated its superiority over previously reported systems in terms of its

activity.
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Table 4.3 Comparison of CuFe>O4 with other previously reported Pd-free catalysts for
Sonogashira coupling reactions

S.NO Catalyst Base Solvent Temperature Time Yield Ref.
() (h) (%)
1 Cu,0/RGO KOH DMF 150 12 95 38
2 Cu/Cu20 NPs K2COs DMF 90 12 90 39
3 BNPs-DETA- EtzN DMF 70 10 95 40
Cul (1)
4 Cu NPs K2COs DMF 130 48 96 22
5 Co- KOH DMSO 140 10 72 41
MS@MNPs/CS
6 a-Fe203 NPs K2CO3 EG 80 18 84 42
7 CuFe04 K2COs EtOH 80 12 96 This
work

We propose a plausible mechanism for the Sonogashira coupling reaction of aryl halide
and phenyl acetylene in the presence of CuFe;O4 catalyst based on prior findings and
experimental observations.®®?* Based on the structural characterization, it is understood that
Cu(Il) occupies octahedral site and Fe occupies both the tetrahedral and octahedral sites. It was
an established fact that octahedral site of the spinel ferrite exhibits higher catalytic activity
compared to tetrahedral site because of its larger size which allows for better accommodation
of reactant species. Thus, as mentioned above, Cu and Fe present in octahedral site were
responsible for their activity in Sonogashira coupling reaction which is in line with the reported
fact.®®

Hence, based on the observations and earlier reports, the reaction would proceed via
two steps viz., oxidative addition and reductive elimination. Spinel ferrite acting as Lewis acid
increased the electrophilicity of specific groups of reactants by accepting the electron to form
bonds. The synergistic effect of both the ions was responsible for the oxidative addition
reaction. The reaction initiated with the formation of an intermediate 1 between
phenylacetylene and active sites in the catalyst in the presence of base. The intermediate was
then processed via oxidative addition with an aryl halide to produce intermediate 2, which then

undergone reductive elimination to generate the desired product.
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4.3.3.2. Chan-Lam coupling reaction
A simple Chan-Lam coupling reaction with aryl amines and phenylboronic acid as

coupling partners was achieved in the presence of synthesized CuFe>O4 nanocatalyst under
base-free conditions. To optimize reaction conditions, aniline and phenylboronic acid were
initially used as model substrates. Important reaction conditions such as type of the solvent,
time, temperature, and amount of catalyst (mg) for the Chan-Lam reaction were optimized.

The influence of different solvents using 25 mg of the catalyst on Chan-Lam coupling
reaction at 80 °C was investigated and the outcomes were depicted in Table 4.4. The results
showed that a very low vyield of the product was produced when the reaction mixture was
agitated for 12 h in H20, Toluene, CH3CN, DMF, DMSO (Table 4.4, entries 1 to 5). However,
an increase in the yield was observed when the reaction was carried out in EtOH or MeOH
(Table 4.4, entries 6, 7). The reaction was also tried in mixture of polar protic solvents and it
was found that combination of solvents such as EtOH:H,0 (1:1) (Entry 8) and MeOH:H>0
(1:1) (Entry 9) produced better yields than their individual solvent components (Entries 1,6,7).
Among these, it was discovered that a 95% yield of the product was achieved when the reaction
was run for 12 h at 80 °C with EtOH:H20 (1:1) as a solvent (Entry 8). When the reaction was
further investigated under the same conditions for 10 h, the yield of the product was still 95%
(Entry 10), showing that EtOH:H>O (1:1) (Table 4.4, entry 10) was the optimized solvent
with 10 h of reaction time as it has significantly increased the catalytic activity.

In general, the yield of the reaction will be significantly influenced by temperature. To
realize the effect of temperature, the model reaction was also carried out at various
temperatures (RT, 60 °C, 80 °C and 100 °C) in EtOH:H20 using CuFe.O4 nanocatalyst . At
RT, a relatively low product yield was noted (Table 4.4, entry 11). The yield of the product in
the Chan-Lam reaction, however, significantly increased at temperatures greater than RT (60
°C, 80 °C, and 100 °C) (Table 4.4, entries 12,10,13). These results implied that the optimum
temperature was 80 °C.

To optimize the amount of catalyst, the reaction was run with different amounts of
CuFe204(10 mg, 15 mg, 20 mg and 25 mg) nanocatalyst at 80 °C in EtOH:H20 (1:1) as solvent
for 10 h. The yields of the products were found to be 49%, 73%, 95%, 95% respectively for the
corresponding amount of the catalyst (Table 4.4, entries 14,15,16,10). Thus, it may be
concluded that the optimum dosage of the catalyst is 20 mg.

In order to achieve the best possible product yield, the Chan-Lam reaction was
optimized to employ 20 mg of CuFe204 as a catalyst in EtOH:H20 (1:1) as a solvent in the
absence of base at 80 °C for 10 h.
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Table 4.4 Optimization of Reaction Conditions for the reaction of aniline and phenyl boronic

acid by CuFe204

5 NH, HO, ,OH .
| N + @ CuFe,04 | N N\©
R/ Z Solvent G
. Temparature . 5
S.No Solvent Temperature  1ime (hr)  Yeild(%)"
1 H20 100 12 38
2 Toluene 100 12 Trace
3 CHsCN 100 12 Trace
4 DMF 100 12 Trace
5 DMSO 100 12 Trace
6 EtOH 80 12 85
7 MeOH 80 12 80
8  EtOH:H.0 (1:1) 80 12 95
9  MeOH:H.0 (1:1) 80 12 92
10 EtOH:H.O (1:1) 80 10 95
11 EtOH:H:0 (1:1) RT 10 Trace
12 EtOH:H.0 (1:1) 60 10 60
13 EtOH:H20 (1:1) 100 10 92
14 EtOH:H.0 (1:1) 80 10 49°
15  EtOH:H,O (1:1) 80 10 73
16 EtOH:H:0 (1:1) 80 10 95°

aReaction conditions: aniline (1.0 mmol), phenyl boronic acid (1.5 mmol), CuFe.O4 catalyst
(25 mg) in solvent (3 mL). Plsolated yields, 10 mg catalyst, 915 mg catalyst, ®20 mg catalyst

With these optimized conditions, the catalyst CuFe2O4 was further used to validate the

substrate scope of the Chan-Lam coupling reaction by considering several aryl amines and

phenylboronic acid as coupling partners and the data was depicted in Table 4.5. It was observed

that the presence of EWG as well as EDG produced exceptional yields for para-substituted aryl

amines. Regardless of the substrates with EWG and EDG, the reaction efficiently progressed,

giving more than 80% yield.
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Table 4.5 Substrate Scope of the Chan-lam coupling reaction catalyzed by CuFe204

E NH HO._._.OH :

| 2 B H |

E | ~ + @ Catalyst X | A N\© :

R// EtOH:H,0 R//

B | 2 80 °C, 10 hr 3 ;
A a0 H |
| N N N |
g  gouUu gu
5 3a, 95% 3b, 93% 3¢, 93% |
| H H H |
o0 OO0 g0
' B Cl F |
e 3d, 90% 3, 86% 3,86%
! H H !
! N _N N :
| | |
: J 0O J U ;
: 3g, 82% 3h, 90% ;

The efficiency of the CuFe>O4 nanocatalyst was compared with previously reported
catalysts for the Chan-Lam coupling reaction (Table 4.6). The catalysts in the entry 1 and 2
were complex in nature, used base and gave 88% yield employing different solvents under
different reaction conditions. The catalyst shown in entry 3 was simple but used base and the
yield of the product was also low. The complex catalyst in the entry 4 also used base and took
long time for the reaction with a yield of 90%. The catalyst in the entry 5 also used base, it
was complex in nature and took less time with a product yield of 85%. The catalyst shown in
entry 6 worked in base-free conditions at RT with a yield of 91% in 8 h but it was complex in
nature. According to Table 4.6, CuFe.O4 nanocatalyst in the current work functioned
excellently well to produce the necessary products in the Chan-Lam coupling reaction utilizing
the green solvent EtOH:H>0 (1:1) under base-free conditions at low temperature (80 °C) in 10
h with a satisfactory yield of 95%. Thus, the current catalyst demonstrated its superiority over

previously reported systems in terms of its activity.
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Table 4.6 Comparison of CuFe>O4 with other previously reported catalysts for Chan-Lam
coupling reactions

S.NO Catalyst Base Solvent Temperature  Time  Yield Ref.
CC) (h) (%)
1 GO@AF-SB-Cu  K,COs CHsCN 80 12 88 29
2 POVCF 1 K2COs CHsOH RT 16 88 44
3 CU(OAC)z K2C03 CH3CNZH20 RT 12 80 45
4 Copper(Il) NHC  KyCOs MeOH RT 24 90 46
complex
5 Chitosan anchored K,COs CHsCN reflux 9 85 26
copper(ll) SB
complexes
6 Cu/PI-COF - MeOH:H;0 RT 8 91 47
7 CuFe;04 - EtOH:HO 80 10 95 This
work

4.3.3.3. Recyclability of the catalyst
Recycling of the catalyst in organic synthesis would be an important issue of concern

from environmental, economic, and industrial viewpoint. The recyclability of CuFe2O4
nanocatalyst for Sonogashira coupling reaction and Chan-Lam coupling reaction was examined
here. In each cycle, the catalyst was isolated from the reaction mixture soon after the
completion of reaction using an external magnet. The separated catalyst was dried, washed
with ethanol and reused for the subsequent run where the activity of the magnetically recovered
catalyst was examined. As depicted in Figure 4.4, the catalyst was retrieved and used for at
least 5 successive runs without noticeable loss in activity as evident from the yield of the
product in the figure. In the fifth run, the product yields for the Sonogashira and Chan-Lam
reactions were 90% and 88%, respectively.

Furthermore, the structural stability of the reused catalyst in both C-C and C-N coupling
reactions were confirmed by XRD, FT-IR after five cycles. The XRD spectra of the recycled
catalyst in Figure 4.5 revealed that there were no impurity peaks and it was similar to that of
unused catalyst. The FT-IR spectra of the recycled catalyst revealed that its absorption peaks
matched with those of the fresh catalyst as evident from Figure 4.5 These facts confirmed that

the catalyst was structurally stable after 5 cycles of its use.
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Figure 4.4: Recyclability test of CuFe2O4 nanocatalyst for
a) Sonogashira coupling reaction b) Chan-Lam coupling reaction
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Figure 4.5. 1) XRD spectra 1) FTIR spectra of (a) synthesized CuFe2O4 nanocatalyst (b)
used catalyst for Sonogashira coupling reaction and (c) used catalyst for Chan-Lam reaction
after 5 cycles

4.3.3.4. Plausible Mechanism of Chan-Lam Coupling Reaction
We proposed a reasonable reaction mechanism for the Chan-Lam coupling reaction

between aniline and phenylboronic acid as shown in Figure 4.6 based on the prior studies and
the aforementioned experimental findings.*®® Spinel ferrite acting as Lewis acid increased the
electrophilicity of specific groups of reactants by accepting the electron to form bonds. In this
mechanism Cu(ll) was the active species responsible for the reaction and Fe do not involve in
the activity but was only responsible for magnetic recovery.®® This mechanism would mainly
involve three major steps, viz., oxidative addition, transmetalation, and reductive elimination.
Step-1 involved the oxidative addition of aniline to the active site of the catalyst surface (Cu)
to generate intermediate-1. In step-2, intermadiate-1 undergone transmetalation to give
intermediate-2, where both the aniline and phenylboronic acid moieties were attached to the
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active sites on the surface of the catalyst. Finally, reductive elimination of intermediate-2 in

step-3 would give the final product while regenerating the catalyst.
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Figure 4.6. Plausible reaction mechanism for CuFe,O, catalyzed Cha-lam coupling reaction

4.4. Conclusions

In summary, magnetically reusable CuFe>O4 nanocatalyst was synthesized via simple
Co-precipitation method for both Sonogashira and Chan-Lam coupling reactions under
ambient reaction conditions. Catalyst worked excellently well for Sonogashira reaction under
Pd-free conditions and for Chan-Lam reaction under base free conditions in the presence of
eco-friendly solvents (EtOH and EtOH:H>0) with an excellent yield of the product (96% &
95%) respectively. The efficacy of the catalyst was validated for substituted coupling partners
in both Sonogashira and Chan-Lam reactions which gave good yield of the products. The
catalyst was found to have excellent reusability for a minimum of five cycles without
significant loss in the activity. After 5 cycles, the structural stability and surface morphology
of the reused catalyst was investigated by XRD, FT-IR and SEM analysis. The findings of the
current study would provide a sustainable approach to synthesize magnetically recoverable and
reusable CuFe>O4 nanocatalyst for dual applications in Pd-free C-C coupling and base free C-

N coupling reactions with broad substrate scope thus making the catalyst inexpensive.
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4.5. Spectral data of synthesized products Sonogashira 3a-3f & Chan-Lam 3a-3h
Sonogashira 3a-3f:

O—==0

1,2-diphenylethyne (3a)

3a

IH NMR (400 MHz, CDCls): 6 (ppm): 7.56 — 7.52 (m, 4H), 7.38 — 7.33 (m, 6H); 1*C NMR
(100 MHz, CDCls): & (ppm): 130.50, 127.23, 127.14, 122.18, 88.26.

oL Y—=—")

1-methoxy-4-(phenylethynyl)benzene (3b)

3b

IH NMR (400 MHz, CDCls): 5 (ppm): 7.48 — 7.40 (m, 4H), 7.30 — 7.24 (m, 3H), 6.82 (d, J =
8.8 Hz, 2H), 3.77 (s, 3H). 3C NMR (100 MHz, CDCls): 6 (ppm): 159.75, 133.17, 131.57,
128.43, 128.05, 123.73, 115.53, 114.13, 89.49, 88.19, 55.42.

A=)
3c

1-methyl-4-(phenylethynyl)benzene (3c)

IH NMR (400 MHz, CDCls): 6 (ppm): 7.55 — 7.51 (m, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.37 —
7.31 (m, 3H), 7.16 (d, J = 8 Hz, 2H), 2.38 (s, 3H). 13C NMR (100 MHz, CDCls): & (ppm):
138.51, 131.68, 131.63, 129.24, 128.44, 128.19, 123.62, 120.33, 89.68, 88.84, 21.63.

A=)

1-nitro-4-(phenylethynyl)benzene (3d)

3d

IH NMR (400 MHz, CDCls): § (ppm): 8.16 (d, J = 8.8 Hz, 2H), 7.60 (d, J = 8.8 Hz, 2H), 7.52—
7.48 (m, 2H), 7.35 — 7.31 (m, 3H); 3C NMR (100 MHz, CDCls): 6 (ppm): 145.94, 131.21,
130.79, 129.21, 128.2, 127.58, 122.58, 121.06, 93.65, 86.49.
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o=

3e

1-chloro-4-(phenylethynyl)benzene (3e)

IH NMR (400 MHz, CDCl3): & (ppm): 7.52 — 7.47 (m, 2H), 7.46 — 7.41 (m, 2H), 7.35 — 7.31
(m, 4H), 7.39 (t, J = 2 Hz, 1H); 1*C NMR (100 MHz, CDCls): & (ppm): 134.58, 133.13, 131.92,
129.01, 128.80, 128. 71, 123.25, 90.63, 88.55.

1-chloro-4-((4-methoxyphenyl)ethynyl)benzene (3f)

IH NMR (400 MHz, CDCls): & (ppm): 7.44 (dd, J = 10.5, 8.4 Hz, 4H), 7.30 (d, J = 8 Hz, 2H),
6.88 (d, J = 8.4 Hz, 2H), 3.83 (s, 3H); 13C NMR (100 MHz, CDCls): 5 (ppm): 159.91, 133.99,
133.18, 132.75, 128.75, 122.25, 115.14, 114.17, 90.47, 87.10, 55.43.

Chan-Lam Coupling 3a-3h:

A

Diphenylamine (3a)

IH NMR (400 MHz, CDCls): J (ppm): 7.33 — 7.27 (m, 4H), 7.11 (d, J = 7.6 Hz, 4H), 6.96 (t, J
= 7.4 Hz, 2H), 5.73 (brs, 1H): 3C NMR (100 MHz, CDCls): J (ppm): 143.14, 129.35, 121.01,
117.85.

H
o, 0
H,CO 3b

4-methoxy-N-phenylaniline (3b)

IH NMR (400 MHz, CDCls): & (ppm): 7.23 — 7.18 (m, 2H), 7.07 (d, J = 8.8 Hz, 2H), 6.91 (d,
J=7.6Hz, 2H), 6.87 — 6.81 (m, 3H), 5.49 (brs, 1H), 3.80 (s, 3H); 13C NMR (100 MHz, CDCl3):
S (ppm): 155.29, 145.18, 135.74,129.31, 122.22, 119.57, 115.65, 114.68, 55.60.
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H
IO
H;C 3¢

4-Methyl-N-phenylaniline (3c)

IH NMR (400 MHz, CDCls): & (ppm): 7.25 — 7.21 (m, 2H), 7.08 (d, J = 8.0 Hz, 2H), 7.03—
6.98 (M, 4H), 6.87 (t, J = 7.2 Hz, 1H), 5.60 (brs, 1H), 2.30 (s, 3H); 3C NMR (100 MHz,
CDCls): ¢ (ppm): 143.96, 140.29, 130.95, 129.86, 129.31, 122.73, 120.31, 118.92, 116.87,
20.69.

Bome

4-bromo-N-phenylaniline (3d)

IH NMR (400 MHz, CDCls): 5 (ppm): 7.34 (d, J = 9.2 Hz, 2H), 7.30 — 7.26 (m, 2H), 7.05 (d,
J = 7.2 Hz, 2H), 6.98- 6.91 (m, 3H), 5.67 (brs, 1H); 23C NMR (100 MHz, CDCls): & (ppm):
142.45, 142.42, 132.19, 129.47, 121.67, 119.03, 118.31, 112.63.

Bone

4-chloro-N-phenylaniline (3e)

IH NMR (400 MHz, CDCls): 6 (ppm): 7.30-7.26 (m, 2H), 7.20 (d, J = 8.8 Hz, 2H), 7.05 (d, J
= 7.4 Hz, 2H), 7.00- 6.93 (m, 3H), 5.60 (brs, 1H); 3C NMR (100 MHz, CDCls): & (ppm):
142.65, 141.87, 129.46, 129.29, 125.53, 121.54, 118.83, 118.13.
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fone

4-floro-N-phenylaniline (3f)

H NMR (400 MHz, CDCls): 6 (ppm): 7.26-7.22 (m, 2H), 7.07-7.03 (m, 2H), 7.00-6.95 (m,
4H), 7.20 (t, J = 7.2 Hz, 1H), 5.61 (brs, 1H); 3C NMR (100 MHz, CDCls): 6 (ppm): 158.1 (d,
Jcr=158.1 Hz), 143.84, 138.84, 129.43, 120.75, 120.66, (d, Jcr=7.9 Hz), 116.91, 115.95 (d,
Jcr=22.4 Hz)

H
N N

N-phenylpyridin-2-amine (3g)

IH NMR (400 MHz, CDCls): & (ppm): 8.19 (brs, 1H), 7.52-7.47 (m, 1H), 7.34-7.31 (m, 4H),
7.08-7.04 (m, 1H), 6.59 (d, J = 8.4 Hz, 1H), 6.78— 6.70 (m, 2H): 13C NMR (100 MHz, CDCls):
J (ppm): 156.14, 148.27, 140.52, 138.09, 129.53, 123.17, 120.68, 115.20, 108.49.

0.0

N-cyclohexylaniline (3h)

IH NMR (400 MHz, CDCls): & (ppm): 7.17-7.12 (m, 2H), 6.65 (t, J = 7.2 Hz, 1H), 6.58 (d, J
= 7.6 Hz, 2H), 5.62 (brs, 1H), 3.28— 3.21 (m, 1H), 2.08- 2.03 (m, 2H), 1.79- 1.61 (m, 4H),
1.43- 1.24 (m, 4H); 3C NMR (100 MHz, CDCls): & (ppm): 147.55, 129.45, 117.05, 113.37,
51.91, 33.67, 26.13, 25.22.
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4.7. Selected NMR (*H & *3C) spectra of products in
4.7.1. Sonogashira Coupling Reaction
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Chapter-V

Synthesis of Cu Supported FesOs-NH. Nanocatalyst for One Pot Three-
Component (A®) Coupling Reaction

5.1. Introduction

In recent history, 3 component coupling reaction (A coupling reaction or aldehyde-
alkene-amine coupling) catalysed by transition metals is a reaction of prominent interest and
important tool in organic synthesis. It is a one-pot three-component condensation (Mannich
type reaction) between an amine, an aldehyde and alkyne to produce Propargylamines with
atom economy. Propargylamines are diverse substances that are widely used as intermediates
for developing heterocycles with nitrogen encompassing natural products, drugs and molecules
with biological activity in pharmaceuticals.?3 In the process of formation of the product,
activation of alkyne C-H bond is an important step for which the selection of an appropriate
catalyst is crucial.*

Since the 2000s, this reaction has been widely studied in the perspective of homogeneous
catalysis with the use of inorganic salts of different metals along with active Au,® Ag,® and Cu
metals.® Later, transition metal complexes as homogeneous catalysts were developed to
enhance the process.”® It was reported that a wide variety of transition metal based catalysts
containing Cu,® Ag,'° Au,'! Zn,*2 Fe,® In,** Ni,®® Hg,'® Ru,!” Co,'® and Nb,*® were used for
C-H bond activation in 1-alkynes for the A® coupling. The most often used salts among them
are those that contain Cu*/Cu?*, Ag* and Au*/Au®".?° Even though, the reaction in the presence
of homogeneous catalyst had a high efficiency, the complications associated with separation,
reusability and product purification led to the development of heterogeneous catalysts.?
Copper systems were of particular focus because of its abundance and inexpensive nature.??

Previously, many methods have been explored for the immobilization of catalytically
active copper NPs on different types of solid supports which include polymers,® silica,?
carbon nano tubes,? activated carbon ° to facilitate the catalyst to be easily separated from the
reaction mixture. However, there was no significant increase of catalytic activity which was
reported to be due to mass transfer constraint. To enhance the activity, great attention has been
paid towards small and non-porous supports which are expected to increase the diffusion
process. In recent past, magnetic NPs have been evolved as possible substitutes to regular
materials as supports. It is because they are strong, easily available and possess large surface

area to act as best heterogeneous catalyst supports.?”-? Further, amine functionalization of
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these magnetic NPs is a well-established methodology for the immobilization of metal NPs
because, amines are best known for stabilization of metal NPs to reduce agglomeration with
the retention of their required properties. It is also reported that amine functionalization will
enhance the catalytic activity. Magnetite (FesO4) is the simple, easily available best magnetic
material to be used as support which can be amine functionalised by simple method to form
Fes04-NH,.2%30

Based on aforementioned different strategies, and in continuation of the research
interest in developing new heterogeneous catalyst, Cu supported amine functionalized
magnetic nanocatalyst (FesO4-NH.-Cu) was proposed in the current work. It was synthesized
via simple twostep process for its use in A3 coupling reaction. Furthermore, the Fes04-NH.-Cu
was easily isolated for reuse by an external magnet, without significant reduction in its efficacy.

5.2. Experimental Section

5.2.1. Materials
The starting materials used in the present work were Ferric nitrate (99%, Finar,); Ferric

chloride (99%, Finar); Ethylene glycol (EG) (99%, Finar); CHsCOONa (SRL, 98% purity),
ethanolamine (98%, Merck), Hydrazine monohydrate (99%, Finar); Sodium borohydride
(98.5%, Finar); Ethyl alcohol (EtOH-99%, Finar); Ethyl ethanoate (EtOAc-99%, Finar); n-
hexane (98%, Finar). Water that had been double-distilled (DD) was utilised throughout the

experiment.

5.2.2. Synthesis of amine factionalized ferrite (FesOs—NH2)
By employing the Co-precipitation technique, amine-functionalized ferrite

(FesO4—NH2) was synthesized. Initially, in this process, 10.0 mL of EG was used to dissolve
15 mmol of CH3COONa. The mixture was then heated to 100 °C while being stirred
magnetically, and refluxed for 15 minutes. To the preheated solution, a solution containing
ferric chloride and ferric nitrate in 1:2 mmol ratio dissolved in 5.0 mL of EG was added. After
stirring the mixture for half an hour, 3.5 mL of ethanolamine was added. After being heated to
200 °C for 12 hours, the mixture was cooled. Once the reaction was finished the system was
cooled to room temperature (RT). The resultant product was recovered using an external
magnet and washed with DD water and ethanol for three times. The final product (Fes04—NH>)

was then dried for 12 h at 70 °C in an oven.

5.2.3. Synthesis of FesOs—NH2-Cu nanocatalyst
Cu(OAC)2:-2H20 (50 mg) was added to a suspension of amine-functionalized Fe3Oa

(500 mg) in 50 mL DD water. To bring the pH of this mixture to 9, hydrazine monohydrate
solution in water was added drop wise. Subsequently 50 mg of NaBH4 was added. At RT, the
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reaction mixture was then agitated for 24 h. The final product was separated using an external
magnet and washed three times in DD water and acetone. The resulting product (FesOs—NH,-
Cu) was dried for 12 h at 70 °C.

5.2.4. General procedure of Propargylamines
In a conventional A® coupling reaction, the reactants, 1 mmol each of amines and

aldehydes, 1.5 mmol of phenyl acetylenes, 15 mg of Fes0s—NH>-Cu catalyst were added under
solvent-free conditions at 80 °C for 5 h. After the completion of the reaction (as determined by
TLC), the catalyst was separated using a magnet. The required compounds were extracted twice
with ethyl acetate and purified on a microcolumn filled with silica gel. Then, the products were

examined using !H and *C NMR spectral analysis.

5.2.5. Characterization of Catalyst
The structural characterisation of the synthesized FesOs—NH.-Cu catalyst was carried

out using various techniques. A PAN Analytical Advance X-ray diffractometer was used to
conduct powder X-ray diffraction (PXRD) experiments using a 26 scan range between 10° and
80° and Ni-filtered Cu K (A = 1.5406 A) radiation. FT-IR spectra for FesOs—NH,-Cu were
recorded between 4000 and 400 cm* using the PerkinElmer Spectrum by KBr pellet method.
A field emission scanning electron microscope (FESEM, Model: Quanta FEG 250) was
employed to comprehend the surface morphology. The binding energies of the various
elements in the Fes0s—NH>-Cu catalyst were ascertained using X-ray photoelectron
spectroscopy (Kratos/Shimadzu Amicus, Model: ESCA 3400). In order to gain insight into the
magnetic behaviour of the catalyst, the magnetic hysteresis curves of the catalyst were
recorded using a vibrating sample magnetometer (VSM, Lake Shore, Model: 8600 Series). On
an advanced-111 Bruker 400 MHz NMR spectrometer, *H and *C NMR spectra were recorded
using CDCls as a solvent and TMS as an internal standard. Parts per million (ppm) were used
to represent chemical shifts.

5.3. Results and Discussions

5.3.1. Preparation scheme of FesOs-NH2-Cu nanocatalyst
A two-step process was used to make the FezsO4-NH2-Cu catalyst (Scheme 5.1). In step

I, Co-precipitation process was used to create the amine functionalized FesOs NPs (Fe3Os-
NH>). In step 11, Copper NPs were loaded on the amine functionalized Fe3O4 surface to form a
Cu supported amine functionalized FezOs nanocatalyst (FesOs-NH2-Cu). The synthesised
nanocatalyst was separated using an external magnet, and it was then vacuum-dried for further

usage.
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Scheme 5.1. The preparation of the FesOs-NH2-Cu nanocatalyst
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5.3.2. Characterization of FesOs-NH2-Cu catalyst:
The labelled XRD patterns of prepared materials (1. Fe3Os-NH: and 11. Fes04-NH>-Cu)

were depicted in Figure 5.1a. The broad peaks in the image confirmed that particles were
formed in the nano-regime. The observed peaks in Figure 5.1a(l) at 20 values of 18.5°, 30.2°,
35.6°, 43.2°, 53.5°, 57.1°, and 62.9° were attribute to (111), (220), (311), (400), (422), (511)
and (440) diffractions, respectively. This confirmed the development of single phased pure
crystalline spinel FesO4. (JCPDS card No. 88-0315).3 There was no change in the XRD
spectrum even after Cu loading as evident from Figure 5.1a(ll) that was due to low loading of
Cu metal. The broad peaks represent the formation of NPs and the most intense peak (311) as

evident from the figure at 35.6° was the representative peak of the spinel phase.

II
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Figure 5.1. a) XRD spectra b) FT-IR spectra of the Fe304-NH2-Cu catalyst
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FT-IR spectra of synthesized FesOs-NH2 and Fe304-NH2-Cu catalyst was depicted
Figure 5.1b depicts the. The two pronounced peaks between 600 and 400 cm™ in Figure
5.1b(l) indicative of spinel structure. The significant peaks at 430 and 580 cm™ were caused
by the intrinsic vibrations Mn*-O bond in the octahedral and tetrahedral locations of the spinel
structure accordingly. The absorption peak at 3420 and 1631 cm™ would specifiy stretching
and bending vibration of surface NH2 groups. The observed peaks at 2921 and 2851 cm*
signified stretching vibrations of C-H groups. The observed peak at 1062 cm™ indicated
stretching vibrations of C-O group and at 1285 cm™* showed stretching vibrations of C-N group.
FTIR spectrum in Figure 5.1b(I1) showed a shift in the C-N stretching vibration peak observed

at 1285cm to higher frequency range. This would be due to the bonding interaction between

Cu and NHz group. This confirmed the Cu immobilization on FezOs-NH,.3233

Element Weight % Atomic %

CK 260 410
NK 57 76
OK 335 396
FeK 328 11
CuK 20 06
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Lsec:819  104Cnts  5810keV  Det: Element-C.

Figr imes, (c) EDAX Mapping (d) EDAX data of Fe;O4+NH>-Cu
nanocatalyst.

The synthesised FesOs-NH>-Cu nanocatalyst was found to have a spherical surface
morphology as evident from Figure 5.2(a, b) of the FESEM images. The elemental mapping
spectra and energy dispersive X-ray elemental composition (EDAX) were recorded during
FESEM recording. The catalyst's elemental mapping (Figure 5.2c) indicated that all elements,
including Cu, Fe, N, C, and O were uniformly distributed across the surface of Fez0s. The
subsequent figures contained mapping spectra for the specific elements C, N, O, Fe, and Cu.

These images revealed that FesOs was functionalized with amine and Cu was successfully
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loaded on the Surface to result in the formation of the expected FesO4-NH2-Cu nanocatalyst.
The EDAX elemental composition of FezOs-NH2-Cu from Figure 5.2d revealed the existence
of Cu, Fe, N, C, and O elements which confirmed the successive surface modification, and
effective loading of Cu on the Fe3O4 support.

The effective coordination of Cu on the surface was verified using X-ray photoelectron
spectroscopy (XPS). It was an effective instrument for comprehending the electronic
characteristics of the metals in the catalyst, including the chemical valence states, binding
energy, and electron environment. The chemical valence states of Fe and Cu in the catalyst
were analysed using the XPS spectra of the FesO4-NH>-Cu nanocatalyst displayed in Figure
5.3. The two noticeable bands in Figure 5.3a at binding energies 711.7 and 724.0 eV were
ascribed to the Fe 2ps;2 and Fe 2p1, photoelectrons in the Fe?* chemical state whereas the two
peaks at 714.2 and 726.2 eV were attributed to the Fe 2pz and Fe 2p12 photoelectrons in the
Fe®* state in the FesO4 chemical state respectively. The two detected bands in Figure 3b with
binding energies of 933.9 eV and 953.6 eV could be sequentially indexed as Cu(l)2p3/2 and
Cu(1)2p1/2. These results demonstrated the presence of Cu(l), which was undetected in XRD
pattern of the catalyst. Two weak bands observed in Figure 5.3b were categorised as
Cu(0)2p3/2 and Cu(0)2p1/2 at binding energies of 932.7 eV and 950.4 eV, respectively. These

results were in consistent with the values of copper (1) and copper (0).3+3
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Figure 5.3. (a) Fe XPS, (b) Cu XPS, (c) VSM of Fe304-NH»-Cu.
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The results of the RT magnetization measurements (magnetic hysteresis curve) that
were carried out using VSM in order to determine the magnetic behaviour of the Fe304-NH.-
Cu catalyst were displayed Figure 5.3c. The nanocatalyst exhibited a coercivity (Hc) of 49.6
Oe and a remanence (M) value of 4.46 emu/g even after the applied magnetic field was
removed completely. It was found that the saturation magnetization (Ms) was 38.8 emu/g. This
response of synthesized catalyst explicitly supported the presence of ferromagnetic component
in it. The assessed magnetic parameters from Figure 5.3c revealed the considerable magnetic
performance of the synthesised catalyst, thus established the magnetic retrievability and

reusability of the catalyst.

5.3.3. Application of FesOs~NH2-Cu catalyst in A3 coupling reactions
A simple A3 coupling reaction combining amines, aryl aldehyde and phenyl acetylene

was performed using the synthesized FesOs—NH>-Cu nanocatalyst. Initially, the model reaction
was performed with morpholine (1a), 4-methyl benzaldehyde (2a), and phenyl acetylene (3a)
using 15 mg of Fes0s—NH.-Cu nanocatalyst in the presence various solvents at different
temperatures for 5 h as shown in Table 5.1.

In the presence of solvents such toluene, 1,4-dioxane, DMSO, and DMF, the reaction
continued to produce the intended product at 100 °C with a low to moderate yield (Table 5.1,
entries 1-4). At 100 °C with water as the solvent and 60 °C with EtOH as the solvent, the
reaction did not progress (Table 5.1, entry 5,6). The reaction was performed without solvent
(neat condition) also at 100 °C and an excellent yield 97% of the product was obtained (Table
5.1, entry 7). Thus, proved that the solvent was not needed for the reaction. The reaction was
carried out under neat condition at various temperatures ranging from RT to 100 °C to
understand the impact of temperature (Table 5.1, entries 7-10). At RT, a very low yield of the
product was observed (Table 5.1, entry 8) and the yield was however increased noticeably at
temperatures greater than RT (60 °C, 80 °C, and 100 °C) (Table 5.1, entries 9, 10, 7). Based
on the findings from Table 5.1, the optimum temperature was declared as 80 °C. The reaction
was examined without a catalyst in order to understand its effect. Since no product was
generated, it was established that the catalyst was essential to the progress of the reaction.
(Table 5.1, entry 11). The reaction was carried out with various amounts of FezOs—NH>-Cu
nanocatalyst at 80 °C under neat conditions in order to optimise the catalyst quantity. The yields
of the product observed with different quantities of catalyst (5 mg, 10 mg, 15 mg,) were 47%,
83%, and 97% respectively. No increase in the yield of the product was observed (97%) when
20 mg of catalyst was used (Table 5.1, entries 12, 13, 10 and 14). Therefore, it may be
concluded that 15 mg of catalyst was the ideal dosage for the reaction.
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Table 5.1. Optimization of Reaction Conditions for the reaction of morpholine, aldehyde and

i H o

| Catalyst

i Ej N /©)LH +H%© Condifi ™
E 0} H3C ondaitions O AN
| 2a 3a

a

S.No Solvent Temperature (°C)  Yield(%0)°
1 Toluene 100 80
2 1,4-Dioxane 100 75
3 DMF 100 40
4 DMSO 100 65
5 H20 100 Trace
6 EtOH 60 Trace
7 Neat 100 97
8 Neat RT 40
9 Neat 60 82
10 Neat 80 97
11 Neat 80 n.r
12 Neat 80 48¢
13 Neat 80 83¢
14 Neat 80 o7f

@Reaction conditions: morpholine (1 mmol), 4-methyl benzaldehyde (1 mmol), phenyl
acetylene (1.5 mmol), FesOs—NH.-Cu catalyst (15 mg) and in solvent (3 mL), time-5h.
bIsolated yields, ‘Without catalyst reaction, 95 mg catalyst, ©10 mg catalyst, 20 mg catalyst.

The FesO4—NH:-Cu catalytic system was employed to study the substrate range of A3
coupling reaction of substituted benzaldehydes with different amines and phenyl acetylene as
coupling partners for the synthesis of Propargylamines by following the optimized reaction
conditions. The model reaction along with the reaction conditions was shown in Table 5.2.
When numerous cyclic secondary amines, including piperidine, morpholine, and even
noncyclic secondary amines, like Et2NH, were used to investigate the substrate range, a very
good yield of the desired product was discovered, as shown in Table 5.2. Substrate scope was

also validated with phenyl acetylene and different aldehydes which gave good product yield.
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Table 5.2 Substrate Scope of the A% coupling reaction catalysed by FesOs—NH-Cu:

3 i Catalyst iN}

' atalys

N M re=<0) e A

R & Neat,80°C i N

R 5 hr R//

1 2 3 4

o s
E 0 E
, I3 :
E 4a, 97% 4b 960/ 4c, 942, '
I S SR I i
- H,C D "o Q) © i

4d, 98% 4e,97% 4f, 96% :

: e W
: N N\ :
| ‘)\‘ H,Cq, i
. M€ 92% 4h, 90% 4i, 89% ~ |

The efficacy of the FesOs—NH>-Cu nanocatalyst was compared with previously
reported catalysts for A® coupling reactions and presented in Table 5.4. Catalysts mentioned
in entries 1-4 were complex Cu based materials, consumed more reaction time, and produced
less yield in presence of solvent. Catalyst shown in the entry 5 was also complex Cu based
structure, worked under solvent free condition with less reaction time but in microwave
condition. The catalysts in entry 6,7 were expensive Ag and Au based materials and consumed
more reaction time. The catalyst in entry 8 needed less reaction time and used solvent free
condition but was expensive Ag based catalyst. Table 5.4 revealed that in comparison to other
catalysts (entries 1-8), Fes0s—NH-Cu nanocatalyst in the present work functioned effectively
in the A% coupling reaction in solvent free condition at low temperature (80 °C) in 5 hours with
a good yield (97%) of the product. The catalyst could be easily isolated from the reaction
mixture by employing an external magnet and could be reused. Catalyst in the current work
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thus demonstrated its superiority over previously reported systems by its activity and

reusability.

Table 5.4 Comparison of FesOs—NH.-Cu with other previously reported catalysts for A3
coupling reactions

S.NO Catalyst Solvent Temperature(°C)  Time Yield Ref.
(h) (%)
1 Cu Based LMOF  1,4-Dioxne 90 12 84 36
1, MON 1
2 Cu@dwCNT THF reflux 16 100 87
3 Cu/BNNS H-0 50 16 96 38
4 CTD-GO H20 100 6 92 39
5 Cu/NH2/MCM-41 neat 120 (MW) 2 68 3
6 Ag Co/Hi-ZSM-5 H.O 70 16 86 40
7 UiO-66- H-0 80 10 95 41
biguanidine/Au
8 PIm/Fe~Zn~Ag neat 90 6 90 42
9 Fe30Os—NH2-Cu neat 80 5 97 This
work

5.3.4. Recyclability of the catalyst
Recycling of the catalyst in organic synthesis is an issue of great concern from

environmental, economic, and industrial viewpoint. The recyclability of FesOs—NH2-Cu
nanocatalyst for A% coupling reaction was examined here. Using an external magnet, the
catalyst was separated from the reaction mixture at the end of each cycle. The magnetically
recovered catalyst's activity was assessed in the following run after it had been dried and
washed with EtOH. As depicted in Figure 5.4, the catalyst was retrieved and used for at least
5 successive runs without noticeable loss in activity as evident from the Figure 5.4.

After five cycles, XRD studies have verified the structural stability of the recycled
catalyst. There were no impurity peaks in the regenerated catalyst's XRD spectra as evident

from Figure 5.4(b). The catalyst's structural stability was thus validated.
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Yield (%)

Figure 5.4: Recyclability test of Fe304s~NH.-Cu nanocatalyst for A® coupling reaction
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Figure 5.5: XRD spectra of (a) synthesized Fes04-NH>-Cu nanocatalyst
(b) used catalyst after 5 cycles

5.3.5. Plausible Mechanism of A® Coupling Reaction

An appropriate reaction mechanism was proposed for the A3 coupling reaction between
amine, aldehyde and phenyl acetylene as shown in Figure 5.5 based on the prior studies and
the aforementioned experimental findings.*3#4%> This mechanism mainly involved two major
steps. The C-H bond was activated in Step 1 by the coordination of a terminal alkyne to Cu
supported on amine functionalized Fe3Os. The consequence was the formation of intermediate
I of the appropriate copper-alkylidine complex. The fact that Cu metal was known to exhibit
strong alkynophilicity for terminal alkynes made this a very beneficial step. On the other hand,

the iminium ion intermediate I was generated when the aldehyde combines in-situ with
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secondary amine. In step 2, the intermediates of the copper-alkylidine complex and the iminium

ion interacted to form the appropriate products and regenerated the catalyst.
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Figure 5.5: Plausible reaction mechanism for Fe30.—NH,-Cu catalyzed A% coupling reaction

5.3. Conclusions
In summary, magnetically reusable FesOs—NH>-Cu nanocatalyst was synthesized via

simple two-step procedure for A® coupling reactions under ambient reaction conditions.
Catalyst worked excellently well for A® coupling reaction under solvent free condition, at low
temperature and in less time with good yield of the product (97%). The effectiveness of the
catalyst was demonstrated for substituted substrates in A® coupling reactions that produced
excellent product yields. Without experiencing a significant reduction in activity, the catalyst
was discovered to exhibit high reusability for at least five cycles. After 5 cycles, the structural
stability of the reused catalyst was confirmed by XRD. The findings of the current study
provided a sustainable approach to synthesize magnetically reusable Fez0s—NH2-Cu

nanocatalyst for A3 coupling reaction with broad substrate scope.
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5.4. Spectral data of synthesized products of A2coupling reaction 3a-3i

o)

4-(3-phenyl-1-(p-tolyl)prop-2-yn-1-yl)morpholine

IH NMR (400 MHz, CDCls): § (ppm): 7.52—7.48 (m, 4H), 7.33-7.31 (m, 3H), 7.17 (d, J = 7.8
Hz, 2H), 4.74 (s, 1H), 3.74-3.71 (m, 4H), 2.64 — 2.61 (m, 4H), 2.36 (s, 3H); 13C NMR (100
MHz, CDCls): § (ppm): 137.50, 134.80, 131.81, 128.93, 128.54, 128.30, 128.21, 123.07, 88.26,
85.35, 67.18, 61.81, 49.92, 21.12.

(" ) )

(J

N

N

AN
H3C-
ol S

J

4-(1-(4-methoxyphenyl)-3-phenylprop-2-yn-1-yl)morpholine

!H NMR (400 MHz, CDCls): § (ppm): 7.54—7.49 (m, 4H), 7.35-7.31 (m, 3H), 6.90 (d, J = 8.8
Hz, 2H), 4.73 (s, 1H), 3.81 (s, 3H), 3.76-3.68 (m, 4H), 2.67 — 2.57 (m, 4H); 13C NMR (100
MHz, CDCls): 6 (ppm): 159.22, 131.81, 129.90, 129.74, 128.32, 128.24, 123.04, 113.57, 88.26,
85.39, 67.19, 61.46, 55.31, 49.82.

()
OS¢

N

4c
\ Y,

4-(1,3-diphenylprop-2-yn-1-yl)morpholine

'H NMR (400 MHz, CDCls):  (ppm): 7.63 (d, J = 7.0 Hz, 2H), 7.53-7.50 (m, 2H), 7.39-7.31
(m, 6H), 4.79 (s, 1H), 3.78-3.70 (m, 4H), 2.67 — 2.60 (m, 4H); 13C NMR (100 MHz, CDCls):
o (ppm): 137.79, 131.82, 128.62, 128.33, 128.27, 128.25, 127.80, 122.99, 88.52, 85.05, 67.16,
62.06, 49.89.
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S
H,C O
4d

\_ J

1-(3-phenyl-1-(p-tolyl)prop-2-yn-1-yl)piperidine

'H NMR (400 MHz, CDCl3): é (ppm): 7.52—7.48 (m, 4H), 7.32—-7.28 (m, 3H), 7.15 (d, J = 7.8
Hz, 2H), 4.76 (s, 1H), 2.60-2.53 (m, 4H), 2.34 (s, 3H), 1.63 — 1.54 (m, 4H), 1.45- 1.41 (m,
2H); *C NMR (100 MHz, CDCls): 6 (ppm): 137.17, 135.51, 131.85, 128.82, 128.57, 128.31,
128.06, 123.45, 87.70, 86.38, 62.16, 50.69, 26.19, 24.50, 21.18.
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1-(1-(4-methoxyphenyl)-3-phenylprop-2-yn-1-yl)piperidine

'H NMR (400 MHz, CDCls): 6 (ppm): 7.54—7.49 (m, 4H), 7.33—7.29 (m, 3H), 6.88 (d, J = 8.8
Hz, 2H), 4.75 (s, 1H), 3.80 (s, 3H), 2.57-2.52 (m, 4H), 1.63 — 1.54 (m, 4H), 1.44— 1.41 (m,
2H); *C NMR (100 MHz, CDCls): 6 (ppm): 159.02, 131.82, 130.63, 129.72, 128.29, 128.04,
123.40, 113.42, 87.66, 86.40, 61.79, 55.29, 50.61, 26.16, 24.49.
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1-(1,3-diphenylprop-2-yn-1-yl)piperidine

!H NMR (400 MHz, CDCls): 6 (ppm): 7.63 (d, J = 6.8 Hz, 2H), 7.53—7.50 (m, 2H), 7.38—7.30
(m, 6H), 4.85 (s, 1H), 2.60 (t, J = 5.2 Hz, 4H), 1.64 — 1.57 (m, 4H), 1.47— 1.42 (m, 2H); 3C
NMR (100 MHz, CDCls): ¢ (ppm): 138.18, 131.83, 129.80, 128.70, 128.30, 128.10, 127.59,
123.27, 87.96, 85.87, 62.29, 50.62, 25.99, 24.35.
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N,N-diethyl-3-phenyl-1-(p-tolyl)prop-2-yn-1-amine

!H NMR (400 MHz, CDCls): ¢ (ppm): 7.56 (d, J = 7.8 Hz, 2H), 7.51-7.48 (m, 2H), 7.33-7.28
(m, 3H), 7.16 (d, J = 7.8 Hz, 2H), 5.03 (s, 1H), 2.68 — 2.52 (m, 4H), 2.35 (s, 3H), 1.08 (t, J =
7.2 Hz, 6H); 3C NMR (100 MHz, CDCls): § (ppm): 136.95, 136.62, 131.80, 128.78, 128.37,
128.30, 128.01, 123.46, 87.34, 86.33, 56.79, 44.52, 21.13, 13.45.
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N,N-diethyl-1-(4-methoxyphenyl)-3-phenylprop-2-yn-1-amine
!H NMR (400 MHz, CDCls): 6 (ppm): 7.59 (d, J = 8.6 Hz, 2H), 7.52—7.47 (m, 2H), 7.34-7.29
(m, 3H), 6.89 (d, J = 8.8 Hz, 2H), 5.01 (s, 1H), 3.81 (s, 3H), 2.67 — 2.51 (m, 4H), 1.08 (t, J =
7.2 Hz, 6H); 3C NMR (100 MHz, CDCls): § (ppm): 158.90, 131.79, 129.52, 129.36, 128.30,
128.02, 123.43, 113.41, 87.35, 86.38, 56.48, 55.29, 44.48, 13.51.

L
Sne

N,N-diethyl-1,3-diphenylprop-2-yn-1-amine

IH NMR (400 MHz, CDCls): § (ppm): 7.68 (d, J = 8.0 Hz, 2H), 7.53-7.49 (m, 2H), 7.38-7.27
(m, 6H), 5.05 (s, 1H), 2.70 — 2.50 (m, 4H), 1.08 (t, J = 7.2 Hz, 6H): 23C NMR (100 MHz,
CDCls): 6 (ppm): 139.85, 131.80, 128.39, 128.30, 128.04, 127.27, 123.42, 87.47, 86.12, 57.03,
4458, 13.56.
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5.7. Selected NMR (*H & *3C) spectra of Products
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Chapter-VI

Immobilization of Ag Nanoparticles on NiFe.Os@TiO.@PDA for

Reduction of Nitro Aromatic Compounds
6.1. Introduction

Nitroarenes are specified as priority class of pollutants by USEA (United States
Environmental Agency) that are let out from industrial effluents, agricultural waste and other
sources.! Even low doses of nitroarenes have an impact on both anti-androgenic and estrogenic
functions in living beings.? The acceptable limit of nitroarenes in water is 20 ppb as suggested
by WHO and also it is very difficult to remove them by simple means owing to their good
chemical stability and non-biodegradable nature.® Thus, significant research is necessary to
reduce nitroarenes because of aforementioned harmful effects on the environment and human
health and also due to associated stringent limits. 4-Nitrophenol (4-NP) among Nitroarenes is
a pollutant of great concern as it is reported to be genotoxic, carcinogenic that cause serious
harm to the human beings by affecting kidney, liver, respiratory, cardio vascular, central
nervous system and lethal diseases in animal blood.* Simple degradation of 4-NP would merely
remove the pollution, but reducing the nitro to an amino group would be more desirable because
it would turn the hazardous pollutants into valuable industrial intermediates. Therefore,
creating a straightforward and efficient process for converting such hazardous contaminants
into safe chemicals remains a challenge. Nitrobenzene can be reduced to aniline which is an
important and useful intermediates in the synthesis of food additives, medicines,
agrochemicals, and other platform chemicals.®

Reduction of 4-NP demands catalytic and non-catalytic approach using different
reducing agents.>”® The non-catalytic approach usually use either Bechamp or sulphide
reduction technique which is associated with generation of enormous quantity of objectionable
waste that is pernicious to the environment and moreover, reduction of 4-NP is a very slow
process. On the other hand, the catalytic reduction technique for the reduction of 4-NP which
needs catalyst give preference to the expensive metals such as Pd and Pt which are precious
and sensitive to air and moisture.®'%* However, metal NPs undergo agglomeration during the
reaction process thus reducing their catalytic activity.'? To overcome this, several matrices such
as MOF’s, rGO, WOz, polydopamine (PDA) etc., have been reported to be used as solid
supports for immobilising the metal NPs. Another limitation associated with metal NPs is the
difficulty of their separation from the reaction mixture by simple means such as filtration or

centrifugation. To overcome this, it was reported that magnetic component such as spinel ferrite
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can be incorporated into the matrix due to its easy preparation, cost effectiveness and good
stability to prepare a heterogeneous magnetically retrievable catalyst.'® Thus, in spite of many
reported catalysts, magnetically reusable catalysts with multifunctional behaviour are trending,
owing to their sustainable approach. To address the need it is proposed to develop a
magnetically reusable nanocatalyst in the present work for the reduction of 4-NP to from 4-
amino phenol (4-AP) in the presence of NaBH4 in water (green solvent). NaBH4 was used as
common reducing agent for the hydrogenation. When it was used as a reducing agent in the
presence of transition metal catalyst, it was reported that large excess of NaBH4 (~100-folds)
was needed compared to substrate.'*> Thus it is challenging to design an appropriate catalyst
that could enhance the catalytic activity and decrease the quantity of NaBH4 required.'®

To address the need, NiFe;O4 based core-shell type catalyst was developed in the
current work for the reduction of 4-NP with a further scope of its multifunctional applications
in photocatalysis. The catalyst was designed with NiFe2O4 as core and TiO> as shell whose
surface was modified by Polydopamine (PDA) for effective immobilization of Ag NPs to result
in magnetically reusable NiFe.0.@TiO.@PDA-Ag catalyst for the reduction of 4-NP.
Magnetic retrievability and reusability of the catalyst for more cycles was an added advantage
of the catalyst. Besides all these facts, a simple methodology for the synthesis of the catalyst
was adopted in this work. NiFe2O4 was synthesized via facile hydrothermal method in the first
step. Preparation of NiFe.Os@TiO2 (core@shell) nanostructure, PDA coating on
NiFe20:@TiO2, and Ag immobilisation of PDA coated NiFe.Os@TiO> were performed in the
subsequent steps by simple stirring at room temperature (RT). Among many synthesis methods
for the synthesis of ferrite NPs, the hydrothermal method was preferred to synthesize
NiFe204"*® because of its advantages.

Hence, based on all the aforementioned facts and in the process the development of
novel ferrite based heterogeneous reusable nanocatalyst for various organic applications, the
present catalyst was developed. Therefore, the present work reports the synthesis of Ag NPs
immobilised, PDA coated NiFe20s@TiO2 (core@shell) heterogeneous magnetic nanocatalyst
(NiFe20,@Ti0.@PDA-AQ) via environmentally benign methodology with high efficiency for
the aqueous phase chemical reduction of nitroarenes and heteronitroarenes to the corresponding
amines in the presence of NaBH4 as reducing agent in aqueous medium. The optimized
conditions were used for the reduction of different substituted aromatic nitro arenes also. And

also, multifunctional behaviour of the catalyst was explored for its photocatalytic applications.
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6.2. Experimental Section

6.2.1. Materials
Ni(NOz)2.6H20 (Finar, 99%); Fe(NOz)3.9H.0 (Finar, 99%); titanium tetraisopropoxide

(TTIP) (Sigma-Aldrich, 99%); dopamine hydrochloride (98%); AgNO3 (Sigma-Aldrich, 99%);
NaBH; (Finar, 99%); HNOgz (Finar, 69%); NaOH (Finar, 96%); ethanol (EtOH, Finar, 99%);
methanol (MeOH, Finar, 99%), 4-NP (Sigma-Aldrich, 99%), MB (Sigma-Aldrich, 85%), CIP
(TCI, 98%) were employed as starting materials and Double Distilled (DD) water was used

during the course of the experiments.

6.2.2. Synthesis of NiFe204 NPs
The hydrothermal method was used to synthesize NiFe204 NPs. In this process, 40 mL

of DD water was used to dissolve Ni(NO3)..6H20 and Fe(NO3)3.9H-0 in a 1:2 ratio. After 15
minutes of stirring at RT, a clear solution was attained. The pH of the solution was maintained
at ~12 by using 2M NaOH solution and with continuous stirring for 30 minutes. The resultant
mixture was positioned in a stainless steel autoclave and heated for 12 hours at 180 °C. It was
then allowed to cool to RT. The obtained product was dried in an oven at 60 °C after washing
with DD water and ethanol three times. It was then calcined for 2 h at 800 °C. In this way

NiFe2O4 NPs were synthesized.

6.2.3. Synthesis of NiFe20:@TiO2 (core@shell) Nanostructure
50 mL of methanol was used to disperse 1 g of synthesized NiFe204. The mixture was

magnetically stirred for 15 minutes. 2.5 g of (TTIP) [yield of TiO2 (anatase): 1 g] was added
into the mixture and stirred for 10 minutes followed by the addition of 10 mL DD water. After
10 minutes, HNOz was added slowly to maintain the solution pH at 2. The resulting mixture
was vigorously stirred for 90 minutes at RT, resulting in a gel-like material. The gel was finely
ground and calcined at 500 °C for 2 h after being dried in an oven at 60 °C for an hour. Thus,

NiFe.04@TiO: (core@shell) nanostructure was synthesized.

6.2.4. Surface Modification of NiFe20:@TiO2 with PDA
19 of prepared NiFe204@TiO2 was mixed with Tris buffer in 500 mL (10 mM, pH 8.5).

The resulting solution was mixed with 1g of dopamine hydrochloride (DA) followed by
continuous stirring for 24 h at RT. Consequently, NiFe;Os@TiO. got coated by PDA via
polymerisation of DA during the process. At the end, PDA-coated NiFe>Os@TiO, was easily
separated using an external magnet and subsequently washed with DD water, ethanol and dried
in an oven at 40 °C. This has led to the formation PDA coated NiFeOs@TiO: (represented as
NiFe,0:@TiO.@PDA).
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6.2.5. Synthesis of NiFe20:@TiO2@PDA-Ag Nanocatalyst
Dispersion of 1g of as prepared NiFe:04s@TiO2@PDA in 200 mL of DD water was

performed for 20 minutes. The reaction mixture was added with 0.05 g of NaBH4 and
vigorously stirred for 24 h at RT after the addition of 0.1 g of AgNOs in 20 mL of water. Ag
() was converted during the process to Ag (0), which was then deposited on the
NiFe.04@TiO.@PDA surface. Stirring was continued for 1 h and then the resulting Ag-
immobilised NiFe20:@TiO2@PDA (represented as NiFe20.@TiO2@PDA-AQ) was set apart
using an external magnet, washed exhaustively with DD water and ethanol with subsequent
drying at 60 °C under vacuum for 12 h. This has led to the formation NiFe0:@TiO>@PDA-

Ag nanocatalyst.

6.2.6. Reduction of nitro aromatic compounds
The NaBHjs assisted conversion of nitro compounds has become a standard reaction to

assess the activity of the nanocatalysts. Hence, the efficiency of the synthesized catalyst for the
aforementioned reaction at RT was investigated. Nitro compounds (0.5 mmol) in water (10
ml) and NaBH4 (5 mmol) were mixed together under magnetic stirring at RT. Consequently,
15 mg of the nanocatalyst (NiFe20:@TiO@PDA-Ag) was added to the reaction mixture with
constant stirring for 2 h. After the completion of the reaction (as tracked by TLC), the catalyst
was readily isolated using an external magnet. Ethyl acetate was used twice to extract the
desired products and purified on a microcolumn loaded with silica gel. Then, the products were

examined using *H and 3C NMR spectral analysis.

6.2.7. Characterization of Catalyst
The structural characteristics of the synthesized materials were characterised by Powder

X-ray diffraction (PXRD) analysis on a PAN Analytical Advance X-ray diffractometer in a 20
scan range between 10° and 60° using Ni-filtered Cu K ( A= 1.5406 A ) radiation. FT-IR
spectrum for all of the materials were recorded using the PerkinElmer Spectrum with KBr
pellet method, in the range of 4000 to 400 cm™. The surface morphology of the produced
catalyst was investigated using Scanning Electron Microscopy (SEM, Carl Zeiss SMT Ltd.,
Zeiss EVO 18), Transmission Electron Microscopy (TEM), and Selected Area Electron
Diffraction (SAED) (TEM, Jeol/JEM 2100 at 200 kV). The binding energies of the elements
in the catalyst were confirmed using X-ray Photoelectron Spectroscopy (Kratos/Shimadzu
Amicus, Model: ESCA 3400). UV-Vis diffuse reflectance spectra of all the materials was
recorded at RT on an Analytik Jena SPECORD 210 PLUS. A Vibrating Sample Magnetometer
(VSM) was used to record the catalyst's magnetic hysteresis curves (VSM, Lake Shore, Model:
8600 Series).
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6.3. Results and Discussion

6.3.1. Preparation of NiFe20:@TiO2@PDA-Ag nanocatalyst
A multistep procedure was adopted to synthesize the NiFe.Os@TiO2@PDA-Ag

nanocatalyst as illustrated in Scheme 6.1. Step | was the synthesis of NiFe2Os NPs via
hydrothermal method and step Il was the synthesis of in situ NiFe204@TiO2 nanostructure
by simple stirring. The surface of NiFe.O4@TiO2 nanostructure was modified by PDA in step
[11. During this step, dopamine was continuously stirred in a Tris buffer solution (10 mM, pH
8.5) to polymerize to PDA. Lastly in step IV, Ag NPs were immobilized on PDA-coated
NiFe,04@TiO2 by reduction of Ag(l) ions assisted by NaBHas. This led to the synthesis
NiFe:0:@TiO.@PDA-Ag nanocatalyst. The synthesized catalyst was collected employing
an external magnet and it was then dried under vacuum.
Scheme 6.1. Preparation Path of the NiFe.0,@TiO.@PDA-Ag Nanophotocatalyst

NiFe,0,@TiO,@PDA-Ag !
Fe(NO3)3.9H,0 :
+
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N

=
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I 3) Calcination
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HNO3;, pH=2
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TiO,

6.3.2. Characterization of NiFe204@TiO2@PDA-Ag nanocatalyst
The indexed XRD patterns of the as-synthesized NiFe2Os4, NiFe:04s@TiO2, and

NiFe:0:@TiO.@PDA-Ag catalyst were shown in Figure 6.1a. The formation of particles in

I

the nano-regime was confirmed by the broad peaks that appeared in the figure. From Figure
6.1a(l), it was clear that all the observed peaks coincide by all means with standard data of
NiFe204 (ICDD card No. 10-0325). A very minor peak observed at 26 of 33.2° for NiFe2O4
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sample indicated the presence of the trivial amount of the impure phase of a-Fe>O3 that usually
occurs as hematite (ICDD card 33-0664).° Figure 6.1a(ll) revealed the appearance of
additional peaks at 26 of 25.3° and 48.1° together with the diffraction peaks of NiFe;Os. As
confirmed by JCPDS card No. 78-2486, they were attributed to (101), (200) diffractions of
anatase thus suggesting the formation of NiFe,04@TiO2 NPs.?° The diffraction patterns of the
synthesized catalyst NiFe.O4s@TiO.@PDA-Ag were represented in Figure 6.1a(lll). An
additional new peak appeared at 38.1° in Figure 6.1a(lll) along with diffraction peaks of
NiFe20,@TiO; attributed to (111) diffractions (JCPDS card no. 04-0783) corresponding to Ag
thus inferred that NiFe20.@TiO2@PDA-Ag nanocatalyst was successfully synthesized.

(1) NiFe,O,@TiO,@PDA-Ag b (IV) NiFe,0,@TiO,@PDA-Ag
* Ag

a

() NiFe204@TiOZ@PDA§

- (Il) NiFe,0,@TiO,
- Tio,

Y. R1274
1500
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Figure 6.1. a) XRD spectra b) FTIR spectra of the samples

FT-IR spectra of the prepared samples were depicted in Figure 6.1b. For all samples,
two prominent peaks were observed between 600 cm™ and 400 cm that were characteristic of
spinel structure. The significant peaks observed at 406 cm™ and 596 cm™ were due to the
intrinsic vibrations of M"*-O bond in the octahedral and tetrahedral sites of the spinel structure,
respectively. C=C and C-N stretching modes were ascribed to the observed peaks at 1500 cm”
Land 1274 cm™ in Figure 6.1b(111) which were not noticed in Figure 6.1b(I1). Thus, the
presence of -C=C-NH groups in PDA was confirmed. The peak detected at ~3390 cm™
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specified the existence of the -OH group of phenol in PDA. These findings concluded that
PDA was effectively coated on the surface of NiFe2Os@TiO>. No significant changes in the
peaks were seen as evident from the keen observation of Figure 6.1b(1V) (FTIR spectrum of
NiFe20:@Ti0O.@PDA-Ag nanocatalyst). A shift in the peak intensity to lower frequency from
1500 cm™ and 1274 cm™ was observed which might be due to the bonding interactions between
the functional groups of PDA and the Ag NPs present at its surface.?!-??

SEM images portrayed in Figure 6.2(a, b) depicted the surface morphologies of the
synthesized NiFe0:@TiO2@PDA-Ag nanocatalyst. Near spherical cluster-like structure of

the catalyst was apparent from the figure.

Spectrum 2
Weight%  Atomic%

Full Scale 4725 cts Cursor: 0.000

Figure 6.2. (a,b) SEM images (c) EDAX of NiFe:04@TiO,@PDA-Ag nanocatalyst

From the figure, it was evident that spherical Ag NPs were supported over a continuous
PDA layer on the core-shell justifying the deposition of Ag NPs on PDA layer over the surface
of NiFe,04@TiO2 (core@shell) nanostructure as NiFe.Os@TiO.@PDA-Ag. The SEM-
EDAX spectrum was shown in the inset of Figure 6.2(c) where the elemental % composition
was described. Accordingly, the SEM-EDAX images revealed the effective deposition of PDA
on NiFe,04@TiO. and also effective immobilisation of Ag over NiFe:Os@TiO>@PDA

surface.
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Immobilisation of Ag NPs on the surface of the PDA in the catalyst was also established
by TEM analysis. TEM images presented in Figure 6.3(a, b) prominently established that
small, spherical Ag NPs were evenly distributed all over the surface of the PDA layer. It was
evident from the magnified TEM image in Figure 6.3a that small silvery white spherical Ag
NPs were deposited over the pale grey PDA layer on the jet black NiFe204@TiO2 (core@shell)
nanostructure. The TEM images in Figure 6.3 (b, ¢) at 20 nm and 10 nm, clearly depicted that
Ag NPs were spherical and were evenly ornamented over the superficial surface of
NiFe20:@TiO,@PDA. These images inferred that Ag NPs were well immobilised on the
surface of PDA without large agglomeration. The particle size distribution histogram of the
catalyst was presented in Figure 6.3(d), from which the average size of the Ag NPs was
estimated to be ~6.3 nm. The information obtained from TEM images was in accord with SEM
information with regard to morphology.

Keen observation of the HRTEM image depicted in Figure 6.3(e) represented the layer
like morphology of the catalyst. Several grains with various plane orientations for the catalyst
were seen in HRTEM image 6.3(f). Thus the polycrystalline nature of the catalyst was
illustrated. The (111) crystal planes of Ag NPs observed in Figure 6.3(f) could be attributed to
the lattice fringe spaces of 0.36 nm. The Selected Area Electron Diffraction (SAED) pattern of
the catalyst was presented in Figure 6.3(g). Diffraction rings containing bright spots having
six-fold symmetry were displayed that revealed the polycrystalline behaviour of the catalyst.
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Average particle size = 6.30 nm

8

40.36 nm
Ag (111)

Figure 6.3 (a,b) TEM images (d) Particle size distribution (c,e,f) HRTEM image
(g) SAED pattern of NiFe,O @TiO ,@PDA-Ag
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XPS is a robust tool for determining the binding energy, electron environment and
chemical valence states of coordinated metal particles on the catalyst surface. The XPS spectra
of the catalyst was presented in Figure 6.4 (a, b, ¢) which analysed the chemical valence states

of Ti, N and Ag in the catalyst.
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Figure 6.4. a) Ti 2p peaks b) N 1s peak c) Ag 3d peaks d) magnetisation curve of
NiFe:04s@TiO,@PDA-Ag nanocatalyst

The two prominent bands observed in Figure 6.4a at binding energies 458.4 and 464.0
eV were ascribed to the Ti 2ps2 and Ti 2pw2 photoelectrons respectively in the Ti** chemical
state whereas the two peaks at 457.6 and 465.0 eV were attributed to the Ti 2ps and Ti 2p1»
photoelectrons respectively in the Ti* state in the TiO2 chemical state.> The N 1s
photoelectrons of the NH group were identified at 399.2 eV as evident from the N 1s spectrum
shown in Figure 6.4b which confirmed the successful coating of PDA on NiFe:0s@TiO>
nanostructure. The binding of Ag in the catalyst was established from the Figure 6.4c where
the two noticeable bands at binding energies 368.1 eV and 374.2 eV were indexed as Ag 3ds/,
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and Ag 3ds> respectively. These results were in agreement with the binding energy values of
metallic Ag.?* The RT magnetization measurements were performed using VSM and the
results were shown in the form of a magnetization curve in Figure 6.4d to establish the
magnetic behaviour of the catalyst. The saturation magnetization (Ms), coercivity (Hc), and
remanence magnetization (M) were found to be 8.51 emu/g, 0.149 kOe, and 2.14 emu/g
respectively. Magnetic retrievability and reusability of the catalyst was supported by the
evaluated magnetic parameters from the Figure 6.4d which manifested the notable magnetic
performance of the synthesized catalyst.

The outcomes of recorded UV-Vis spectra of all the synthesised samples viz., NiFe;Oa4,
pure TiO2, NiFe,04s@TiO2, NiFe,0s@TiO2@PDA and NiFe,04@TiO,@PDA-Ag were
described in Figure 6.5a. Two absorption bands were observed with absorption edges
corresponding to pure TiO2 at 400 nm (UV region) and NiFe2O4 at 700 nm (visible region)

respectively as shown in Figure 6.5a (I, 11).
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Figure 6.5. a) UV-Vis absorption spectra b) band gap energies of the samples

The formation of NiFe;O4s@TiO2 (core@shell) nanostructure exhibited the absorption
in visible region as evident from Figure 6.5a (I11). Surface modified NiFe0:@TiO>
nanostructure with PDA and Ag immobilised NiFe;0:@TiO.@PDA nanocatalyst also have
shown absorption in the visible region as clear from Figure 6.5a (1V, V). Tauc plot of (ahv)?
vs hv, as presented in Figure 6.5b was used to estimate the band gap energy (Eg) of all the
samples which was obtained by the extrapolation of hv value to oo = 0. Evaluated Eq for the
pure NiFe2O4 and TiO: as indicated in the figure was found to be in good agreement with the
reported values.?>? NiFe,0,@TiO nanostructure with measured band gap energy of 1.63 eV
from the Tauc plot was confirmed to be visible light active. Surface modification by PDA with

subsequent coating by Ag NPs over NiFe:04@TiO: resulting in a catalyst had shown still
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stronger visible region absorption as evident from the Figure 6.5b. Clear evidence of the band
gap energies was observed in the inset of the Zoom in image of Figure 6.5b. Hence, the

prepared catalyst could also be used as a photocatalyst for diverse applications.

6.3.3. Catalytic reduction of nitro aromatic compounds
The reduction of nitro aromatic compound to corresponding amine mediated by a

catalyst has been considered as an eco-friendly remediation tool because of the less toxic nature
of amine. Furthermore, numerous researchers have previously explored the activity of their
synthesized nanostructured materials by performing the catalytic reduction of 4-NP as a model
reaction.?’ In the current study, after the successful synthesis and characterization of
NiFe20:@TiO.@PDA-Ag nanocatalyst, its activity was investigated for the reduction of 4-NP
to 4-AP at RT with the assistance of NaBHa. In order to establish the active species of the
catalyst responsible for the activity in the reduction reaction, the reduction of 4-NP was
performed in the presence of bare NiFe 0, NiFe,0s@TiO2, and NiFe.0s@TiO2@PDA
separately. Negligible yield of the product was observed. Whereas, the good yield of the
product was observed when the reaction was performed in the presence of
NiFe.04@TiO.@PDA-Ag inferring the fact that Ag was the active species in the reaction.
Several important reaction conditions for the reduction reaction of 0.5 mmol of 4-NP
such as quantity of NaBHa, temperature, amount of the catalyst (mg), reaction time and type
of the solvent were optimized systematically. The effect of various solvents MeOH, EtOH and
H20 on the reduction reaction in the presence of 5 mmol of NaBH4, 20 mg of the catalyst at
RT for 5 h (Table 6.1, entries 1,2,3) was studied. However, the observed yield of the product
in the presence of polar protic solvents such as MeOH and EtOH was 73 and 80% (Table 6.1,
entry 1,2). It was observed that 99% vyield of the product was obtained in the presence of H.O
as a solvent (Table 6.1, entry 3). Hence, H-O was used as a solvent for the reduction reaction.
To optimize the amount of NaBHg, the reaction was carried out with different amounts of the
NaBHs (1, 2, 3, 4, 5, 6 mmol) in H20 at RT for 5h. Corresponding yield of the products were
trace %, 24%, 60%, 87%, 99%, 99% (Table 6.1, entry 4 to 9) respectively and it was evident
that there was no change in the yield beyond 5 mmol of NaBH.. Thus, the optimum amount of
the NaBH4 used was 5 mmol. The effect of reaction time was also analysed on the reaction in
the presence of 5 mmol of NaBHa, 20 mg of the catalyst at RT for different time duration (1,
2, 3 h). It was observed that in 1 h, reasonable yield (76%) of the product was attained and in
2h, great yield of the product (99%) was achieved (Table 6.1, entry 10,11). On increasing the
time beyond 2h, there was no change in the yield (Table 6.1, entry 12,8). Thus, optimum
reaction time was 2h. Under these optimized conditions, as higher yield (99%) was obtained at
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RT, there will not be any effect of higher temperature on the yield of the product. Thus, RT
would be the optimum temperature. Further, the amount of the catalyst was optimized by
considering 5, 10, 15 and 20 mg of the catalyst where 99% of the yield was obtained with 15
mg and 20 mg of catalyst (Table 6.1, entry 13,14,15,11). Thus, optimum amount of the catalyst
would be 15 mg.

Table 6.1. Screening of Reaction Conditions for Reduction of Nitro compounds?®

1O: Catalyst INH;
© Conditions @
OH OH
______ e R
S.No 4-NP NaBH4 Solvent Time (h Yield(%)°
(mmol) (mmol)
1 0.5 5 MeOH 5 73
2 0.5 5 EtOH 5 80
3 0.5 5 H20 5 99
4 0.5 1 H20 5 Trace
5 0.5 2 H20 5 24
6 0.5 3 H20 5 60
7 0.5 4 H.O 5 87
8 0.5 5 H20 5 99
9 0.5 6 H20 5 99
10 0.5 5 H20 1 76
11 0.5 5 H20 2 99
12 0.5 5 H-0 3 99
13 0.5 5 H20 2 42°
14 0.5 5 H20 2 78¢
15 0.5 5 H20 2 99¢

aReaction conditions: 4-NP (0.5 mmol), sodium borohydride (5 mmol),
NiFe.0:@TiO.@PDA-Ag catalyst (20 mg) and in solvent (10 mL) at RT. Plsolated yields 5
mg catalyst 10 mg catalyst ®15 mg catalyst.

Thus, the optimized reaction conditions for the reduction of nitroaromatic compounds
to aromatic amines in the presence of NiFe.04@TiO.@PDA-Ag catalyst were 5 mmol of
NaBHjs, 15 mg of the catalyst, H>O as solvent, RT, 2h.
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The activity and the substrate scope of the catalyst was explored by performing the
reduction of a series of substituted nitroarenes using the optimized reaction conditions (0.5
mmol of nitroaromatic compound, 5 mmol of NaBHa4, 15 mg of the catalyst at RT for 2 h) as
shown in Table 6.2. From the tabulated data, it was clear that substituted groups have little
effect on the reaction yield. As observed from TLC in all the cases, the corresponding amines
from the respective nitroarenes were found to be the exclusive reaction products and no
indication of the formation of usual side products (azo, hydrazo and azoxy groups) of reduction

reaction of nitroarenes.

Table 6.2 Substrate Scope of the reduction of nitroaromatic compound catalyzed by

__________________________________________

NO !
? Catalyst NHZ:
N > X
l, H,0, RT, 2 hr l,
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: OH NH, |
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| H,N ;
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| H :
| HO”"H  HO” “CH, Br . |
| 2f, 88% 2g,92%  2h,78% 2i, 81% i

6.3.3.2. Kinetics study by UV-Vis. Spectra
The kinetics of the reduction of 4-NP in the presence of the catalyst was also studied

using UV-Vis absorption spectroscopy as shown in Figure 6.6a. A solution of 4-NP in water
(0.5 mL, 30 mM) was introduced into a glass vial containing 10 mL of deionized water under
magnetic stirring followed by the addition of freshly prepared NaBH4 solution (1 mL, 300
mM). Consequently, 5mg of the nanocatalyst (NiFe20.@TiO.@PDA-Ag) was added to the
reaction mixture. The reaction mixture was collected at every oneminute time interval and
monitored by UV—Vis absorption spectra till the solution becomes colourless which took 5

minutes. This indicated the complete catalytic reduction.
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From the absorption spectra, the absorption peak intensity of 4-NP observed at 400 nm
decreased and concomitantly a new absorption peak appeared at 297 nm and improved
progressively in its intensity indicating the transformation of 4-NP to 4-AP. Furthermore, the
reaction rate of the catalytic reduction could be evaluated by measuring the change in
absorbance of the peak at 400 nm with respect to time. According to Beer Lambert’s law,
absorbance (A) of 4-NP is directly proportional to its concentration (C) in the solution. Hence,
the ‘A’ at time t=0 (Ao) corresponds to ‘C’ at time t=0 (Co) and the ‘A’ at time t (At) corresponds
to ‘C’ at time t (Cy). From the Figure 6.6b, it was evident that the plot of In(C+/Co) vs time
(min) was linear which revealed that the reduction reaction followed pseudo first-order kinetics
model which follows the equation?®

In(Cy/Co) = -kt

The rate constant as calculated from the slope of the straight line was 0.462 min™.
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3.0 - | 4
a Gy b
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Figure 6.6: a) UV-vis spectra of 4-NP to 4-AP b) Plot of In(Ci/Co) vs the reaction time (t)
for reduction of 4-NP
The comparison of the catalytic activity of NiFe20s@TiO@PDA-Ag catalyst with

other reported catalysts was portrayed in Table 6.3. From the represented data in the Table
6.3, it was prominent that all other catalysts (S.No. 1to7) were tested for their catalytic activity
on low concentration of the pollutant 4-NP ranging from 0.1 to 3mM. Whereas, current catalyst
was tested for its activity on a high concentration of the pollutant i.e. 30 mM under the similar
conditions and it was observed that the catalyst was efficient in reducing 4-NP to 4-AP in just
5 minutes. Thus, current catalyst NiFe:0.@TiO.@PDA-Ag exhibited superior ability

compared to the previously reported catalysts.
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Table 6.3: Comparison of the catalytic performances of NiFe20.@TiO.@PDA-Ag with other
catalyst system over 4-NP reduction by NaBH4

S.No Catalyst 4-NP (mM) NaBH4(mM) Time (min) Ref.
1 Au-Ag nanocages/GO 0.1 10 7 29
2 BNNS/Ag-3 nanohybrids 0.4 400 10 30
3 PSMAA/Ag-3 0.1 60 3 81
4 Au@NiAg 0.12 100 2 32
5 GO-DAP-AgNPs 0.1 100 12 3
6  Fes0s@MIL-100(Fe)/Ag 3 300 1 #
7 FesO4s@PS@AgQ 3 300 3 %
8 Present work 30 300 5 This work

From the data, it was evident that the NiFe204@TiO.@PDA-Ag catalyst was superior
in terms of its catalytic activity for the reduction of 4-NP. In order to show its industrial
application, gram scale reaction was also performed with NiFe,Os@TiO.@PDA-Ag catalyst.
For this, 4-NP (10 mmol), NaBHs (100 mmol) were added in water (200 ml) followed by the
addition of 0.3 g of the catalyst with constant stirring at RT for 2h. The catalyst was isolated
from the reaction mixture after the completion of reaction (as tracked by TLC). Ethyl acetate
was used twice to extract the desired products and purified on a microcolumn loaded with silica
gel. Then, the products were examined using H and 3C NMR spectral analysis.

Based on the UV-Visible characterization, the catalyst was expected to have
photocatalytic application as it was visible light active. Its photocatalytic applications were
explored in the degradation of Methylene Blue (colored pollutant) and Ciprofloxacin

(colourless pollutant) under direct sunlight.

6.3.3.3. Reusability and structural stability of the catalyst
The recycling ability of the NiFe20,@TiO.@PDA-Ag catalyst was investigated by

performing the experiment with the same catalytic reaction conditions five times. In all these
five cycles, the catalyst NiFe,O4@TiO.@PDA-Ag was successfully retrieved from the reaction
mix by employing an external magnet. The high catalytic activity of NiFe20.@TiO.@PDA-
Ag up to 5 cycles was illustrated in Figure 6.7. Furthermore, the structural stability of the
reused catalyst was confirmed by XRD and FTIR after five cycles. The XRD image of
NiFe20:@TiO.@PDA-Ag catalyst after five runs of the experiment was shown in Figure

6.8(1). The catalyst stability was confirmed by the observation that no impurity peaks were
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seen in the XRD spectra of the reused catalyst. The catalyst was tested for FTIR spectral
analysis after five cycles, which indicated that the absorption peaks of the recycled catalyst
were similar to those of the fresh catalyst as shown in Figure 6.8(11) confirming the structural

stability of the catalyst.
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Figure 6.7: Recyclability test of NiFe,O4s@TiO.@PDA-Ag nanocatalyst for
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Figure 6.8. 1) XRD spectra I1) FTIR spectra of (a) synthesized NiFe:0s@TiO@PDA-Ag
nanocatalyst (b) used catalyst for Reduction of 4-NP reaction and (c) used catalyst for kinetic
study 4-NP reaction after 5 cycles,

6.3.3.4. Mechanism of reduction of nitro compounds
Based on the previously reported mechanisms and observed results, a plausible

mechanism was proposed for the reduction of nitroarenes to corresponding amines with the
assistance of NaBHa as source of hydrogen in the presence of the NiFe20:@TiO.@PDA-Ag
nanocatalyst containing active Ag NP on its surface. The mechanism of this reaction could best
be described via the Langmuir-Hinshelwood mechanism.*¢ In this approach the reaction could
proceed in two steps i. diffusion and adsorption of substrates on the catalyst’s surface ii. transfer

of electron from NaBH4 to nitroarenes through the catalyst.3” The catalytic reduction of
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nitroarenes could occur over the Ag NPs present on the surface of the catalyst. As the catalyst
was a solid material, it followed general heterogeneous catalysis mechanism. According to this
approach, at first BH4 ion and nitroarene diffused through the solution and adsorbed on the
catalyst surface. In the next step, BH4 ion acted as electron donor owing to its coordination
with the metal. As a consequence, water was reduced to Hz and finally active hydrogen species
was formed on the catalyst’s surface. These active hydrogen species reduced nitroarene to
nitroso compounds, then to hydroxyl amines and finally on further reduction resulted in
aromatic amines as a desired product. In the final step, desorption of aromatic amines from the

surface of the catalyst occured.®®

6.4. Conclusion

A highly efficient Ag immobilized polydopamine coated NiFe;O4@TiO2 as a
heterogeneous magnetic nanocatalyst (NiFe204@TiO.@PDA-Ag) was developed for the
catalytic reduction of nitro aromatic compounds to the corresponding amines using NaBH4 in
water as solvent with high product yield of 99 %. The catalyst exhibited good catalytic activity
and high selectivity in the catalytic reduction of a series of substituted nitroaromatic
compounds. The catalytic performance of the catalyst was explored in the reduction of 4-NP
to 4-AP at room temperature in an agueous medium in the presence of NaBH4 as a reducing
agent. The kinetic study of the reaction was performed by UV-Visible spectroscopy which
confirmed the pseudo first order kinetics of the reaction with a rate constant of 0.462 min.
The unique characteristic features of the synthesized nanocatalyst were i) Effective
performance of the catalyst under ambient conditions (RT and water as a solvent) ii) Magnetic
recovery of the catalyst with the aid of an external magnet iii) Reusability of the recovered
catalyst for five consecutive runs without significant loss in catalytic activity iv) Good
structural stability of the catalyst as confirmed by XRD and FT-IR analysis of the recovered

catalyst v) Use of the catalyst in a sustainable greener approach.
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6.5. Spectral data of synthesized products nitro reduction 3a-3i

HO—@—NHZ

2a

4-aminophenol

'H NMR (400 MHz, DMSO): & (ppm): 8.38 (s, 1H), 6.48 (d, J = 8.8 Hz, 2H), 6.42 (d, J = 8.8
Hz, 2H), 4.37 (brs, 2H); *C NMR (100 MHz, DMSO): § (ppm): 148.69, 141.08, 116.00,
115.74.

O

2b

Aniline

'H NMR (400 MHz, DMSO): é (ppm): 7.14 (t, J = 8.4 Hz, 2H), 6.75 (t, J = 7.4 Hz, 1H), 6.66
(d, J = 7.4 Hz, 2H), 3.51 (brs, 2H); *C NMR (100 MHz, DMSO): 6 (ppm): 146.45, 129.35,
118.59, 115.17.

OH

2C NHZ

2-aminophenol

'H NMR (400 MHz, DMSO): 6 (ppm): 8.94 (s, 1H), 6.64 (d, J = 7.8 Hz, 1H), 6.59 — 6.52 (m,
2H), 6.39 (t, J = 7.4 Hz, 1H), 4.45 (brs, 2H).; 3C NMR (100 MHz, DMSO): J (ppm): 144.44,
136.97, 119.98, 116.92, 114.92, 114.92.

NH,

2d NH,

Benzene-1,2-diamine
'H NMR (400 MHz, DMSO): 6 (ppm): 6.55 — 6.51 (m, 2H), 6.43 — 6.38 (m, 2H), 4.39 (brs,
4H).; 3C NMR (100 MHz, DMSO): § (ppm): 135.39, 117.86, 115.10.
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H2N—©—NH2

2e
Benzene-1,4-diamine
IH NMR (400 MHz, CDCls):  (ppm): 6.56 (s, 4H), 3.27 (s, 4H).; 3C NMR (100 MHz, CDCl3):
J (ppm): 138.60, 116.75.

HO
H

2f

(4-aminophenyl) methanol
H NMR (400 MHz, DMSO): § (ppm): 6.94 (d, J = 8.2 Hz, 2H), 6.50 (d, J = 8.2 Hz, 2H), 4.93

(ors 2H), 4.24 (t, J = 6.6 Hz, 1H), 4.16 (d, J = 5.6 Hz, 2H); *C NMR (100 MHz, DMSO): §
(ppm):147.90, 130.09, 128.42, 114.03, 63.59.

HO
H,C

2g

1-(4-aminophenyl)ethan-1-ol

'H NMR (400 MHz, DMSO): d (ppm): 6.94 (d, J = 7.4 Hz, 2H), 6.37 (d, J = 6.8 Hz, 2H), 5.69
(s, 1H), 4.16 (brs 2H), 2.51 (dd, J = 3.6, 1.6 Hz, 1H), 1.27 (d, J = 4.4 Hz, 3H); 3C NMR (100
MHz, DMSO): ¢ (ppm):147.60, 135.05, 126.48, 113.89, 68.41, 26.30

1?.1'4<i>—1~1112

2h

4-bromoaniline
H NMR (400 MHz, DMSO): 6 (ppm): 7.23 (d, J = 7.6 Hz, 2H), 6.56 (d, J = 7.8 Hz, 2H), 5.2

(brs, 2H): 13C NMR (100 MHz, DMSO): & (ppm): 145.58, 132.2, 116.78, 110.30.

N
H

2i

1H-indol-5-amine
'H NMR (400 MHz, DMSO): 6 (ppm): 10.56 (s, 1H), 7.12 (d, J = 8.8 Hz, 1H), 7.08 (d, J = 8.6

Hz, 1H), 6.68 (s, 1H), 6.49 (d, J = 8.6 Hz, 1H), 6.12 (s, 1H), 4.25 (brs, 2H); 13C NMR (100
MHz, DMSO): & (ppm): 139.50, 130.70, 128.88, 124.67, 113.02, 111.49, 105.61, 101.56.
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6.7. Selected NMR (*H & 13C) spectra of product in Reduction of nitro compounds
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Chapter-VII

Summary and Conclusions
7.1. Details of the Thesis work

This chapter consists of a summary and conclusion of the present research work and the thesis
comprises seven chapters with the following details.

Chapter-I . General introduction, the background of the work, objectives,
synthesis methods, and analytical techniques employed for the
characterization of the synthesized materials

Chapters 1l to VI:  Original research work on the synthesis and systematic study and
applications of various ferrites/ferrite-based  reusable
heterogeneous nanocatalysts for diverse organic transformations

Chapter-VII : Summary and Conclusions

7.2. Conclusions

During the course of this research work, numerous conclusions have been made with
regard to the design and development of a variety of ferrite-based reusable heterogeneous
nanocatalysts for different organic applications.
Chapter-I

This chapter dealt with the general background of the need for heterogeneous magnetic
nanocatalysts,»? development of ferrites/surface modified ferrite based heterogeneous
nanocatalysts®>* for some important organic transformations. It described the advantages of
surface modification of ferrites and their use in chemical catalysis, photocatalysis, and methods
adopted for surface modification. It has described the literature review on surface
functionalization of spinel ferrites, photocatalytic applications of spinel ferrites, and ferrite-
based nanophotocatalyst in dye degradation and organic transformations. This chapter has
presented the scope of the work and clear objectives of the research work. It has also described
various synthesis methods used for the synthesis of nanoferrites, advantages and disadvantages
associated with methods of synthesis of spinel ferrites so that the best suitable method can be
chosen for the synthesis of spinel ferrites for a specific application with desired properties. This
chapter has elaborated various analytical techniques used for the characterization of the
synthesized materials. In specific, it has dealt with the significance, principle and procedure of
variety of characterization techniques such as PXRD, FTIR, SEM, FESEM, TEM, EDAX,
XPS, VSM, UV-Vis DRS, ICP-OES. Further, the mechanism of photocatalysis was also

explained.
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Chapter-IlI

Palladium-Supported Polydopamine-Coated NiFe:Os@TiO2: A Sole
Photocatalyst for Suzuki and Sonogashira Coupling Reactions under
Sunlight Irradiation

Organic reactions involving C-C bond coupling (Suzuki and Sonogashira) are
extremely significant with convenient approaches in synthetic organic chemistry in the
preparation of natural products, pharmaceutical drugs and functional conjugated organic
molecular materials etc.>®

This chapter dealt with the synthesis of Palladium-Supported Polydopamine-coated
NiFe204@TiO: as a sole photocatalyst (NiFe204@TiO.@PDA-Pd) by a four-step procedure
for Suzuki and Sonogashira Coupling Reactions under sunlight irradiation. This photocatalyst
was synthesised, and analysed with various appropriate characterization techniques like PXRD,
FT-IR, SEM, EDAX, TEM, XPS, VSM, UV-Vis DRS, ICP-OES. The photocatalytic activity
of synthesised nanocatalyst under sunlight irradiation was investigated for both Suzuki and
Sonogashira coupling reactions, where it worked excellently well with a high yield of the
product up to 98% and 96% respectively.

Unique features of the synthesized catalyst were i) Its effective performance for both
the aforesaid coupling reactions under ambient reaction conditions with a short reaction time
in polar protic solvents (Ethanolic water/EtOH) with good yield without any byproduct ii)
Magnetic retrieval of catalyst from the reaction mixture employing an external magnet iii)
Reusability of the retrieved catalyst up to 5 consecutive runs without appreciable diminution
of catalytic efficacy iv) Good stability with less leaching of the metal as confirmed by XRD,
FT-IR and ICP-OES analysis of the recovered catalyst v) Use of the catalyst in a sustainable
greener approach.

Application of the catalyst in Suzuki Coupling Reaction

---------------------------------------------------------------------------

L@\ X + (/:\>—BOH Catalyst o 7 \ =\ i
:RQ_ = (OH), EtOH:H,0(1:1) A— \ '\,Rzi

2 K,CO;, Sunlight
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In Suzuki coupling reaction, the substrate scope was assessed by synthesizing 12 desired
compounds (3a-1) using various aryl halides, and phenylboronic acids. The obtained yield of
the compounds was in the range of 52-98%. Further, these synthesized compounds were well
characterized using *H NMR, 3C NMR spectral data.
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Reaction conditions: aryl halides (1.0 mmol), phenylboronic acids (1.5 mmol)

NiFe;04@TiO,@PDA-Pd catalyst (5 mg), and K2COs3 (2.5 mmol) in EtOH:H,0 (3 mL) under direct
sunlight at 30 °C.
Application of the catalyst in Sonagashira Coupling Reaction
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In the Sonogashira coupling reaction, the substrate scope was assessed by synthesizing
10 desired compounds (3a-j) using various aryl halides and phenyl acetylenes. The obtained
yield of the compounds was in the range of 60-96%. Further, synthesized compounds were

well characterized using *H NMR, **C NMR spectral data.

..................................................................................................................
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: 3 3
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i

Reaction conditions: aryl halides (1.0 mmol), phenylacetylene (1.3 mmol)
NiFe20:@TiO,@PDA-Pd catalyst (10 mg), and K2COs (2 mmol) in EtOH (3 mL) under direct
sunlight at 30 °C.
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Chapter-I11

Direct Ortho-C-H Arylation of Benzamides/Benzoic Acids with Aryl halides
Catalyzed by Pyridine-2-carboimine Pd-complex Immobilized on Amine
Functionalized Magnetic Nanoparticles

The biaryl subunit is an important structural motif for the synthesis of a variety of
natural products, biologically active pharmaceuticals, polymers, metal ligands for catalysis,
and liquid crystals. The most efficient and well-known cross-coupling techniques used for
creating aryl-aryl bonds usually require the pre-functionalized starting materials and auxiliary
ligands that are often expensive or difficult to prepare. Recent years have seen a lot of interest
in transition-metal-catalyzed direct arylation, which builds C-C bonds by cleaving aromatic C-
H bonds. Compared to standard protocols, C-H arylation, which entails mixing an aryl halide
(Car-x) and an arene (Car-H) to cause the cleavage of the sp2 C-H bond in order to create C-C
bonds, is emerging as a more environmentally friendly, productive, and cost-effective
methodology to make biaryls.!2131415 In the recent past, pyridyl,**'’ acylamino,®
oxazolyl, 22! carboxyl,?>?® hydroxyl,®#? and oxime %2 were commonly employed as
directing groups in the arene to facilitate C—H activation through intermolecular arylation in
the formation of C—C bonds.

In this chapter, pyridine-2-carboimine Pd-complex immobilized on amine functionalized
magnetic nanoparticles (FesOs-DA-2Py-Pd) as a magnetically recoverable catalyst was
successfully synthesized for the first time for aromatic C-H activation by a four-step procedure.
The synthesized catalyst was characterized by PXRD, FT-IR, FESEM-EDX, XPS, TEM, and
VSM.

The unique features of the prepared catalyst were i) First magnetically recoverable
nanocatalyst used for the direct ortho-C-H arylation of both benzoic acids and benzamides by
aryl halides ii) An efficient and ligand free nanocatalyst iii) Magnetic retrieval of catalyst from
the reaction mixture employing an external magnet iv) Reusability of the catalyst up to 5
consecutive runs after magnetic recovery without significant loss in catalytic activity v) Good
structural stability of the catalyst as confirmed by XRD and FT-IR analysis of the recovered

catalyst vi) Use of the catalyst in a sustainable greener approach.
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Application of the catalyst for ortho-Arylation of Benzamide by Aryl halide

0 I

NH, N Catalyst .
AgOAc, AcOH
'R R

! 1 2

120 °C, 12 hr

In the ortho-Arylation of benzamide, the substrate scope was assessed by synthesizing 10
desired compounds (3a-j) using various benzamides and aryl halides. The obtained yield of
the compounds was in the range of 61-82%. Further, synthesized compounds were well
characterized using *H NMR, **C NMR spectral data.

3¢, 82%

3b, 79%

CH; O

CH; O

3e, 72%

| 3i, 74%

Reaction conditions: benzamides (1 mmol), aryl halides (2 mmol), AgOAc (2 mmol),
catalyst (20 mg), and AcOH (3 mL) in 120 °C, 12 h.

Application of the catalyst for ortho-Arylation of Benzoic acid by Aryl halide

i o 0 :
| Catalyst N OH
I AL - | » :
Gz |~ AgOAc,AcOH g | N
| 1 R 2 120 °C, 12 hr 3 ,\‘R '
|

In the ortho-Arylation of benzoic acid, the substrate scope was assessed by synthesizing

10 desired compounds (3a-j) using various benzoic acids and aryl halides. The obtained yield
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of the compounds was in the range of 72-88%. Further, synthesized compounds were well
characterized using *H NMR, **C NMR spectral data.

36, 88% 3f, 86% 3g, 81% 3h9 78%

__________________________________________________________________________________________________

Reaction conditions: benzoic acids (1 mmol), aryl halides (2 mmol), AgOAc (2 mmol),
catalyst (20 mg), and AcOH (3 mL) in 120 °C, 12 h.

Chapter-1VvV

Magnetically Reusable CuFe.Os Nanocatalyst for its Dual Catalytic Action
in Sonogashira and Chan-Lam Coupling Reactions

Reactions comprising of C-C and C-N bond development gained much attention owing
to their significance in the synthetic organic chemistry for the generation of a wide range of
complex compounds such as drugs, bioactive molecules, natural products, pharmaceuticals and
so forth from simpler units. In C-C coupling, Sonogashira coupling reactions are extremely
significant with convenient approaches in the preparation of natural products, pharmaceutical
drugs and functional conjugated organic molecular materials etc.>® Usually they demand Pd
based catalysts for this purpose which are expensive.

C-N coupling reaction (Chan-Lam) involving arylamine synthesis by amination (N-
arylation) is a significant research area in synthetic organic chemistry owing to their numerous
uses in the generation of bioactive compounds, HIV-protease inhibitors, heterocycles,
medicinally important compounds, and natural products, etc.®!® Usually copper based
homogeneous catalysts are reported for this purpose which are not reusable.

In this chapter, magnetically recoverable CuFe>Os nanocatalyst was successfully

synthesized by co-precipitation method in single-step for both Sonogashira and Chan-Lam
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coupling reactions with a good product yield up to 96% and 95% respectively. The synthesized
catalyst was characterized by PXRD, FT-IR, SEM and VSM.

The unique characteristic features of the synthesized nanocatalyst were i) It is simple
and effective for both Pd-free Sonogashira reaction and base-free Chan-Lam coupling reaction
(dual application) under ambient reaction conditions in Green solvents such as EtOH and
EtOH:H.0 (1:1) i) Magnetic recovery of catalyst from the reaction mixture with the aid of an
external magnet iii) Reusability of the recovered catalyst up to 5 consecutive runs without
significant loss of catalytic efficacy iv) Good structural stability as confirmed by XRD and FT-

IR analysis of the recovered catalyst v) Use of the catalyst in a sustainable greener approach.

Application of catalyst for Sonagashira Coupling Reaction

(_\ Catalyst — —
+ ——H p— ’
% K=/ K,CO;, EtOH RX_7 N\ R

1 2 80 °C 3

e
|
=

In the Sonogashira coupling reaction, the substrate scope of the catalyst was assessed
by synthesizing 8 desired compounds (3a-h) using various aryl halides and phenyl acetylenes.
The obtained yield of the compounds was in the range of 56-96%. Further, synthesized

compounds were well characterized using *H NMR, *C NMR spectral data.
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Reaction conditions: aryl halide (1.0 mmol), phenylacetylenes (1.5 mmol), CuFe2O4
catalyst (20 mg) and K2COs (2 mmol) in EtOH (3 mL)
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Application of the catalyst for Chan-Lam Coupling Reaction

_____________________________________________________________________

! NH HO._.OH !
: 2 B H '
| N + Catalyst S|
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A | 2 80 °C, 10 hr 3 |

In the Chan Lam coupling reaction, the substrate scope of the catalyst was assessed by
synthesizing 8 desired compounds (3a-h) using various aryl amines, phenyl boronic acids. The
obtained yield of the compounds was in the range of 82-95%. Further, synthesized compounds

were well characterized using *H NMR, 3C NMR spectral data.

o0 OO0 U

| 3a, 95% 3b, 93% 3¢,93% |
e O o0 O @ 5
: 3d, 90% 3, 86% 3,86% |
E NO ONO i
i 3g, 82% 3h, 90%

Reaction conditions: amine (1.0 mmol), phenylboronic acid (1.5 mmol), CuFe.O4 catalyst
(25 mg) in EtOH:H0 (3 mL)

Chapter-V

Synthesis of Cu Supported FesOs-NH. Nanocatalyst for One Pot Three-
Component (A®) Coupling Reaction
A3 Coupling Reaction is a one-pot three-component condensation (Mannich type

reaction) between an amine, an aldehyde and alkyne to produce Propargylamines with atom
economy. Propargylamines are diverse substances that are widely used as intermediates for
building nitrogen-containing heterocycles such as natural products and biologically active
molecules. In the process of formation of the product, activation of alkyne C-H bond is an
important step for which the selection of an appropriate catalyst is crucial.**2
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In this chapter, Cu supported amine functionalized ferrite nanocatalyst (Fe30s-NH2-Cu)
was successfully synthesized by a two-step procedure for one-pot three component (A%
coupling reaction with a good product yields of 97%. The synthesized catalyst was
characterized by PXRD, FT-IR, FESEM-EDX, XPS, and VSM.

The unique characteristic features of the synthesized nanocatalyst were i) Effective
performance of the catalyst under solvent free condition ii) Magnetic recovery of the catalyst
with the aid of an external magnet iii) Reusability of the recovered catalyst for five consecutive
runs without significant loss in catalytic activity iv) Good structural stability of the catalyst as
confirmed by XRD and FT-IR analysis of the recovered catalyst v) Use of the catalyst in a
sustainable greener approach.

Application of the catalyst for A3 coupling reaction

____________________________________________________________________________________________

: I;I o Catal \N/'
: atalyst
AN (Y H = ( > e X
L & — Neat, 80 °C | AR
5 R 5 hr Wz

1 2 3 4

In this one pot three component (A3%) coupling reaction for the synthesis of
propargylamines, the substrate scope of the catalyst was assessed by synthesizing 9 desired
compounds (4a-i) using various amines, aryl benzaldehydes, phenyl acetylenes. The obtained
yield of the compounds was in the range of 89-98% yields. Further, synthesized compounds

were well characterized using *H NMR, *C NMR spectral data.

: 0
| 3C H3CO‘)\‘ ‘)\‘
' 4a, 97% 4b, 96% dc, 94%

- Q Q

H,C TS ® H3C0

5 4d, 98% 4e,97% af, 96%

Reaction conditions: amines (1.0 mmol), aryl benzaldehyde (1.0 mmol), phenyl acetylene (1.5 mmol),
Fes04-NH»>-Cu catalyst (15 mg), and solvent free condition, 80 °C temperature, 5 h
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Chapter-VI

Immobilization of Ag Nanoparticles on NiFe:Os@ TiO.@PDA for Reduction

of Nitro Aromatic Compounds
The reduction of nitro aromatic compounds to synthesize corresponding anilines has

attracted a lot of interest because anilines are crucial intermediates in the production of drugs,
dyes, polymers, and fine chemicals. Among nitro aromatic compounds, 4- nitrophenol (4-NP)
is listed as ‘priority toxic pollutant’ by the United States Environmental Agency, because it
will cause serious risk to both animal and human and can be hardly removed through natural
degradation.*3

In this chapter, a highly efficient Ag immobilized polydopamine coated NiFe2O4@TiO>
as a heterogeneous magnetic nanocatalyst (NiFe.O4s@TiO.@PDA-AQ) was developed for the
catalytic reduction of nitro aromatic compounds to the corresponding amines using NaBH3 in
water as solvent with high product yield of 99 %. A multistep procedure was adopted to
synthesize the NiFe:04s@TiO2@PDA-Ag nanocatalyst. The synthesized catalyst was
characterized by PXRD, FT-IR, UV-Vis. DRS, SEM-EDX, TEM, XPS, and VSM.

The catalyst exhibited good catalytic activity and high selectivity in the catalytic
reduction of a series of substituted nitroaromatic compounds. The catalytic performance of the
catalyst has been explored in the reduction of 4-NP to 4-aminophenol (4-AP) at room
temperature in an aqueous medium in the presence of NaBHjs as a reducing agent. The kinetic
study of the reaction was performed by UV-Visible spectroscopy which confirms the pseudo
first order kinetics of the reaction with a rate constant of 0.462 min™.

The unique characteristic features of the synthesized nanocatalyst were i) Effective
performance of the catalyst under ambient conditions (rt and water as a solvent) ii) Magnetic
recovery of the catalyst with the aid of an external magnet iii) Reusability of the recovered
catalyst for five consecutive runs without significant loss in catalytic activity iv) Good
structural stability of the catalyst as confirmed by XRD and FT-IR analysis of the recovered
catalyst v) Use of the catalyst in a sustainable greener approach

Application of the catalyst for Reduction of Nitroaromatic Compounds

———————————————————————————————————————————
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In the reduction reaction of nitroaromatic compound, the substrate scope of the catalyst
was assessed by synthesizing 9 desired compounds (2a-i) using various nitro aromatic
compounds. The obtained yield of the compounds was in the range of 78-96% vyields. Further,
synthesized compounds were well characterized using *H NMR, 3C NMR spectral data.

_______________________________________________________________________
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Reaction conditions: nitro compound (0.5 mmol), sodium borohydride (5 mmol),
NiFe.0s@TiO.@PDA-Ag catalyst (15 mg) Water 10 mL at rt, 2 h.
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UV-Vis spectra for the reduction of 4-NP to 4-AP and plot of In(C¢/Co) vs reaction time (t)
Reaction conditions: 4-NP (0.5 ml, 30 mM), sodium borohydride (1 mL, 300 mM),
NiFe,0,@TiO,@PDA-Ag catalyst (5 mg) Water 10 mL at rt 5min.
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