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1.1. Introduction

1.1.1. Metal nanoparticles as catalyst and its importance

The term catalyst was first coined by Baron J. J. Berzilius in 1835, is a substance with
unique properties that facilitates a chemical reaction without being itself consumed [1].
In order to do it the catalyst generally alters the reaction pathway by lowering the
activation energy and thereby speeds up the reaction to achieve the equilibrium position
rapidly [2]. In recent times, nanosciences and nanotechnology attained considerable
interest due to their widespread applications in the field of catalysis, medicine, bio-
sciences, electronics and optoelectronics, drug delivery, sensors, gas sensing, heavy

metal removals from water etc. [3, 4].
1.1.2. Basic concept of nanoscience and nanotechnology

The term ‘nano’ is originally derived from a Greek word ‘dwarf’, ‘nanos’ which means
extremely small and its placement on a metric scale (1 nm=10" m), clearly reveals its
size. This can be more clarified by comparison, generally the spacing between carbon
atoms in a molecule (carbon-carbon bond) are normally in the range of 0.12-0.15 nm,
and DNA double helical DNA helix has a diameter of 2 nm in length. ‘Nanoscience’ is
the study of phenomena manifested by materials at atomic and molecular level of
dimensions ranging from a few nm to less than 100 nm. Normally, in nm length,
materials exhibits unusual behavior intermediate between those of the smallest forms of
elements from which they can be composed of (such as metal atom) and those of the
bulk materials [5]. Professor Alivisatos told about nano that “At this size scale,
everything, regardless of what it is, has new properties and that is, where a lot of

scientific interest is.” Because of this “nano” is so interesting [6].

“Nanotechnology” refers to research and technological development which is associated
with materials of size ranging from 0.1 to 100 nm in any dimension (i.e. nanoscale). The
U.S. National Nanotechnology Initiative (NNI) gives the following definition for
nanoscience and nanotechnology: “Research and technology development at the atomic,
molecular and macromolecular levels in the length scale of approximately the 1-100 nm
range, to provide a fundamental understanding of phenomena and materials at the
nanoscale and to create and use structures, devices and systems that have novel

properties and functions because of their small and/or intermediate size”.



Chapter 1

1.1.3. History of nanotechnology

Although modern nanoscience and nanotechnology are considered as the invention of
modern science, but its entire concept is not new. Recently, study reveals that the secret
of Glass Lycurgus Cup are nanoparticles (NPs) which appear red in transmitted light and
green in reflected light [7]. Another example is the Damascus steel which is used to
make blades about 500 AD in Damascus. Later, it was found that the main reason behind
the unique properties of these blades is due to the presence of multi-walled carbon
nanotubes in the material. One of the most interesting examples of nanotechnology is the
history of medieval stained glass artisans. Long years ago people know that alternate-
sized gold (Au) and silver (Ag) particles created colors in the stained glass windows of
medieval churches. The beautiful color of the windows is due to the presence of metal
NPs in the glass [8]. In 18" century, Ag NPs sensitive to light were developed which are
used in photography plates. The widespread concept of modern nanoscience and
nanotechnology were first described in 1959 by famous Physicist Richard P Feynman in
his speech, “There’s plenty of room at the bottom, where he outlined the possibility of
synthesis via direct manipulation of atoms”. Over a decade later in 1974, Professor Norio
Taniguchi first used the term “nanotechnology”. However, until 1980, when Scanning
Tunneling Microscope (STM) and other advanced analytical measurements were
invented, not much progress was made in the field of nanoscience and nanotechnology.
Actually, after the development of highly advanced analytical instruments like STM,
Transmission Electron Microscope (TEM), Scanning Electron Microscope (SEM) and
Atomic Force Microscope (AFM), which enables the researcher to characterized and

manipulate small objects to few nm, and scientists began to explore the nanoworld.

1.2. Classifications of nanomaterials

The classification of nanomaterials is generally done based on the number of dimensions
of a material, which are outside the nanoscale range (<100 nm). Accordingly, they are

classified as zero, one, two and three dimensional.
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1.2.1. Zero dimensional nanomaterials (0-D)

If all of its three dimensions are within the nanoscale range than it is called zero-
dimensional nanomaterials, 0-D (i.e. no dimensions are larger than 100 nm) range.

Generally, NPs are the examples of zero dimensional NPs.

1.2.2. One dimensional nanomaterials (1-D)

In one dimensional nanomaterials (1-D), one of its dimension is outside the nanoscale
range and rest two are in the nanorange. Examples are nanotubes, nanorods and

nanowires.

1.2.3. Two dimensional nanomaterials (2-D)

In two dimensional nanomaterials (2-D), only one dimension is within the nanoscale
range, the rest two are outside the nanoscale range. Some of the examples of this class

are graphene, nanofilms, nanolayers and nanocoatings.

1.2.4. Three dimensional nanomaterials (3-D)

Three dimensional nanomaterials (3-D) are the materials that are not limited to the
nanoscale range in any dimensions, e.g. bulky powder, dispersions of NPs, bundles of

nanowires, and nanotubes as well as multi-nanolayers.

1.3.  Synthesis of NPs
There are two different ways for the synthesis of colloidal metal NPs:

Either by subdivision of bulk metals which employ physical methods (top-down
approach), or by the growth of particles from metal atoms which utilize solution-phase
colloidal chemistry (bottom-up approach) [9]. The key advantage of the former method
is the generation of large quantities of nanocrystals along with the major issue of not

being able to effectively control the size of nanocrystals produced. Colloidal chemical
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synthetic methods, on the contrary to the previous method, provides control over size of
nanocrystals produced to ensure production of uniformly sized NPs, which comes with a
tradeoff of yielding smaller quantities. In this method, varied reaction conditions can be
used to synthesize different shaped nanocrystals such as nanorods and nanowires. Large
varieties of stabilizers are generally used to control the growth of nanoclusters and to

prevent them from agglomerization, e.g. donor ligands, polymers and surfactants.
Four major ways of chemical synthesis of transition metal NPs are as follows:

1) Chemical reduction of metal salt precursor.
2) Thermal, photochemical and sonochemical reduction method.
3) Electrochemical reduction and

4) Biogenic approach.

1.3.1. Chemical reduction of metal salt precursor

This is the most commonly used method for the synthesis of metal NPs. This method
uses hydrazine, molecular hydrogen, carbon monoxide, sodium borohydride (NaBHy) as
well as sodium citrate and alcohol solvents as reducing agents which are mixed with salt
precursor in the presence of stabilizing agents such as ligands, surfactant or polymers.
The latter prevent the undesired agglomeration and thereby helped in the formation of

well dispersed metal NPs. The schematic approach of this is as follows.
xM™ +nxe + stabilizer — M’n (cluster)

Factors such as metal precursor, reducing agent, solvent, temperature, concentration and
reaction time greatly influence the size and shape of metal NPs formed. For example: Au
NPs of size 1-5 nm can be prepared using polyvinylalcohol (PVA) as stabilizer and
NaBH,4 as reducing agent [10]. The NPs show high catalytic activity for CO oxidation

after deposition on metal oxide.

1.3.2. Thermal, photochemical or sonochemical reduction method

Thermolysis, a thermal decomposition reaction of transition metal salt, is a method of
reduction involving decomposition of precursor material to zero valent form. A

traditional thermolysis reaction, in the absence of stabilizers, yields colloidal Pd, Pt and
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bimetallic Pd/Cu NPs with broad size distributions. However, when the reduction was
done in the presence of stabilizing agents such as poly(N-vinyl-2-pyrrolidine) [11], the
results were found to be greatly improved. Organic-phase synthetic methods have been
used for their ability to synthesize NPs of high crystallinity, monodispersity and

dispersibility in organic solvent.

Colloidal metal NPs can be synthesized by photochemical decomposition reaction in two
ways: either by reduction of the transition metal salt by radiolytically produced reducing
agent or by degradation of the organometallic complex by irradiation. The irradiation
method generally employed includes X-ray or gamma ray irradiation and also UV-visible

radiation.

Sonochemical decomposition reaction is a new method of synthesizing colloidal metal
NPs [12]. The method involves generation of active species, reduction of the transition

metal and growth of the colloid in a sonicated liquid medium.

1.3.3. Electrochemical Reduction methods

This method for the development of mono and bimetallic colloidal NPs was first
developed in 1994 by Reetz and his group [13]. The process can be summarized in the

following steps:

(i) Oxidative dissolution of the sacrificial bulk anode.

(i1) Migration of M™" ion to the cathode.

(iii))  Formation of zero valent metal atoms at the cathode by reduction.

(iv)  Metal particle formation by nucleation and growth.

W) Growth process restriction and stabilization of the NPs by stabilizing agent,
e.g. tetraalkylammonium ion.

(vi)  Precipitation of the nanostructure metal colloids.

Pd [14, 15], Ni [15], Ag [16] and Au NPs [17] have been successfully synthesized using

this method. This method provides control over size of NPs by varying current intensity.

1.3.4. Biogenic approach
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Though the uses of various physical and chemical methods for the synthesis of NPs are
more popular and extensively used, but the use of toxic chemicals for the synthesis and
their stability is the matter of concern. The demerit of these types of chemical methods is
that the synthesized NPs usually possess some reactive functional groups that can be
toxic to biological system. Also, the production of toxic byproducts during the synthesis
process restricts their application in clinical processes. Therefore, nowadays the
development of nontoxic, eco-friendly and rapid methods for the synthesis of NPs
deserves special attention in nanotechnology. Biological methods for the synthesis of
NPs (Fig. 1) are generally regarded as sustainable, cost effective, safe, and environment
friendly processes. These types of biological synthetic methods however possess some
demerits like culturing of microbes, which is generally a time consuming process, and
also the rate of synthesis is comparatively slow. However, optimizing conditions like pH,
incubation temperature and time, concentration of metal ions, and the amount of
biological materials can reduce the issue that are associated with biological synthesis and

can be used for large scale and commercial application.

The biosynthesis of NPs is normally based on bottom-up principle where
reduction/oxidation is the main reaction involved [18]. In this process, the naturally
occurring materials such as vitamins, sugars, plant extracts, microorganisms including
fungi [19] and bacteria [20], vitamins, sugars, biodegradable polymers are generally

employed as the reducing and capping agents [21].
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Fig. 1: Schematic representation of biosynthesis of metal NPs.

1.3.4.1.  Synthesis of metal NPs by plants

In recent times, plant extracts can be used as source for the synthesis of metal NPs. This
method has significance advantage over microbial synthesis of NPs, which requires an
additional purification procedure for elimination of microbial contamination [22].
Moreover this method is less expensive, easily available, safe to handle and they possess

a large varieties of metabolites that can assist the reduction process [23].

Leaf extract, root extract, bark, fruit bodies, callus extracts, peel extracts, seed etc. can be
used to synthesize metal NPs. Different NPs like Pd [32,33], Au [24], Ag [25], Ni, Cu
[26], Co, Zn [27], Fe [28], Se [29] NPs etc. have been efficiently synthesized by using
plant extracts of different parts of plants.

The exact mechanism of reduction by plants extracts is not well explored yet. However it
is believed that the phytochemicals that are present in the plant extracts are mainly
responsible for reduction and stabilization of the NPs. The infra-red (IR) spectroscopic

study reveals that the main phytochemicals like flavonoids, terpenoids, ketones,
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aldehydes, amides, carboxylic acids and citric acids present in the plant extract are
responsible for bio-reduction of the metal ions. This is the approach that this thesis will

rely on.

1.3.4.2.  Synthesis of palladium nanoparticles (Pd NPs) by plants extracts

Though literature reveals ample numbers of reports on the biogenic synthesis of Au and
Ag NPs, but few reports are available on biological synthesis of Pd NPs. The
development of eco-friendly route for the synthesis of Pd NPs is of growing interest
nowadays, as the synthesized Pd NPs has a wide varieties of applications as catalyst in
various chemical transformation reactions such as in carbon-carbon bond formation
reactions like Suzuki-coupling reactions, Mizorki-Heck reactions, still reactions and
Sonogashira reactions and also in hydrogenation reactions, in fuel cell electrochemical
reactions etc. Reports on plant mediated synthesis of various NPs showed that during the
synthesis process the metal salt solution is first mixed with plant extract at room
temperature or at elevated temperature and then the whole mixture was agitated to reduce
the metal leading to nucleation and growth of metal NPs. In these types of synthetic
methods the plant extracts plays the role of reducing agent as well as stabilizing agent.
The various factors that can affect the size and morphology of the synthesized NPs are
concentration of plant extract, metals salts, pH, temperature, reaction time etc. [30, 31].
Literature reveals that plants of various types and their parts such as leaves, fruits and
roots has been utilized for the synthesis of Pd NPs. A few examples for the synthesis of

Pd NPs using plant extracts are illustrated here.

Amongst the various parts of plant, leaf is considered to be the best raw material for the
synthesis of NPs. An example is the spherical shaped Pd NPs of size 2.5 to 4.5 nm that
has been synthesized from the leaf extracts of Anacardium occidentale plant [32].
Another report showed that the leaf extract of Soybean (G/ycine max) could be used for
the synthesis of Pd NPs of size 15 nm [33]. The different phytochemicals such as
proteins, enzymes and some amino-acids present in the soyabean leaf are main sources

responsible for its reduction potential.

It was also reported that fruit extracts of some plants could also be used for the synthesis

of Pd NPs. Recent report showed that Pd NPs supported on reduced graphene oxide
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nanocomposites can be synthesized using the fruit extract of Berberis vulgaris [34]. The
presence of flavonoids, vitamins (Vit C), phenolic acids are mainly responsible for the
bio-reduction process. Apart from leaf and fruit extracts, other parts of the plants are also
being used for the synthesis of Pd NPs. Reports are also available in the literature that the
root extract could be used for the synthesis of Pd NPs. For example, the root extract of
Asparagus racemosus Linn has been used for the synthesis of highly stable Pd NPs of
spherical morphology with particle size ranging from 1 nm to 6 nm [35]. Phytochemicals
present in the root extract like phototropins and flavones are assumed to be responsible
for the reduction. Similarly, Kumar and his coworkers reported the synthesis of spherical

Pd NPs using bark extract of Cinnamon zeylanicum [36].

1.4. Synthesis of copper oxide NPs (CuO NPs)

Metals can form a large numbers of oxides, which plays vital role in many areas of
chemistry, physical and material sciences [37]. Due to the vast applications of Cu based
NPs particularly in catalytic organic transformations, electrocatalysis and photocatalysis
[38] they are considered superior amongst other metal NPs. This is because of the fact
that Cu can access a number of oxidation states (Cuo, Cu', Ccu", Cu”'), which enables
them to take both one and two electron pathways. CuO NPs is a brownish-black
powdered solid and find growing interest due to their catalytic, optical, electrical and
mechanical properties [39]. Nano CuO exhibit much improved properties such as
catalytic activity and selectivity compared to ordinary copper oxide. A few synthetic

approaches for CuO NPs synthesis are discussed below:

Tamaekong and his co-workers. first reported a method for the synthesis of CuO NPs
using thermal route [40]. The precursors materials that they had used in this method were
Copper (II) acetate [Cu(CH3COO),xH,O] and Sodium hydroxide (NaOH) and
ethanediol (C,H¢O;) was used as solvent. During the synthetic process, they dissolved 25
mM of Cu(CH3COO),;xH;0 and 100 mM of NaOH in ethanediol at 80 °C and then
allowed to stir for 2 h. The pH was maintained around 9 throughout the process. Finally,

the product was washed with deionized water and dried to get the desired NPs.

Another group reported a method for the synthesis of CuO NPs in liquid ammonia in

presence of sodium metal [41]. First, by reducing copper nitrate with alkali metal in
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liquid ammonia they obtained the Cu NPs and thereafter CuO NPs were formed in the

ambient conditions.

Zhang and his co-workers reported a method for the synthesis of hollow CuO
microspheres with diameters 1-1.5 pm via a rational complexing-reagent assisted
approach at low temperature, where they used Cu(CH3COO),'H,O as copper source and
(CH2)¢N4 (HMTA) served not only as complexing reagent but also as indirect template
[42]. An aqueous solution containing 1.25 mmol Cu(CH;COO),H,O and 2.5 mmol
(CH2)6¢N4 was stirred continuously for 2 h. The reaction was stopped and allowed the
solution to stand at room temperature for 1 day. The precipitate was filtered and washed
and dried in an oven at 50 °C to obtain [Cu(CsHi2N4),](OOCCHj3), nanosheets.
Appropriate amount of the nanosheet was then loaded in an autoclave and heated upto
180 °C for 18 h and cooled to room temperature in open air. The precipitate was filtered

off, washed and dried in an oven to get the CuO nanocatalyst.

1.5. General characterization techniques

Generally, the principle of nanotechnology lies on the fact that the properties changes
dramatically as the size of the material reduces from the bulk size to nm size. As the
study of these materials at this nanodimension scale is not an easy task and requires
highly advanced sophisticated instruments and thus nanotechnology motivated the
scientists to invent some highly sophisticated nanoscopic characterization techniques to
allow better control over morphology, dimension and size of the materials in this
nanoscale range. The X-ray diffraction (XRD) technique based on Bragg’s law is a
powerful method for the study of nanomaterials. This method is useful for determining
crystallinity, crystal structure and lattice constants of NPs. Using Scherre’s formula, the

method is also helpful for determining the approximate particle size of the NPs formed.

SEM [43] and TEM [44] are electron microscopic techniques commonly used to take
surface image and transmitted image of NPs. Even though both techniques are invented
within the same decade but, there is a distinct difference in their uses. While SEM uses
the scattered or secondary electrons to generate a three dimensional images of the
sample, the transmission electron microscope directly project electron through an

ultrathin specimen slice to produce a two dimensional image. SEM is generally used to
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visualize the surface morphology of the samples while TEM allows one to study the
inner surface. Energy dispersive X-ray technique referred to as EDS or EDAX is an X-
ray technique associated with SEM or TEM, and used to determine the elemental
composition of the sample. High resolution transmission electron microscopy (HRTEM)
associated with TEM is an additional imaging mode associated with TEM that allows the

researcher to imagine directly at an atomic resolution scale.

Apart from these well-established techniques of electron microscopy, scanning probe
microscopy (SPM) is relatively a new branch of microscopy where a physical probe (3-
50 nm radius of curvature) was used, which scans the specimen to forms images of
surfaces atoms. STM and AFM are the two most common techniques of scanning probe
techniques. Because of these two techniques nanofabrication and processing have
achieved great advances during the last decade. AFM generally measures the interaction
force by moving a nm sized tip across the surface and thereby precisely captures the
image, while the STM record images using quantum mechanical tunneling principle. The
resolution of AFM is however better than STM. STM is normally applicable to
conductors, while AFM is applicable both to conductors and insulators. In spite of these
advanced techniques there are also some common spectroscopic techniques like Fourier
Transform-Infrared (FT-IR) and Ultraviolet (UV)-visible spectroscopy that are generally
used to determine the nature of bonds/conjugation etc. whenever these parameters are

necessary.

1.6.  Historical background and aspects of C-C and C-Heteroatom bond forming

reactions

In the domain of synthetic organic chemistry, carbon-carbon, carbon-heteroatom bond
formation reactions possess profound importance. They are regarded as the heart of
chemical science and the key to set up the carbon backbone of organic molecules and life
itself. Such types of coupling reactions have vast applications in the production of

polymers, agrochemicals and pharmaceutical intermediates [45].

During the past 20-30 years, a vast development has been observed in organic synthesis
particularly in the domain of C-C and C-heteroatom bond forming reactions [46]. The

main motive for all these was to discover new kinds or to improve the efficiency of
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already existed drugs to treat all kind of diseases and also for improvement of our daily
life. Although a numbers of methodologies are available in the literature for the synthesis
of C—C and C—Heteroatom containing compounds but, generally they are associated with
shortcoming like difficulties in products isolation, low yields, less electivity and limited
substrate scopes. As a consequence, the development of new methods which are
relatively cost effective, efficient and selective for the generation of C-C and C-
Heteroatom containing compounds still remains a challenging task among modern

synthetic organic chemists.

In synthetic organic chemistry, cross-coupling reactions are an important class of
reactions for the construction of various types of carbon-carbon and carbon-heteroatom
bonds. Different types of transition metals like Cu, Pd, Ni, Co, Ru, Rh etc. are commonly
used as catalysts for these reactions and are often termed as transition metal catalyzed
cross-coupling reactions. But, the high cost, stability and toxicity of these types of
transition metals along with the addition of ligands often restrict their use. Thus,
nowadays the developments of less expensive and eco-friendly catalyst for C-C and C-
heteroatom formation reaction are much more popular among researchers. Again, this is
an era of nanocatalysis and different nanocatalysts have been used widely in various C—C
and C—Heteroatom bond formation reactions owing to their high surface area. Also, the
heterogeneous nature of the catalyst is one of the most important advantages to the field
of catalysis as it overcomes the limitation of homogeneous catalyst of non-recoverability
from the reaction medium. Some of the efforts taken by us on the development of Pd and
Cu based nanocatalyst and their applications in C-C and C-heteroatom bond forming

reactions are described in this thesis.

1.7. A review on C-C bond formation reactions

The carbon-carbon bond formation reactions are the most fundamental reactions for the
construction of a molecular framework in synthetic organic chemistry and hence they
represent the cutting edge of research in organic chemistry [47-51]. Traditionally,
Friedal-Craft reaction, Wurtz type reactions, nucleophilic addition and substitution
reaction, can be recognized as the basic methods for construction of C—C bond.
Introduction of transition metal catalyst increases the efficiency of these reactions. In

1869, Curl Glaser first report the transition metal catalyzed C—C bond forming reaction.
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He showed that in presence of Cu catalyst, phenyl acetylene undergoes smooth oxidative

dimerization to form diphenyldiacetylene (scheme 1) [52].

O cee (O—==-)
2 — ==
— NH,CI, EtOH

Scheme 1: Cu catalyzed Glaser coupling reaction.

After few years, Ullmann reported another method for Cu catalyzed homocoupling

reaction [53]. The reaction Scheme is shown below (scheme 2).

N02 N02
—_—
200 °C
O,N
X =Cl, Br

Scheme 2: Ullmann homocoupling reaction.

The chemistry of palladium catalysis is considered as one of the historic developments in
the field of C—C bond formation reactions. Richard Heck was considered as the pioneer
person in this field. In his report, he described a cross-coupling reaction between
organomercuric compounds and alkene in the presence of catalytic amount of Li,PdCly
[54]. Later on, the work was modified by replacing toxic organomercuric compounds
with aryl halide by Mizoroki and Heck and the reaction is known as Heck reaction (or

also called the Mizoroki-Heck reaction) (Scheme 3).

O O sttt O

2 hrs

Scheme 3: Mizoroki-Heck reaction between lodobenzene and Styrene.
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In the year 1975, Kenkichi Sonogashira, Yasou Tohda and Nobue Hagihara reported a
palladium catalysed cross-coupling reaction of terminal alkyne sp hybridized carbon
with a sp’ hybridized carbon of an aryl or vinyl halide (or triflate) producing a
substituted alkyne product [55] popularly known as Sonogashira reaction. The reaction is
generally accelerated by the addition of Cu-salt as co-catalyst and an amine base in the
presence of suitable phosphine based ligands. The reaction name arises from its
discoverer Sonogashira, Tohda and Hagihara and is now become one of the most
important methods to prepare arylalkynes and conjugated enynes, which are the

precursors found in natural products, pharmaceuticals and molecular organic materials.

Pd, Cu catalyst _
u catalys > / \

A
=
[
_|_
pd
7
\/\
X
|
7
\/\

RA=— R, ligand, base R N\=—

X=I, Br

Scheme 4: Sonogashira cross-coupling reaction.

Negishi [56], during the same period, reported another method for synthesizing biaryl
compounds by using a cross-coupling reaction between organozinc compounds and

organic halides (Scheme 5).

Ni(PPh or
(PPhs), R_R1}

R-X * R'ZnX
Cl,Pd(PPhj), + 2(i-Bu),AlH

Scheme 5: Negishi coupling reaction.

In 1979, Suzuki and Miyaura reported a synthetic protocol, in which they used a
coupling reaction between organic electrophiles including halides or triflates with
different types of organoboron reagents (arylboronic acids, arylboronic esters,
tetraphenylborate, organotrifluoroborates) have probably become one of the most
extensively used methods for the formation carbon-carbon bond formation reaction in

presence of palladium catalyst [57]. The key advantages it bears over other cross-
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coupling reactions is the mild nature of organoborons, which are generally non-toxic and
stable to air, heat and moisture with great functional group tolerance. It’s because of such
an impactful discovery, Akira Suzuki together with Richard F. Heck and Eiichi Negishi
were awarded the Nobel Prize in Chemistry “for palladium-catalyzed cross-couplings in

organic synthesis” in 2010.

I\ 7\ Pd(PPh;), =\
L mom )

K,COs3, benzene, heat R; 2

Scheme 6: Suzuki-Miyaura cross-coupling reaction.

Apart from these well-known reactions for the formation of C-C bond, a numbers of
other reactions are also there in the mentioned area. Stille reaction [58], Kumada reaction
[59], Tsuji-Trost reaction [60] etc. are the name of some common reactions in this field.
As in all of the mentioned reactions, oxidative addition is the major step in the reaction,
and so they are commonly termed as oxidative addition C-C bond formation reaction.
Though these types of reactions provide some general procedures for C-C bond
formation reaction, but they are associated with some major drawbacks like using harsh
conditions like high temperature, expensive ligands, inert atmosphere etc. which are
against the green chemistry principle. Therefore, avoiding the use of such types of harsh
conditions and therefore tuning the reaction is very much necessary and nowadays
become the burning topic among research groups. In this thesis we mainly focused on

Suzuki-Miyaura and Sonogashira reaction.

1.7.1. Suzuki-Miyaura cross-coupling reaction

Since from its discovery in 1979 [57], the palladium-catalyzed Suzuki-Miyaura cross-
coupling reaction between organic electrophiles including halides or triflates with
different types of organoboron reagents (arylboronic acids, arylboronic esters,
tetraphenylborate, organotrifluoroborates) have probably become one of the most widely
used synthetic methods for the construction of C-C bond (Scheme 6). As already

mentioned its main advantages over other cross-coupling reactions are the fact that
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organoborons are mild in nature, non-toxic and stable to air, heat and moisture with great
functional group tolerance. The, biaryl derivatives which are the product of the reaction
are the structural components of numerous drugs, natural products, optical devices,
herbicides, pharmaceuticals, conducting polymers and advanced functional materials
[61]. The general mechanism of Suzuki-Miyaura reaction proceeds through oxidative

addition, transmetalation and reductive elimination stages (Fig. 2).

Mechanistically, in the first step, oxidative addition of the organohalides to the Pd(0)
species occur to form a organopalladium complex along with the oxidation of Pd(0) to
Pd(II). This step is the rate determining step of the catalytic cycle. The addition of sigma-
donating ligands generally accelerates the oxidative addition step and hence enhances the
reaction. During this oxidative addition step, cis-palladium complex forms which rapidly

isomerizes to trans-complex.

Transmetallation is the second step in Suzuki coupling reaction. A molecule of the base
(hydroxide or alkoxide) exchanges the halide on the palladium complex while another
molecule binds to the organoborane to form a borate reagent, thereby making its organo
(R) group more nucleophilic. During the transmetallation step, the nucleophilic organic
group bound to the electropositive boron group shifts to the palladium metal complex.

Thus, this transmetallation step is dependent on the strength of the base.

The final step, known as reductive elimination step, where the palladium complex
eliminates the product and regenerating the Pd(0) species. Generally, the reductive

elimination steps proceeds through retention of configuration.

Different types of ligands based on phosphorous and nitrogen are generally used in
Suzuki-Miyaura cross-coupling reactions, as these ligands are believed to increase the
electron density over palladium, which in turn accelerates the oxidative addition step. It
was found that till 1998, triarylphosphine ligands were the most commonly used ligand
for Suzuki-Miyaura cross-coupling reactions. But, later on the effect of different
phosphorus based ligand on the activity of Pd complexes was studied by different
research groups. The enhanced catalytic activity of Pd complex using bulky tri-o-
tolylphosphine ligand was reported by Heck and his co-workers [62]. Similarly, Osburn
reported the higher catalytic activity of phosphanes which had well defined steric volume

and also basic in nature [63]. From these kinds of studies, it was revealed that the
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bulkiness of phosphine ligands had a strong influence on oxidative addition reaction as

well as the Suzuki-Miyaura cross-coupling reactions.

-
RrR; LnPd(0) Ri-X
Oxidative addition
Reductive elimination
R4
R4 /
/ LnPd(IT)
LanPd(II) \
AN X
R2
Transmetallation
base
B-X R,-B
.

Fig. 2: Mechanism of Suzuki-Miyaura cross-coupling reaction.

Likewise phosphine ligands, N-based ligands are also used in Suzuki-Miyaura cross-
coupling reaction. The first application of Pd-N-heterocyclic carbene (Pd-NHC) was
reported by Hillier and his coworkers in the year 2002 [64]. After this initial assessment,
a number of examples are reported for Suzuki-Miyaura cross-coupling reactions using

Pd-NHC.

Apart from NHC a large numbers of other NHCs are also there which are successfully
applied for efficient Suzuki-Miyaura cross-coupling reactions. In the year 2004, Boykin
et. al. reported a new catalyst, DAPCy for cross-coupling reaction [65]. Li and his
coworkers reported a highly efficient catalytic system, Pd(OAc),/DABCO towards an
efficient Suzuki-Miyaura cross-coupling reactions [66]. Some examples of nitrogen and

phosphorous based ligands are listed in Scheme 7.
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NHC7l/guanidine®®/amine®®/bisamidel”%/

acetanilidel’ VSchiff-basel’? \
(N-based ligands)
B(OH), X
Y, Xy Pdcatalyst | PCy[™VPt-Bug"3/SPhos!"/PPh,"]
/l _ | ¢ heat/r.t. PPhy(p-CgHsNMe,)["®!
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Scheme 7: Ligand based conventional Suzuki-Miyaura reaction.

Though these kinds of complexes containing such kind of ligands show excellent
catalytic reactivity towards Suzuki-Miyaura cross-coupling reactions, but, they come
with setbacks of being unstable, less available, and expensive. Moreover, these are air
and moisture sensitive, which requires an inert environment essential. Apart from this,
the palladium that are ligated with substituted phosphine are usually toxic and often
create problem in isolation and purification process of desired products by generating
unwanted side-products [82]. Hence, catalytic systems that are free from these

pronounced issues are in need to be developed.

Nowadays, Pd NPs are considered an equivalent substitute for Pd-complexes for Suzuki-
Miyaura cross-coupling reaction, which is because of their high surface to volume ratio,
their highly active surface atoms, and usability in milder reaction conditions compared to
the bulky counterparts. Pd NPs allow “ligand free” synthesis over traditional Pd"/Pd’
complexes catalyzed coupling reaction in the presence of phosphine or other ligands.
This in turn, reduces the costs, simplifies workup procedures and facilitates the
separation of the final product. Despite of these advantages, there are tradeoffs to be
considered. For example, they require high temperature [83], ultra-sonication [84],
strong reducing agent [85] etc., thereby making the process tedious and time consuming.
Consequently, there has been urgency in the development of protocols for the synthesis
of Pd NPs which are eco-friendly, constitute a single step with minimum usage of
chemicals or by using environmentally acceptable solvent. Biological resources such as
plant extracts, micro-organisms etc. could be used for the synthesis of NPs as they have
the reduction potential required for NPs synthesis. Synthesis of NPs using biological
resources has been discussed earlier. Development of cleaner and efficient chemistry had

never been so important as it is now due to increased strain in nature itself. This is why
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Green Chemistry has become necessary approach of “Sustainable Chemistry” to enforce
reduction of a strain in natural resources to ensure a sustainable future. This phenomenon
has greatly influenced the growing interest in Suzuki-Miyaura reaction and the

implication of plant materials for the synthesis of NPs.

Supporting Pd NPs on different nanostructured materials generally magnifies their
recyclability properties which thereby simplifies the separation of the products from the
reaction mixture. Different types of supports like alumina [87], graphene oxide [89],
graphene [88], graphite oxide [90], reduced graphene oxide [91], mesoporous silica [86],
or other carbon-based materials [92] are being developed by research groups across the
globe for the cause of for the development of novel catalytic systems. However, there are
substantial amount of work to be done in order to increase the versatility of the reagents

for C-C coupling reactions.

1.7.2. Sonogashira cross-coupling reaction

The palladium catalysed Sonogashira cross-coupling reaction of sp hybridized carbon of
terminal alkyne with a sp” hybridized carbon of an aryl or vinyl halide (or triflate) is one
of the most reliable methods for the construction of C-C bond (Scheme 4). The reaction
is generally hastened by the inclusion of Cu-salt as co-catalyst and an amine base in
presence of suitable phosphine based ligands. The reaction has become one of the vital
methods to prepare arylalkynes and conjugated enynes, which are the precursors found in

natural products, pharmaceuticals and molecular organic materials.

Though the exact reaction mechanism is not clearly demonstrated, here a possible
mechanistic route has been suggested to explain the mechanism of copper assisted
Sonogashira cross-coupling reaction. The reaction proceeds through two independent
cycles, viz., Pd-cycle and Cu-Cycle (Fig. 3). The first step involves the oxidative
addition where the active Pd’ species is transformed Pd" complex by interacting with
aryl or vinyl halide substrate. The next step is the transmetallation step, where the Pd"
complex reacts with the copper acetylide, which is generated from the copper cycle,
yielding complex B and regenerating the copper catalyst. In the final step, the complex
B, undergoes reductive elimination to yield the final product and regenerating the

original Pd’ species.
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Fig. 3: Mechanism of Sonogashira cross-coupling reaction.

Addition of copper, even though increases the reactivity of the system, has some
drawbacks. The copper acetylides that are formed under the reaction condition often
create homocoupling products of the terminal alkyne (so called Glacer coupling) along
with the main products and thereby decrease the product efficiency. As a matter,
continuous efforts have been dedicated by different researcher groups to develop a
copper free procedure. These types of methodologies are usually called copper-free
Sonogashira cross-coupling methods. Till now, the exact mechanism by which the
copper-free reaction occurs was not accurately determined. Soheili and Heck suggested
two mechanisms for palladium-catalyzed copper free cross-coupling reaction. The first
one is deprotonation and the second one is called carbopalladation mechanism. In
deprotonation mechanism (Fig. 4), deprotonation of the alkyne proton and coordination
of the ligands occurs, which leads to a square planner intermediate Pd-complex, from

which the coupled product is obtained by reductive elimination.

On the other hand, in carbopalladation mechanism (Fig. 5), Pd-R complex coordinates to
the alkyne and is added over the triple bond. This is followed by ligand co-ordination
and subsequent reductive elimination to get the coupled product. Though these two
mechanisms may be regarded as the usual mechanistic pathway for Cu-free Sonogashira

reactions, still the actual mechanism is not clear till date.
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Fig. 4: Deprotonation mechanism for Cu-free Sonogashira cross-coupling reaction.

It has been found that ligands play a critical role in the palladium catalyzed Sonogashira
reaction because it stabilizes the active Pd species during the course of reaction. Also,
the electron-rich bulky phosphine ligands enhance the oxidative addition step, thus the
steric effect makes easy to form low co-ordinated Pd-complex with high activity.

Examples of ligands based on phosphine and nitrogen that found notable success in

Sonogashira reactions are bulky phosphanes [93]

and TXPTS [94], N-heterocyclic carbenes [95], oxime palladacycles [96], amines [97]
and salene [98] etc. However, these suffer from major drawbacks of unavailability,

instability and cost of palladium complex and the related legends, which are few of the

many challenges to be tackled.
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Fig. 5: Carbopalladation mechanism for Cu-free Sonogashira cross-coupling reaction.

Recent studies have been using Pd NPs in copper free Sonogashira reaction [99]. Its
heterogeneous nature of is one of the biggest advantages in the field of catalysis, as the
limitation of non-recoverability from the reaction medium associated with homogeneous
catalyst has been overcome. Again, significant efforts have been dedicated by different
research groups to stabilize and immobilize Pd NPs in different types of heterogeneous
supports. Different inorganic supports such as carbon nanotubes, alumina [100], silica,
zeolite [101], clays [102] and zinc ferrite [103] are generally used to stabilize Pd NPs.
The chemical stability in various aggressive media, profusion, light weight, inertness to

supported metals are some characteristics that supports are required to have.

Apart from C-C bond formation reactions, different types of C-heteroatom bond
formation reactions like C-N, C-S and C-O bond formation reactions are there. However,
in this thesis we have focused on C-N bond formation reaction only. Synthetic organic
chemistry and its growth are predicated substantially upon transition metal C-N bond
forming reactions. Nitrogen containing compounds can be produced using transition-
metal-catalyzed protocols that find vast applications in the field of organic synthesis,
especially in ubiquitous N-containing organic compounds in pharmaceuticals, material

science and natural product chemistry [104]. For example, diarylamines, N-
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arylimidazoles are types of compounds privileged with structural scaffolds which have

vast applications in the above mentioned areas [104, 105].

Ullmann and Golberg in 1903 (Scheme 8) first reported a copper mediated C-N cross-
coupling reaction between aniline and aryl halide [106]. They used Copper salts in this
method to activate the aryl (pseudo) halides substrate. However, the involvement of
harsh conditions such as high temperature and/or strong base in this method limits the

synthetic utility of this reaction procedure.

H
= —._  [Cu(0)] or [Cu(l)] @NO
( X +H,N ) | |

Scheme 8: Ullmann and Goldberg coupling reactions.

In 1990, Buchwald and Hartwig, independently reported a new method for the
construction of C-N bond where they used the Pd as catalyst using suitable diamine or
phosphine ligands [107]. During the past decades, the reaction achieved significant
recognition from the research community and is now considered as one of the most

important protocols for the construction of C-N bond (Scheme 9).

— . R, [Pd(0)] or [Pd(Il)] @—NRZ
R1>\ /X HN~R3 PR;/Base R1)\ / Rs

Scheme 9: Buchwald and Hartwig coupling reactions.

In the year 1998, Chan and Lam [108] proposed a relatively mild protocol for the
construction of C-N, C-O and C-S bonds, which have several advantages in terms of
stability, toxicity and structural diversity issues (Scheme 10). Arylboronic acid, which is
a coupling partners of the reaction offer advantages and wide range of applications in
organic synthesis owing to its structural diversity, moisture resistance and low toxicity.

The exact mechanism for Chan-Lam reaction still remains a matter of conflict, however

23



Chapter 1

a mechanism had been proposed by Chan-Lam for the reaction which involves oxidation,

ligand exchange, transmetallation and reductive elimination as the major steps (Fig. 6).

B(OH), NH, H
| X | A Cu catalyst, ligand | N | A
+
G =X A X
R; \QZ Solvent, r.t R; \QZ

Scheme 10: Cu catalyzed Chan-Lam cross-coupling reaction.

However, the reaction bears disadvantages of prolonged reaction time [109], use of
excessive amount of copper catalyst, additives and expensive ligand promoted reaction
condition [110], usage of toxic and flammable halogenated organic solvents [111] etc.
Collmann and Zhong reported an in-situ generated Cu-catalyst [Cu(OH)TMEDA],Cl,
for N-arylation of imidazole (Scheme 11) in which the problem regarding the use of

excessive or stoichiometric amount of copper salt can be targeted [112].

However, in order to obtain higher yield of the product, it was necessary to keep the pH
of the reaction medium at neutral. After several investigations, it was confirmed that
TMEDA [113] was the most efficient ligand, even though the related ligands give

acceptable result.

Later on Lam [114] reported a method where they used 10 mol% of Cu(OAc), as the
catalyst in presence of different types of oxidants like molecular oxygen, pyridine-/N-

oxide, TEMPO [115] etc. for N-arylation reaction.

Another report of N-arylation of aliphatic and aromatic amines was reported by
Yokomatsu and his coworkers in water media, where they used Cu,B-cyclodextrin as

catalyst at room temperature [117].

B(OH),
N . HN N [Cu(OH).TMEDA],CI, — ~N
Rl// uR1 CH,CIy, rt, overneight R\/\ / N\\/:\'R1

Scheme 11: Collmann and Zhong method.
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Fig. 6: Mechanism of Chan-Lam cross-coupling reaction.

Kantam and her coworkers developed a very effective catalyst copper fluoro apatite
(CuFAP) for N-arylation reaction at room temperature [118]. The catalyst was found to

be reusable with no loss of its activity even after fourth run.

Again in the year 2016, Islam and his co-workers reported a method for N-arylation of
anilines and imidazoles using polymer supported Cu catalyst in MeOH [119]. They did

not use any base during the reaction.

Microwave assisted synthetic protocols for N-arylation was also reported by Singh and

his coworkers using Cu(OAc),, Et;N and pyridine[120].

Recently, a simple and quick method using DMAP/Cu promoted Chan-Lam reaction has
been reported by Phukon and his co-workers [121].
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Despite the various methods available for Chan-Lam coupling reaction, it is still a need
among researches to establish a more efficient and simple method eliminating all the

drawbacks.
1.8. Aims and objectives of the thesis

Keeping all these in mind our foremost objective was to synthesize Pd and Cu based NPs
by using comparatively cheaper and less time consuming greener approach and their
successive application in some C-C bond formation reactions like Suzuki-Miyaura cross-
coupling reaction and Sonogashira cross-coupling reactions and also in some C-N bond

formation reaction like Chan-Lam reaction.

Keeping these in mind we propound to endeavour our complete study with the following

objectives:

1. To develop some greener and relatively non-toxic protocols for the synthesis of
Pd and CuO NPs.

2. To develop environmentally sustainable protocols for C-C and C-N bond forming
reactions using the nanocatalyst thus prepared. The synthesized catalyst should be
relatively non-toxic, easily recyclable, easy to handle and sufficiently stable in
ambient conditions.

3. To characterize the synthesized NPs by using FTIR, PXRD, SEM, high
resolution TEM, BET and other techniques.

4. Any other issues that may arise during the course of the study.
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