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Preface
Heterogeneous catalysis is the backbone of the chemical industry. Pharmaceutical, 
petrochemicals, fine chemicals, polymer, and many other industries rely on heteroge-
neous catalytic processes. Even a slight increase in the selectivity and yield of these 
transformations can save billions of dollars for some industries. Thus, a detailed 
understanding of the reaction mechanisms is sought to design catalysts or tune reac-
tion conditions for better yield and selectivity for the desired products. Broadly, the 
study of heterogeneous catalysts involves:

	 1.	Design, synthesis, and appropriate characterization of catalysts,
	 2.	Carrying out the catalytic transformation and record of yield and selectivity, 

and
	 3.	Investigation of mechanistic aspects of these transformations.

Based on inputs obtained from mechanistic investigations, the design and synthesis 
of catalysts or catalyst systems are fine-tuned to obtain higher yields and desired 
selectivity.

The advent of nanocatalysts has introduced tremendous versatility into the field. 
The tremendous increase in surface area of these nanosized catalysts as compared to 
bulk catalysts of the same composition usually results in a huge (sometimes several 
orders of magnitude) increase in reaction rates. Additionally, nanomaterials may 
have different surface terminations than their bulk counterparts, which can have a 
profound effect on the catalytic activity. The surface area and surface termination 
may also be tailored by variation in these catalysts’ shape, size, and morphology. 
With the evolution of synthetic methodology, the shape, size, and morphology of 
these catalysts may now be functionalized with relative ease. Different parts (e.g., 
edges, corners, shapes) of the same nanoparticle may result in different products. 
Quantum confinement effects add an additional dimensionality to this field. This 
book introduces the reader to the variety of catalysts used in organic transformations 
with specific emphasis on points 1–3 described above.

The first chapter gives a general introduction to heterogeneous catalysts in organic 
transformations. The second chapter describes the reported organic transformations 
on oxide nanoparticles. These particles are one of the most extensively used cata-
lysts, as most of them are inexpensive to produce. Noble metals were considered 
quite unreactive till about 50 years ago, but the development of nanoparticles of these 
metals opened up new avenues of organic transformations. Organic transformations 
on Au, Pb, Ir, Pt, and Ag nanoparticles or their composites are described in the third 
chapter. The fourth chapter describes organometallic compounds that catalyze 
organic transformations, while the fifth chapter describes solid-supported catalysts. 
These supported catalysts are very significant as many homogeneous catalysts act as 
heterogeneous catalysts when immobilized on supports. Apart from imparting stabil-
ity, synergistic effects between the support and the immobilized catalysts impart 
unique properties to these catalysts. Mesoporous materials described in chapter 6 are 
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another class of materials that are being intensively investigated as heterogeneous 
catalysts. These catalysts’ pore sizes and shapes can be modified to selectively encap-
sulate desired substrates and thus impart the desired selectivity. Chapter 7 describes 
the role of metal-based heterogeneous catalysts.

We hope that the book will cater to the needs of graduate students in chemistry 
and help them get a flavor of the rich and immensely interesting field of organic 
transformations using heterogeneous catalysts.

Varun Rawat
Haryana, India

Anirban Das
New Delhi, India

Chandra Mohan Srivastava
Haryana, India
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1.1 � INTRODUCTION

The concept of the term “Catalysis” was first described by Berzelius in 1835 [1] and 
later defined scientifically by Ostwald in 1894 [2]. However, catalysts have been 
used for thousands of years and the oldest example that we still encounter today is 
the fermentation process which the Egyptians first discovered to produce wine [3]. 
Catalysis has been the backbone of industrial applications and is used extensively 
in manufacturing agro- and petrochemicals, cosmetics, pharmaceuticals and medi-
cines, polymers, aliments, and many more [4]. By definition, a catalyst is a substance 
that can increase a chemical reaction’s speed without undergoing any change itself. 
Figure 1.1 gives a very simplistic view of the energetics involved in a catalyzed reac-
tion. A catalyst can change the reaction pathways that lower its activation energy and 
increase the rate of reaction. However, a catalyst does not alter the equilibrium of a 
reaction, which means that the product formation is achieved at a faster rate, whereas 
the yield of the reaction remains unaffected. A catalyst undergoes a reversible chemi-
cal change, and it regenerates its previous form at the end of a chemical cycle.

In many organic transformations without catalysts, either the reactions do not 
occur or they proceed very slowly. For example, the addition of water to an alkene 
proceeds to completion if an acid is added in a catalytic amount, leading to the 

FIGURE 1.1  Energy profile diagram of a reaction with and without catalyst.
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formation of an alcohol. Without the catalyst, the reaction does not proceed at all. 
This reaction involves breaking a pi-bond in the alkene and an O–H bond in water 
and the formation of C–H and C–OH bonds. By the addition of an acid, the concen-
tration of hydronium ions (H3O+) will increase in the solution, which acts as a cata-
lyst for the reaction. The H3O+ ions then react with the alkene molecule to form an 
alkyl cation according to Markovnikov’s rule (Figure 1.2). The alkyl cation has a 
strong tendency for water molecules, and even though water molecules are weak 
nucleophiles, they rapidly attack the alkyl cation forming alcohol and leaving pro-
tons to regenerate H3O+ molecules. Without an acid catalyst, the neutral water mol-
ecule would not be electrophilic enough for the pi-bond to attack it, and thus, the 
reaction would not proceed [5].

1.2 � TYPES OF CATALYSTS

In general, on the basis of their phase in a reaction, catalysts are divided into two 
broad categories – homogeneous and heterogeneous. However, the other classifica-
tions also include heterogenized homogeneous catalysts and biocatalysts (Figure 1.3). 
Their brief accounts are summarized as follows:

1.2.1 � Homogeneous Catalyst

A homogeneous catalyst has the same phase in the reaction mixture as that of reac-
tants. The high homogeneity of the same phase of reactants and catalyst results in 
their high interactions, leading to high reactivity and selectivity under mild reaction 
conditions. Some important instances of homogeneous catalysts include Brønsted 
and Lewis acids, transition metal complexes, organometallic complexes, and organo-
catalysts. Some notable examples of chemical reactions that use homogeneous cata-
lysts are carbonylation, oxidation, hydrocyanation, metathesis, hydrogenation, and 
C–H and C–C activation/functionalization [6].

FIGURE 1.2  Hydration of alkenes in the presence of an acid.
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1.2.2 � Heterogeneous Catalyst

As the name suggests, the catalysts exist in a different phase than reactants in the 
reaction mixture [7]. For example, heterogeneous catalysts are used in the Haber–
Bosch process for the ammonia synthesis (iron as a catalyst) and Fischer–Tropsch 
process to produce hydrocarbons (transition metal catalysts used such as iron, cobalt, 
ruthenium, and nickel). The recovery, reusability, and easy separation of products 
from the reaction mixture make heterogeneous catalysts the first choice for indus-
trial use. These catalysts (primarily metals) can be used as fine particles, powders, 
granules, deposited on the solid surface (supported catalysts), or used in bulk form.

1.2.3 � Heterogenized Homogeneous Catalysts

The complex nature of heterogeneous catalysts prevents their analysis and charac-
terization at a molecular level, making their development difficult through structure–
reactivity relationships. Additionally, the traditional heterogeneous catalysts are less 
reactive and show poor selectivity in a chemical reaction. In order to overcome these 

FIGURE 1.3  Classification, properties, and usage of catalysts.
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issues, homogeneous catalysts are often embedded on solid surfaces to add heteroge-
neity in their nature. This approach brings features of both homogeneous (selectivity 
and reactivity) and heterogeneous (reproducibility) catalysts together in one catalyst, 
which greatly enhance the outcome of a reaction. Heterogeneity can be obtained by 
immobilizing catalysts on the solid surface via surface processes like physisorption 
or chemisorption [8].

1.2.4 � Biocatalysts

The reactions in our biological systems are carried out by natural biocatalysts, which 
are primarily enzymes. Enzymes are natural proteins and can be used to catalyze 
very specific chemical reactions in a laboratory. They are isolated from animal or 
plant tissues and microbes such as yeast, bacteria, or fungi. Biocatalysts are notable 
for their great selectivity and efficiency, as well as for their environmental friendli-
ness and gentle reaction conditions. Nowadays, biocatalysts are an alternative to con-
ventional industrial catalysts. Immobilizing these enzymes on solid supports turns 
enzymes into heterogeneous solid catalysts, enhancing their activity and stability. It 
also increases their lifetime, and they can be recycled for many usages [9]. The last 
two categories of catalysts classification are used arbitrarily and can be merged into 
other types depending upon the usage and nature of the catalyst.

1.3 � ORIGIN OF HETEROGENEOUS CATALYSIS

The evolution of heterogeneous catalysts took place by hit and trial methods. For 
instance, the progress in ammonia synthesis in the early 1900s demonstrated how 
empirical screening could yield an excellent catalytic process [10]. Although the 
worldwide ammonia production was enhanced with this discovery, its mechanism 
was unknown for an extended period until Gerhard Ertt discovered and improved 
the process by introducing promoters [11]. Moreover, his work also concentrated 
on many other heterogeneous catalytic procedures like catalytic oxidation of carbon 
monoxide (CO) over platinum. For his seminal work on examining chemical pro-
cesses on a solid surface, he was awarded the Nobel Prize in chemistry in 2007. The 
complexity of a catalyst can range from well-defined supported metal nanoparticles 
to millimeter-sized multicomponent catalyst bodies with various often distinct activi-
ties. Heterogeneous catalysts are still extensively utilized in the production of bulk 
chemicals, but now they are also used for the selective synthesis of intermediates and 
fine chemicals. This has been made feasible because of significant advances in cata-
lyst designing at the molecular level, like combining the benefits of nanostructured 
solids and grafted organometallic complexes.

1.4 � COMPARISON BETWEEN HOMOGENEOUS AND  
HETEROGENEOUS CATALYSIS

It is well known that depending on the chemical phase of the catalyst and reactants, 
different forms of catalysis can be distinguished. In homogeneous catalysis, the cata-
lysts work in the same phase as the reactants and are often found in the liquid phase. 
It has been seen that mechanistic studies of homogeneous catalysts are comparatively 
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easier than heterogeneous catalysts. The examples are Fe-porphyrin complexes 
active for the oxidation, Zn-complexes for decarboxylation reaction, Cu-imidazole 
(from histidine) complexes in hemocyanin, etc. [12].

In heterogeneous catalysis, the catalyst is in a different phase than reactants. In 
most of the reactions, the catalyst is solid, and reactants are in gas or liquid phases; 
hence, the rate-determining step occurs at the solid surface of the catalyst. For exam-
ple, the development of catalytic converters for automobiles benefitted from acknowl-
edging the reaction kinetics for CO oxidation and NOx on Pt single catalysts [13]. 
Table 1.1 gives a brief outline of the advantages and disadvantages of the two main 
catalyst systems.

1.5 � CONTRIBUTION OF HETEROGENEOUS CATALYSIS

Heterogeneous catalysts are often the backbone of chemical and energy industries, 
making it one of the most rapidly developing branches of chemistry. Although the 
basic reaction mechanism is frequently well understood, substantial research is usu-
ally required to improve the efficiency of a reaction or the selectivity of a catalyst. 
Based on the research outcomes of a reaction profile and knowing the role of a cata-
lyst, it becomes possible to decide whether a process can be moved from a laboratory 
scale to a plant scale. Designing powerful and active catalytic processes is the goal of 
all laboratories and industries in the world. For the production of valuable chemicals, 
catalytic processes play an essential role, and most energy-dependent methods rely 
on heterogeneous catalysis. Consequently, close to 80% of all chemical reactions are 
carried out using some form of heterogeneous reaction [13].

In heterogeneous catalysis, a phase boundary separates the reactants and catalysts. 
Most of the essential and large-scale industrial processes such as the contact process 
for producing sulfuric acid, Haber–Bosch process for ammonia production, Ostwald’s 
process for making nitric acid, and many more depend on heterogeneous catalysts. 

TABLE 1.1
Advantages and Disadvantages of Different Catalyst Systems

Catalyst Advantages Disadvantages

1. �Homogeneous 
Catalyst

	➢	 The catalyst gets mixed with 
the reaction mixture, which 
permits high degree of interaction 
between the catalyst and reactant.

	➢	 Homogeneous catalysts are more 
active in many reactions.

	➢	 Time required is less and high 
yield is observed.

	➢	 Usually more selective for single 
product.

	➢	 Homogeneous catalysts have less 
thermal stability.

	➢	 Cannot be separated from the 
reaction mixture and hence can’t be 
reused.

2. �Heterogeneous 
Catalyst

	➢	 Catalyst is easy to separate after 
the reaction completion.

	➢	 Possess a long catalytic life.
	➢	 Can be regenerated and reused.

	➢	 Any type of coating on the surface 
can reduce the activity.

	➢	 Only effective on the surfaces.
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It has been observed that noble metals like Pt, Pd, Rh, Ni, Co, and Ir are preferred as 
heterogeneous catalysts [14]. They have been widely employed in the petrochemical 
sector, medication manufacture, and environmental protection, but they are unable to 
meet the rising demand due to high costs and scarcity of such noble metals in nature. 
The main aim of studying heterogeneous catalysis is to gain knowledge of the mech-
anism at the molecular level and design the catalyst with a preferred active site. In 
heterogeneous catalysis, at least one reacting species must be chemisorbed to react 
catalytically on the solid surface; hence, chemisorption is the elementary step for the 
atoms or molecules to react [15]. The prime advantage of heterogeneous catalysts is 
that they can perform their function in a broad pH spectrum [16]. In heterogeneous 
catalysis, the chemical reaction occurs at the material’s surface; hence, heteroge-
neous catalysts are highly porous materials with a large surface area.

Heterogeneous catalysis is the primary approach used to convert petroleum and 
natural gas into environmentally benign fuels and produce alternatives like hydrogen 
fuel and biofuels. For example, biodiesel is produced with the help of heterogeneous 
metal oxides because of their selectivity, ease of separation of catalyst from the reac-
tion mixture, and fewer processing steps [17]. Calcium oxide (CaO) is the most 
extensively used solid basic catalyst among the several metal oxides known because 
it has many advantages, including long catalytic life, high activity, and just moderate 
reaction conditions. It should be specified that the recovery process of heterogeneous 
catalysts is cheap and can be done smoothly.

1.6 � MECHANISM OF HETEROGENEOUS CATALYSIS

Irving Langmuir proposed a theory for adsorption on solid surfaces in the early 1900s, 
which is one of the foundations of contemporary surface chemistry. Langmuir’s 
approach is based on the hypothesis that only a single layer of molecules (mono-
layer) is formed, making the surface inactive against further adsorption when com-
pletely covered. Furthermore, the adsorbed particles should not interact with one 
another. Langmuir’s hypothesis introduced the concept of adsorbed particles con-
suming adsorption sites, laying the groundwork for the present atomistic understand-
ing of surface chemistry [18]. In accordance with the adsorption theory of catalysis, 
reactants in the gaseous state or dissolved state in the solution get adsorbed on the 
surface of a solid catalyst.

At least one of the reactants adsorbs on catalyst surfaces containing coordination-
unsaturated atoms during heterogeneous catalytic reactions and is activated; adsorbed 
reactants then conduct surface reactions to generate adsorbed products that subse-
quently desorb products from the catalyst surfaces. Consequently, there will be an 
increase in the concentration of reactants on the catalyst surface that enhances the 
chances of reaction between two species, and hence the rate of the reaction increases. 
When the reactants get attached to the catalyst surface, some amount of the energy is 
released, which in turn increases the rate of reaction. A brief schematic representa-
tion of heterogeneous catalysis is shown in Figure 1.4. Each step possesses a differ-
ent rate, and the slowest one is the rate-determining step. The catalytic reaction rate 
limit depends on the number of reactants in contact with the surface but is indepen-
dent of the surface kinetic properties.
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1.6.1 �L angmuir–Hinshelwood Mechanism

The first and most important type of mechanism explaining the surface chemical reac-
tions is the Langmuir–Hinshelwood mechanism, which Langmuir first proposed in 
1921 and further refined by Hinshelwood in 1926 [19]. The Langmuir–Hinshelwood 
mechanism has been acknowledged as the favored mechanism for the great majority 
of surface catalytic reactions. The Langmuir–Hinshelwood mechanism is comprised 
of the following steps: adsorption from the gas phases, molecule dissociation at the 
surface, adsorption–adsorption interactions, and desorption to the gas phase. This 
mechanism includes a bimolecular reaction involving two adsorbed molecules on 
the surface. After the reaction, it is also expected that the product would depart the 
surface (desorb) (Figure 1.5(I)). 

1.6.2 �E ley–Rideal Mechanism

A second important reaction mechanism was proposed by Eley and Rideal [20]. The 
Eley–Rideal mechanism explains a reaction between a chemisorbed reactant and a 
non-chemisorbed reactant. An Eley–Rideal reaction is distinguished by the fact that 
one of the reactants is not chemisorbed locally and so not in equilibrium with the 
surface. According to this mechanism, only one of the reactants is adsorbed on the 
surface in this process, and it combines immediately with an incoming molecule 
from the gas phase, bypassing the need for an adsorption site. Since, the gas-phase 
temperature does not have to be the same as that of the surface, the reaction can be 
classified as non-thermal (Figure 1.5(II).

1.6.3 � Harris–Kasemo Mechanism

In Harris–Kasemo type reactions, it is hypothesized that one of the reactants is che-
misorbed while the other is trapped in a heated precursor state with a long lifetime. 
The Harris–Kasemo reaction has been discovered to be the dominant mechanism for 
the reaction of gas-phase atomic hydrogen with adsorbed hydrogen on Pt(III) [21].

FIGURE 1.4  A schematic representation of the different steps in heterogeneous catalysis.
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1.7 � CATEGORIZATION OF HETEROGENEOUS CATALYSTS

Heterogeneous catalysts are usually divided into two categories based on the active 
site [22].

1.7.1 � Catalysts Having Basic Sites

Catalysts having basic sites include CaO, MgO, ZnO, and waste materials infused 
with NaOH or KOH. This kind of catalyst can catalyze transesterification reaction 
under mild conditions, and generally high yield of biodiesel is obtained from veg-
etable oil or animal fat. However, due to the basic properties of the catalyst, it is 
prone to the free fatty acids (FFA) content in oil, resulting in soap formation instead 
of biodiesel. Another limitation is the leaching of active catalyst sites, which causes 
product contamination and deactivation of the catalyst.

1.7.2 � Catalysts Having Acidic Sites

Catalysts having acidic sites include SO4
2−/ZrO2, SO4

2−/TiO2, SO4
2−/SnO2, zeolites, 

sulfonic ion exchange resins, and sulfonated carbon-based catalysts. These catalysts 
are less prone to FFA content in oil and bring about esterification and transesterifica-
tion reactions simultaneously. Nevertheless, the reaction rate is relatively slow, so 
extreme conditions are required, such as high temperature (more than 100 °C) with 
alcohol to oil molar ratio more than 12:1 to speed up the rate of the reaction.

FIGURE 1.5  (I) A representative reaction scheme for the Langmuir–Hinshelwood mecha-
nism. (II) A representative reaction scheme for the Eley–Rideal mechanism.
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1.8 � CHARACTERIZATION TECHNIQUES NEEDED 
FOR HETEROGENEOUS CATALYSTS

Characterization is an essential step required for catalyst development. Structure 
elucidation, composition, and chemical properties of solids used in heterogeneous 
catalysis, adsorbate, and intermediates present on the surface of catalysts during the 
reaction are important to understand the relation between properties of catalysts and 
their catalytic functioning. Here we will discuss the most common spectroscopy 
techniques and methods used to characterize heterogeneous catalysts [23].

1.8.1 � X-Ray Diffraction

X-Ray Diffraction (XRD) is usually used to determine the bulk structure and com-
position of heterogeneous catalysts with a crystalline structure. Diffraction can 
provide rather direct information on the periodicity or translational symmetry of a 
surface structure. While this information is useful, it does not provide a clear image 
of where the surface atoms are located inside the unit mesh. To extract this informa-
tion, we must examine the diffracted beam intensities and connect them to a quanti-
tative scattering theory, just as we do in X-ray crystallography of bulk structures. It 
is commonly confined to the identification of specific lattice planes which produce 
peaks at their corresponding angular position 2θ, which is resolved by Bragg’s Law 
(2d sin θ = nλ) [24].

1.8.2 � X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is frequently utilized for determining the 
local geometric and electrical structure of materials. Typically, the experiment is 
conducted using synchrotron radiation, which generates powerful and tunable X-ray 
beams. Samples can be in gas, solution, or solid form. This technique can be utilized 
for the structural and compositional analysis of solid catalysts. The main advantage 
of using this technique is that it does not require long-range order in the samples and 
can work efficiently under non-vacuum conditions [25].

1.8.3 �E lectron Microscopy

An electron microscope is a type of microscope that uses a beam of accelerated elec-
trons as a source of illumination. Since an electron’s wavelength can be much shorter 
than that of visible light photons, as a consequence, electron microscopes have a 
higher resolving power and can depict the structure of small particles. This method 
is used to create high-resolution pictures of biological and non-biological specimens. 
Electron microscopy is a recognized standard tool for nanomaterial characterization 
and can be used for determining the shape and size of solid catalysts [26]. It can be 
done in two modes: SEM (scanning electron microscopy) and TEM (transmission 
electron microscopy). The transmission electron microscope (TEM), the first-ever 
type of electron microscope, uses a large electron beam to visualize specimens and 
creates an image of the material. The scanning electron microscope (SEM) generates 
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images by probing the sample with a concentrated electron beam that scans through 
a rectangular section of the sample. SEM is effective for visualizing catalyst particles 
(composition) and surfaces (topography) with micrometer diameters, but TEM is 
helpful for obtaining detailed structural information.

1.8.4 �N uclear Magnetic Resonance

Nuclear magnetic resonance spectroscopy (NMR) and magnetic resonance imaging 
(MRI) are excellent tools for the in-depth evaluation of reaction parameters. NMR 
is the most common technique used to analyze reactions in the liquid state, but in 
magic-angle spinning mode, and it can also be used to characterize the solid catalyst, 
particularly zeolites. Because of its ability to provide atomic-level perspicacity into 
the structure, interaction, and dynamics of molecules by confirming connectivity and 
proximity between identical or distinct nuclei, solid-state NMR correlation spectros-
copy is becoming increasingly recognized as a powerful tool in the study of catalysts 
and catalytic reactions. For example, the 29Si NMR signal is used for the determina-
tion of the coordination environment of Si in the zeolite structure [27].

1.8.5 �E lectron Spin Resonance Microscopy

Electron Spin Resonance (ESR) also called paramagnetic resonance (EPR) is 
employed in heterogeneous catalysis to study the paramagnetic behavior of species 
having one or more unpaired electrons. The necessary use of ESR in catalysis is for 
the coordination chemistry of transition metal cations consolidated into zeolites or 
metal oxides [28]. ESR or EPR has a wide range of applications in the physical, 
chemical, biological, and geological sciences. Although ESR microscopy’s applica-
bility in materials research is presently limited, the technique’s potential capability 
in the study of catalysis is immense.

1.9 � SIGNIFICANCE OF HETEROGENEOUS CATALYSIS

Heterogeneous catalysis is the support system for many chemical and energy indus-
tries and is developing very rapidly. They provide an advantage to social and economic 
sectors and help obtain sustainable energy to benefit the environment. Heterogeneous 
catalysts increase the reaction rate with less cost and reduce the usage of chemicals 
in industries, hence working in an eco-friendly and greener way [29]. Every branch 
of chemistry is directly or indirectly dependent on heterogeneous catalysts. They can 
be operated under vigorous conditions, which are very much important to produce a 
wide range of chemicals on which the modern community depends.

The purpose of this book is to provide the reader with a comprehensive overview 
of the scientific and practical aspects of heterogeneous catalysts. We hope to give a 
brief yet broad outline of various heterogeneous catalysts and their applications in 
many organic reactions. Several different types of heterogeneous catalysts have been 
used for different purposes, which are the subject of several book chapters of this 
book. Application areas of heterogeneous catalysis have had a significant impact on 
academic research and industrial research.



https://www.twirpx.org & http://chemistry-chemists.com

12� Catalysis in Organic Transformations

REFERENCES

	 1.	 Berzelius, A. A. (1835). Sur un Force Jusqu’ici Peu Remarquée qui est. Probablement 
Active Dans la Formation des Composés Organiques, Section on Vegetable Chemistry, 
Jahres-Bericht, 14, 237.

	 2.	 Ostwald, W. (1894). Definition der katalyse, Zeitschrift für Physikalische Chemie, 15, 
705–706.

	 3.	 Beker, C. (2018). From Langmuir to Ertl: The “Nobel” History of the Surface Science 
Approach to Heterogeneous Catalysis. Encyclopedia of Interfacial Chemistry, (pp. 99–
106), Elsevier, Amsterdam.

	 4.	 (a) Armor, J. N. (2011). A history of industrial catalysis. Catalysis Today, 163, 3–9. 
(b) Ma, Z. & Zaera, F. (2005). Encyclopedia of Inorganic Chemistry©, John Wiley 
& Sons, Ltd, New York. (c) Ma, Z., & Zaera, F. (2006). Heterogeneous Catalysis by 
Metals. Encyclopedia of Inorganic Chemistry. https://onlinelibrary.wiley.com/doi/
abs/10.1002/9781119951438.eibc0079.pub2.

	 5.	 Resch, V., & Hanefeld, U. (2015). The selective addition of water. Catalysis Science & 
Technology, 5(3), 1385–1399.

	 6.	 (a) Parshall, G. W. (1978). Industrial applications of homogeneous catalysis: A review. 
Journal of Molecular Catalysis, 4(4), 243–270. (b) Cornils, B., & Herrmann, W. A. 
(2003). Concepts in homogeneous catalysis: The Industrial view. Journal of Catalysis, 
216(1–2), 23–31. (c) Duca, G. (2012). Homogeneous Catalysis with Metal Complexes, 
(pp. 1–484), Springer Series in Chemical Physics, Springer Nature, Switzerland. (d) Van 
Leeuwen, P. W. N. M. (2004). Homogeneous Catalysis, (pp. 1–412), Kluwer Academic 
Publishers, Netherlands.

	 7.	 Wacławek, S., Padil, V. V. T., & C ̌erník, M. (2018). Major advances and challenges in 
heterogeneous catalysis for environmental applications: A review. Ecological Chemistry 
and Engineering S, 25(1), 9–34.

	 8.	 (a) Choplin, A., & Quignard, F. (1998). From supported homogeneous catalysts to het-
erogeneous molecular catalysts. Coordination Chemistry Reviews, 178, 1679–1702. (b) 
Collis, A. E. C., & Horváth, I. T. (2011). Heterogenization of homogeneous catalytic 
systems. Catalysis Science & Technology, 1(6), 912–919.

	 9.	 (a) Hughes, G., & Lewis, J. C. (2018). Introduction: Biocatalysis in industry. Chemical 
Reviews, 118(1), 1–3. (b) López-Gallego, F., Jackson, E., & Betancor, L. (2017). 
Heterogeneous systems biocatalysis: The path to the fabrication of self-sufficient artifi-
cial metabolic cells. Chemistry – A European Journal, 23(71), 17841–17849.

	 10.	 (a) Boudart, M. (1994) Ammonia synthesis: The Bellwether reaction in heterogeneous 
catalysis. Topics in Catalysis, 1(3–4), 405–414. (b) Schlögl, R. (2003). Catalytic synthe-
sis of Ammonia – A “Never-EndingStory”? Angewandte Chemie International Edition, 
42 (18), 2004–2008.

	 11.	 Ertl, G. (1983). Surface characterization of ammonia synthesis catalysts. Journal of 
Catalysis, 79(2), 359–377.

	 12	 Reedijik, J., & Bowwman, E. (1999). Bioinorganic Catalysis, M. Dekker, Inc.: New York.
	 13.	 (a) Védrine, J. C. (2018) Védrine Metal Oxides in Heterogeneous Oxidation Catalysis: 

State of the Art and Challenges for a More Sustainable World, Wiley-VCH Verlag GmbH 
& CoKGaA. Weinheim. Védrine, J. C. (2019). Metal oxides in heterogeneous oxidation 
catalysis: state of the art and challenges for a more sustainable world. ChemSusChem, 
12, 577–588. doi:10.1002/cssc.201802248. (b) Taylor, K. C. (1984). Automobile 
Catalytic Converters. Catalysis, (pp. 119–170), Springer, Berlin, Heidelberg.

	 14.	 Boudart, M. (1985). Heterogeneous catalysis by metals. Journal of Molecular Catalysis, 
30(1–2), 27–38.

https://onlinelibrary.wiley.com
https://onlinelibrary.wiley.com
http://dx.doi.org/10.1002/cssc.201802248


https://www.twirpx.org & http://chemistry-chemists.com

Introduction to Heterogeneous Catalysis in Organic Transformation� 13

	 15.	 Bond, G. C. (1974). Heterogeneous Catalysis: Principles and Applications, Clarendon 
Press, Oxford.

	 16.	 Wacławek, S., Lutze, H. V., Grübel, K., Padil, V. V. T., Černík, M., & Dionysiou, D. D. 
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2.1 � INTRODUCTION

Nanomaterials are structures, devices, or particles of size ranging from 1 to 100 
nanometers and are made up of carbon, metal, metal oxides, or inorganic matter. 
Nanomaterials can be classified based on the number of dimensions of a material, 
which are outside the nanoscale (<100 nm) range; based on this parameter, they 
may be classified as zero-dimensional (0D), one-dimensional (1D), two-dimensional 
(2D), or three dimensional (3D). Accordingly, in zero-dimensional (0D) nanoma-
terials, all the dimensions are measured within the nanoscale. One dimension lies 
outside the nanoscale in one-dimensional nanomaterials (1D). Nanotubes, nanorods, 
and nanowires all fall within this category. Two dimensions are outside the nanoscale 
in two-dimensional nanomaterials (2D). Graphene, nanofilms, nanolayers, and 
nanocoatings are examples of this class, which have plate-like structures. Materials 
that are not confined to the nanoscale in any dimension are referred to as three-
dimensional nanomaterials (3D). This class contains bulk powders, dispersions of 
nanoparticles, bundles of nanowires, and nanotubes, as well as multi-nanolayers [1]. 
Nanoparticles (NPs) are three-layered molecules with a complicated structure that 
includes a surface layer, which can be functionalized with various small molecules, 
surfactants, polymers, and metal ions. The shell layer, in every way, is a chemically 
distinct substance and the core, which is the most central part of NPs. In the last few 
decades, there has been massive progress in the field of nanotechnology. The results 
show the exceptional performance of nanoparticles (NPs) as heterogeneous catalysts 
in terms of selectivity, reactivity, and improved yields [2]. In addition, the high sur-
face-to-volume ratio of NPs provides a larger number of active sites per unit area in 
comparison with their heterogeneous bulk counterparts [3]. NPs can also be broadly 
divided into various categories depending on their composition (Table 2.1) [4].

Various methods can be employed for the synthesis of NPs, but these methods are 
broadly divided into two main classes: bottom-up approach (A) and top-down approach 
(B). These approaches are further divided into various subclasses based on the opera-
tion, reaction conditions, and adopted protocols [5].

	 (A)	Bottom-up approach includes

	 1.	Spinning synthesis
	 2.	Template support synthesis
	 3.	Plasma or flame spraying synthesis
	 4.	Laser pyrolysis
	 5.	Chemical vapor deposition (CVD)
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TABLE 2.1
Categorization of Nanoparticles

S. No. Category Sub-classes Properties

1 Organic NPs Polymeric-based NPs These nanoparticles are biodegradable, non-toxic, and are sensitive to thermal and electromagnetic 
radiation such as heat and light. They are most widely used in the biomedical field, for example, 
drug delivery system. Dendrimers, micelles, liposomes, and ferritin are common examples of organic 
nanoparticles.

2 Inorganic NPs Metal-based These nanoparticles are synthesized from metals either by destructive or constructive methods. The 
commonly used metals for nanoparticle synthesis are aluminum (Al), cadmium (Cd), cobalt (Co), 
copper (Cu), gold (Au), iron (Fe), lead (Pb), silver (Ag), and zinc (Zn). Due to localized surface 
Plasmon resonance (LSPR) characteristics, these NPs possess unique optoelectrical properties.

Metal oxide-based Metal oxide nanoparticles are synthesized mainly to modify the properties of their respective  
metal-based nanoparticles. The commonly synthesized NPs are aluminum oxide (Al2O3), cerium oxide 
(CeO2), iron oxide (Fe2O3), magnetite (Fe3O4), silicon dioxide (SiO2), titanium oxide (TiO2), and 
zinc oxide (ZnO).

3 Carbon-based NPs Fullerenes Fullerenes (C60) is a carbon molecule that is spherical in shape and made up of pentagonal and hexagonal 
arranged carbon units, in which carbon atom is present in sp2 hybridization. They possess high electrical 
conductivity, high strength, and electron affinity.

Graphene Graphene is an allotrope of carbon. Graphene is a hexagonal network of honeycomb lattice made up of 
carbon atoms in a two-dimensional planar surface. Generally, the thickness of the graphene sheet is 
around 1 nm.

Carbon Nanotubes (CNT) CNTs are elongated, tubular structure, 1–2 nm in diameter. They are widely synthesized by a 
chemical vapor deposition (CVD) technique. Due to their unique physical, chemical, and mechanical 
characteristics, these materials are used in nanocomposites for many commercial applications such as 
fillers, efficient gas adsorbents for environmental remediation, and as support medium for different 
inorganic and organic catalysts.

It is an amorphous material made up of carbon, generally spherical in shape with diameters 20–70 nm.
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	 6.	Atomic or molecular condensation
	 7.	Biological synthesis via bacteria, yeast, fungi, algae, plants, etc.
	 8.	Sol–gel method
	 9.	Citrate nitrate method
	 10.	Hydrothermal synthesis

	 (B)	Top-down approach includes

	 1.	Mechanical milling
	 2.	Chemical etching
	 3.	Sputtering
	 4.	Laser ablation
	 5.	Electro-explosion

2.2 � APPLICATION OF NPS

Considering the unique properties and ease of synthesis of NPs as discussed in the 
previous section, NPs can be used in a variety of applications. Some important appli-
cations are listed below.

2.2.1 � Applications in Drugs and Medications

Nanoparticles can deliver medications in the optimal dosage range; hence, they have 
received increasing interest from every discipline of medicine. Their use often results 
in higher therapeutic efficiency, decreased adverse effects, and improved patient 
compliance [6].

2.2.2 � Applications in Manufacturing and Materials

Nanocrystalline materials are fascinating materials for materials science because 
their properties differ in size from their bulk counterparts. NPs have physicochemi-
cal features that produce unique electrical, mechanical, optical, and imaging qualities 
that are highly sought after in medicinal, commercial, and environmental applica-
tions [7].

2.2.3 � Applications in the Environment

The interaction of environmental pollutants with NPs is dependent on the NP char-
acteristics, like size, composition, morphology, porosity, and aggregate structure. 
Superparamagnetic iron oxide NPs are effective sorbent materials for removing toxic 
metals like lead, thallium, cadmium, and arsenic from natural water [8].

2.2.4 � Applications in Electronics

One-dimensional semiconductors and metals have unique structural, optical, and 
electrical capabilities, making them the main structural block for a new generation of  
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electronic, sensor, and photonic materials. The ability to incorporate NPs in electrical, 
or optical devices, such as “bottom-up” or “self-assembly” techniques, is a crucial 
feature of NPs [9].

2.2.5 � Application in Catalysis

Organic processes catalyzed by metal/metal oxide nanoparticles (NPs) have recently 
received much interest. Nanoparticle catalysts are an effective and promising fam-
ily of innovative heterogeneous catalysts because of their particular benefits, such 
as high catalytic activity, superior recyclability, and simple product purifications. 
Nanoparticles can be used as a catalyst in both homogeneous and heterogeneous 
processes. Recent examples of nanocatalysts include copper, ruthenium, rhodium, 
silver, palladium, iron, gold, nickel, and platinum nanoparticles and supports on sil-
ica, clays, zeolite, alumina, or carbon materials. Few selective nanoparticle-catalyzed 
reactions are listed below, which highlights the importance of nanoparticles in 
organic synthesis.

	 i.	 Coupling reactions
	 ii.	 Electrochemical reactions
	 iii.	 C–H activation
	 iv.	 Photocatalytic reactions
	 v.	 Fine chemical synthesis
	 vi.	 Heterocyclic synthesis

2.3 � COPPER OXIDE NANOPARTICLE-CATALYZED ORGANIC  
REACTIONS

Copper is the cheapest and abundant coinage metal found in the Earth’s crust. 
Copper-based particles are found to enhance the reactions because of the variable 
oxidation states. CuO NPs can be synthesized via aqueous precipitation methods, 
where copper acetate is the precursor and NaOH is used as a stabilizing agent. The 
unique and remarkable properties of copper-based nanoparticles make them suitable 
for various organic transformations discussed below.

2.3.1 �C arbon–Carbon Bond Formation

Carbon–carbon bond formation is one of the elemental transformations of synthetic 
organic chemistry. There are many reactions through which C–C bond can be formed, 
some of which are described below:

2.3.1.1 � Stille Coupling Reaction
The Stille cross-coupling reaction is one of the most essential carbon–carbon bond 
formation reactions in organic synthesis due to the significance of the products 
formed, which play a crucial role as an intermediate in synthetic organic reactions 
and as structural elements in many biologically active compounds [10, 11].
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Zhang et al. reported the use of Cu2O nanoparticles in Stille coupling reaction 
between aryl halides and organotin reagent in the presence of tetrabutylammonium 
bromide (TBAB) and potassium fluoride as a promoter. In addition, the Cu2O  
NPs/P(o-tol)3/TBAB reagent system can be reused and restored at least three times 
without losing the activity in the coupling reaction. It has been observed that the 
system was quite adequate for the less active aryl chloride as well [12].

2.3.1.2 � Arylation of Active Methylene Compounds
Kidwai and the group described the C-arylation of an active methylene compound. 
Treatment of iodobenzene with acetylacetone in the presence of DMSO solvent and 
CuO nanoparticle as a heterogeneous catalyst afforded 3-phenylpentane-2,4-dione 
in 80% yield (Figure 2.1). Other copper salts like Cu(OAc)2 and bulk CuO were 
also utilized, but the product yield was very poor. The efficiency of CuO nanopar-
ticles toward the arylation of active methylene compounds is due to the high surface 
area. Moreover, the catalyst can be reused for at least four cycles without losing the 
activity [13].

2.3.2 �C arbon–Nitrogen Bond Formation

The carbon–nitrogen bond is one of the ample bonds found in organic chemistry 
in which a covalent bond exists between carbon and nitrogen. Nitrogen-containing 
heterocyclic compounds are one of the most sought-after compounds owing to their 
varying biological activity.

2.3.2.1 � N-Arylation Reaction
Punniyamurthy et al. reported the use of recyclable CuO NPs to catalyze the C–N 
cross-coupling reaction of an amine with an aryl halide. The reaction of aniline and 
iodobenzene with CuO NPs in the presence of DMSO and KOH under air afforded 
the desired product in a 95% yield. Catalyst is inexpensive, reusable, and stable 
toward air [14]. Different solvents (DMSO, toluene, dioxane, and DMF) and base 
(KOH, K2CO3) were employed, but it was observed that the best yield could be real-
ized with a combination of DMSO as solvent and KOH as the base. It was further 
reported that anilines with electron-donating groups (EDGs) were more effective 
those with electron-withdrawing groups (EWGs) in terms of reactivity.

FIGURE 2.1  C-Arylation of active methylene compounds.

I
O O

O O

Cs2CO3,DMSO,N2
1atm,80-90oC

80%

CuO-Nps



https://www.twirpx.org & http://chemistry-chemists.com

22� Catalysis in Organic Transformations

2.3.2.2 � Arylation of Aromatic Heterocycles
Li et al. had introduced an effective methodology for N-arylation of nitrogen-
containing heterocycles, particularly imidazole, indoles, and triazoles with aryl and 
heteroaryl halide using a cubic Cu2O NPs/1,10-phenanthroline catalytic system and 
TBAF (tetra-n-butylammonium fluoride) as a base under solvent-free conditions 
(Figure 2.2). The group has performed the N-arylation with four Cu2O systems, 
namely as a bulky compound, octahedral, spherical, and cubic nanoparticulate forms, 
but the excellent yield was obtained with Cubic Cu2O nanoparticles. Hence, it has 
been observed that both particle size and shape of Cu2O affected the yield of the cor-
responding product [15].

2.3.2.3 � Amidation of Aryl Iodides
Punniyamurthy and co-workers reported the use of Cu2O nanoparticles in PEG (poly-
ethylene glycol) for the amidation of aryl iodide. To optimize the reaction condition 
a number of reactions were carried out with different molecular weights of PEG; 
one of the most important roles of PEG was to enhance the formation and stabiliza-
tion of NPs. N-arylation of benzamide with 1-iodo-4 methylbenzene afforded the 
desired product in 53%, and the reaction is devoid of any external chelating ligand 
(Figure 2.3) [16]. Aryl halides involving both EWG and EDG were able to afford the 
desired product in high yield. It was also revealed that no leaching of Cu2O occurred; 
hence, it can be recycled and reused easily without loss of activity.

2.3.2.4 � Intramolecular Carbon–Nitrogen Bond Formation
Benzimidazoles are an important class of organic compounds because of their use in 
therapeutic and biological activities. Punniyamurthy et al. developed the methodol-
ogy for synthesizing substituted benzimidazoles via intramolecular cyclization in 
the presence of CuO nanoparticles under air and ligand-free conditions in excellent 
yield (Figure 2.4). From an industrial point of view, this methodology is effective and 

FIGURE 2.2  Arylation of heterocycles.
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eco-friendly as E-factor was decreased [17, 18]. The catalyst can be regained without 
loss in its selectivity and reactivity.

2.3.3 �C arbon–Oxygen Bond Formation

Polar covalent bond exists between carbon and oxygen. The C–O bond formation 
occurs via many mechanisms.

2.3.3.1 � Oxygen Arylation
Punniyamurthy et al. described the simple and effective methodology for the C–O 
cross-coupling reaction between hydroxy compounds and iodobenzene by using 
CuO nanoparticles in the presence of KOH base and DMSO solvent at moderate 
temperature conditions. Corresponding products were obtained in high yield under 
ligand-free conditions. It has been seen that the substrate having EDG exhibited good 
reactivity in comparison with EWG [19]. This group also studied the reactions with 
phenyl tosylate, bromobenzene, phenylboronic acid, and chlorobenzene, but all gave 
the cross-coupled products in lower yields in comparison to iodobenzene.

2.3.4 �C arbon–Sulfur Bond Formation

Carbon–sulfur bond is quite similar to carbon–oxygen bond; it is also a polar cova-
lent bond due to its electronegativity difference. The carbon–sulfur (C–S) bond for-
mation holds a prominent position in the race for the synthesis of valuable chemical 
entities, because organosulfur compounds are widely present in nature and various 
biological systems.

2.3.4.1 � Carbon–Sulfur Cross-Coupling Reaction between Thiols and  
Iodobenzene

Technique for making C–S bonds is essential in synthetic organic chemistry. Con
ventional ways require harsh conditions for C–S bond formation; keeping this in 
mind, Punniyamurthy et al. were the first to utilize the CuO nanoparticles for the C–S 
cross-coupling reaction of aryl and alkyl thiols with iodobenzene. The reaction was 
carried out in DMSO solvent and KOH base under nitrogen atmosphere to obtain the 
desired product [20]. Different solvent systems like isopropyl alcohol, DMF, toluene, 

FIGURE 2.4  Synthesis of substituted benzimidazoles.
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1,4-dioxane were also tested for the C–S cross-coupling reactions, which were found 
to be ineffective.

Like other coupling reactions, this reaction also proceeds through an oxidative 
addition followed by reductive elimination. After completion of the reaction, the 
catalyst was recovered by using the centrifugation technique.

2.3.4.2 � Stereoselective Synthesis of Vinyl Sulfides Catalyzed by using  
CuO Nanoparticles

Vinyl sulfides are seen in many biologically active molecules and possess a wide 
range of applications in organic reactions. Rao and his group were the first to report 
the cross-coupling reaction of vinyl halides with thiols catalyzed by CuO nanopar-
ticles under ligand-free conditions in the presence of KOH (Figure 2.5). The corre-
sponding stereoselective vinyl sulfides were produced in excellent yield by using a 
recyclable catalyst [21]. The group also investigated the effect of solvent and base, 
and it was found that DMF gave the moderate yield, but water and toluene were inef-
fective. The methodology is free from using moisture-sensitive systems and external 
ligands.

2.3.5 �C arbon–Selenium Bond Formation

Diaryl selenides act as an important reagent in catalysis and organic synthesis. Rao 
et al. reported the use of CuO nanoparticles for the formation of carbon–selenium 
bonds. Treatment of aryl halide with diaryl diselenide under ligand-free conditions 
afforded diaryl selenide in high yield. Catalyst is environmentally benign, inexpen-
sive, reusable, and effective [22].

2.4 � ZINC OXIDE NANOPARTICLE-CATALYZED ORGANIC  
REACTIONS

Zinc oxide (ZnO) nanoparticles work as an effective catalyst for various types of 
organic reactions due to their eco-friendly nature, ease to handle property, recyclabil-
ity, and cost-effectiveness. They show high catalytic activity due to the large surface 
area. Some of the organic reactions catalyzed by ZnO nanoparticles are discussed in 
this section. ZnO NPs are easy to prepare and show activity in a multitude of reactions.

2.4.1 �S ynthesis of Nitrogen-containing Heterocycles

The analogs of nitrogen-based heterocycles occupy an exclusive position as a valu-
able source of therapeutic agents in medicinal chemistry. More than 75% of drugs 

FIGURE 2.5  Synthesis of vinyl sulfides.
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approved by the FDA and currently available in the market are nitrogen-containing 
heterocyclic moieties. Due to this reason many research groups have focused on the 
synthesis of these important organic compounds using heterogeneous catalysis.

2.4.1.1 � Synthesis of Polysubstituted Pyrroles
Pyrroles belong to an important class of heterocyclic compounds and are extensively 
used as bioactive molecules in alkaloids, co-enzymes, and porphyrins. Sabbaghan 
et al. reported the effective and eco-friendly method for synthesis of polysubstituted 
pyrroles via three-component reaction of amine, dialkyl acetylene dicarboxylates, 
and phenacyl bromide using ZnO-nanorod as catalyst under solvent-free conditions 
(Figure 2.6). Solvent-free conditions make the synthesis simple, efficient in terms of 
atom economy, and prevent solvent toxicity and hazards.

Group has also utilized nanosheets as a catalyst, but the yield obtained was not 
significant; hence it was concluded that the catalytic activity depends on the size and 
morphology of ZnO [23]. Low-temperature conditions in the synthesis of catalyst 
and pyrrole preparation are fascinating from an economic point of view.

2.4.1.2 � Synthesis of Benzimidazoles
Benzimidazoles are one of the essential natural and heterocyclic compounds. 
Alinezhad et al. had described a proficient method for synthesizing benzimidazole 
derivatives in the presence of ZnO NPs as a catalyst from formic acid and o-phen-
ylenediamines under solvent-free conditions (Figure 2.7) [24]. The ability of differ-
ent solvents like acetonitrile, water, and dichloromethane was also checked for the 
reaction, and they afforded lower product yield and more by-products compared to 
solvent-free conditions. The protocol did not use expensive reagents and mild reac-
tion conditions, which makes it practical and eco-friendly.

FIGURE 2.6  Synthesis of polysubstituted pyrroles.
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2.4.1.3 � Synthesis of Imidazo-fused Polyheterocycles
Shrivastava et al. had developed an eco-friendly and straightforward method for 
the  synthesis of biologically compatible pyrazole-coupled imidazo[1,2-α]pyridine 
derivatives via one-pot three-component reaction of alkyl-4-formyl-1-phenyl-
1H-pyrazole-3-carboxylate, 2-aminopyridine, and isocyanide with ZnO nanopar-
ticles as catalyst (Figure 2.8). This methodology has many advantages such as it is 
eco-friendly, can tolerate wide functional groups, is used as recyclable catalyst, and 
has a short reaction time [25].

2.4.1.4 � Synthesis of Quinoxalines
Sadeghi et al. reported a simple protocol for the synthesis of quinoxaline deriva-
tives by using 1,2-diphenyl diamine and 1,2-dicarbonyl with ZnO nanoparticles as 
solid acid catalyst under solvent-free conditions at room temperature (Figure 2.9) 
[26]. This simple methodology offers several advantages including a mild reaction 
condition, a simple work-up, opportunities for scale-up, and improved yields. The 
reaction proceeds through the coordination of Lewis acid sites of ZnO (Zn2+) with 
the oxygen of the carbonyl group, and hence the reactivity of the carbonyl group 
increases. Then a nucleophilic attack to the activated carbonyl groups proceeds the 
reaction forward.

FIGURE 2.8  Synthesis of imidazo-fused polyheterocycles.
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2.4.2 �S ynthesis of Oxygen-containing Heterocycles

2.4.2.1 � Synthesis of Furan Derivatives
Furanones are five-membered heterocyclic compounds having lactone rings in 
their structures, and they are present as the core structure of many bioactive natu-
ral products and drugs. Tekale and co-workers had established an effective method 
for synthesis of 3,4,5-trisubstituted furan-2(5H)-ones from aldehyde, amines, and 
dimethylacetylenedicarboxylate (DMAD) using nano-ZnO as reusable heteroge-
neous catalyst. The methodology is preferable due to its simplicity, short reaction 
time, high yield, and cheap heterogeneous catalyst (Figure 2.10) [27]. The first step 
in the mechanism involves the formation of enamine from amine and DMAD. ZnO 
polarizes the carbonyl group to generate a polarized adduct, which interacts with 
enamine, cyclizes, and eliminates the methanol molecule.

2.4.2.2 � Synthesis of coumarin
A large number of substituted coumarin derivatives were synthesized from ace-
tonitrile, ethyl acetoacetate or ethyl benzoyl acetate, and phenol derivatives by 
using the combination of organo- and nanocrystalline ZnO catalyst [28]. Usage 
of triethanolamine has notable influence on the ZnO morphology and thus reac-
tivity of the catalyst. The devised method is a simple and benign method for 
the synthesis of substituted coumarins using an environmentally benign combina-
tion of organo- and nano-cocatalyst within a short reaction time. Another added 
advantage is the absence of the formation of chromones as the side products. 
Furthermore, the lack of purification procedure makes this a valuable alternative 
to prevailing methods.

Kumar et al. reported the use of ZnO nanoparticles for the synthesis of coumarins 
in moderate to excellent yield from derivatives of salicylaldehyde and 1,3-dicarbonyl 
compounds under microwave irradiation [29]. The catalyst can be reused and recy-
cled without losing activity and selectivity.

2.4.2.3 � Synthesis of Xanthenes
Ghomi et al. reported the synthesis of xanthene derivatives via a multicomponent 
reaction of aldehyde, dimedone, and 2-napthol using ZnO nanoparticles under 
solvent-free conditions. The methodology is effective as the catalyst can be recov-
ered easily, is eco-friendly, and needs low catalyst loading to obtain corresponding 

FIGURE 2.10  Synthesis of 3,4,5-trisubstituted furan-2(5H)-ones.
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xanthenes in high yield (Figure 2.11) [30]. It was observed that on increasing the 
catalyst amount from 5 to 10 mol%, a better yield was obtained, but a further increase 
of the molar amount of catalyst to 15 mol% did not increase the product yield.

2.4.3 �S ynthesis of Other Heterocycles

2.4.3.1 � Synthesis of 6-amino-5-cyano-pyrano[2,3-c] Pyrazoles
Tekale et al. described an efficient, simple methodology for the synthesis of substi-
tuted pyranopyrazoles in excellent yield via a four-component coupling reaction of 
aromatic aldehyde, malononitrile, ethyl acetoacetate, and hydrazine hydrate in an 
aqueous medium using ZnO nanoparticles as a recyclable heterogeneous catalyst 
(Figure 2.12). The use of water and ZnO nanoparticles makes this protocol environ-
mentally benign [31]. Operational simplicity, catalyst recyclability, atom economi-
cal, and environmentally benign nature all make this an attractive protocol.

2.4.3.2 � Synthesis of Structurally Diverse Pyridine Derivatives
Siddiqui et al. reported a cost-effective and facile method for synthesis of pyridine 
derivatives via three-component reaction of β-enaminones, ammonium acetate, and 
various active methylene compounds followed by Michael addition, cyclodehydra-
tion, and elimination sequence under solvent-free conditions (Figure 2.13) [32]. The 
group has tested different solvent systems and catalysts for pyridine derivatives, but 
among them, ZnO NPs and solvent-free conditions were found to be effective in 
terms of yield and effectiveness. The catalyst was recyclable up to six catalytic cycles 
without a significant loss in the catalytic activity.

FIGURE 2.11  Synthesis of xanthene derivatives.
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2.4.3.3 � Synthesis of 2-thioxo-1,3-oxazoles Derivatives
Haerizade et al. have performed the reaction of ammonium thiocyanate, acid chlo-
ride, and phenacyl bromide or its derivatives in the presence of ZnO NPs catalyst 
and N-methylimidazole to synthesize 2-thioxo-1,3-oxazoles in 95% isolated yield 
(Figure 2.14) [33]. The solvent-free conditions and the simplicity of the procedure 
make it an interesting alternative to the more complex multistep approaches.

2.4.3.4 � Synthesis of Bis-isoquinolinones
The isoquinoline nucleus consists of an aromatic ring fused with pyridine and is 
isolated along with other biologically important plant alkaloids. Krishnakumar and 
co-workers represented an effective ZnO nanoparticle-mediated reaction for the 
synthesis of bis-isoquinolines. Synthesis of bis-isoquinolines involved two steps – 
firstly, homophthalic acid reacted with acid chloride to give isocoumarins, which on 
further condensation with 1,7-heptadiamine afforded bis-isoquinoline in good yields 
(Figure 2.15) [34]. It was seen that rate of reaction increases in the presence of EDG 

FIGURE 2.13  Synthesis of pyridine derivatives.
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as compared with EWG. The methodology utilizes mild reaction conditions, which 
makes it proficient in comparison to other techniques.

2.5 � TITANIUM OXIDE NANOPARTICLE-CATALYZED ORGANIC  
REACTIONS

Titanium oxide (TiO2) is a naturally occurring oxide of titanium found in nature. 
Nowadays, TiO2 nanoparticles are utilized in many organic reactions and for the 
synthesis of bioactive heterocyclic compounds.

2.5.1 �S trecker Reaction Catalyzed by Nano-TiO2 P25

Degussa TiO2 (P25) is a well-known and widely investigated catalyst and photocata-
lyst. Strecker reaction is one of the most effective ways for the synthesis of bifunc-
tional α-aminonitrile compounds. It provides a variety of amino acid precursors to 
both industries and laboratories. A simple and effective protocol was formulated for 
the synthesis of α-aminonitriles from aldehyde, trimethylsilyl cyanide, and amine in 
the presence of nano TiO2 P25 reusable catalyst at room temperature in higher yields 
[35]. It was observed that nano-TiO2 P25 was found to be a highly active catalyst for 
the synthesis of α-aminonitriles.

2.5.2 �S ynthesis of 2,3-disubstituted Dihyrdoquinazolin-4(1H)-ones

TiO2 nanoparticles were utilized for the synthesis of 2,3-disubstituted dihydroquin-
azolin-4(1H)-ones under solvent-free conditions. It was noticed that increasing cata-
lyst loading from 2 to 5 mol% improved the yield of the product from 49% to 91%; 
hence, the catalyst concentration played an important role in determining the product 
yield (Figure 2.16) [36]. Different solvents were screened for the reaction, and it was 
found that TiO2 NPs synthesized quinazolinones at a faster rate and in good yield 
under solvent-free conditions.

2.5.3 �F riedel–Crafts Alkylation of Indoles with Epoxides Catalyzed  
by Nanocrystalline Titanium(IV) Oxide

Kantam et al. reported on the use of a recyclable, nanocrystalline TiO2 catalyst for 
the Friedel–Crafts alkylation of indoles. The reaction of indole with styrene oxide 
afforded 2-(3-indolyl)-2-phenylethanol in 64% yield in the presence of DCM solvent 
and nano TiO2. It was observed that the indoles having EDG enhanced the reaction 
rate, hence giving alcohols in moderate to good yields [37]. High regioselectivity was 

FIGURE 2.16  Synthesis of 2,3-disubstituted dihyrdoquinazolin-4(1H)-ones.
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observed with TiO2 catalyst. Nano-TiO2 showed higher activity than other catalysts 
due to its distinct shape, size, and high surface area.

2.5.4 �S ynthesis of Polysubstituted Pyrrolidinones

Mukhopadhyay et al. were the first to report the micellar method as a reaction 
template by TiO2 nanoparticles at room temperature in an aqueous CTAB (cetyl-
trimethylammonium bromide) solution for the synthesis of a variety of 3-hydroxy-
2-pyrrolidinones (Figure 2.17). The utilization of water as a reaction medium makes 
this protocol economical and eco-friendly [38]. It was analyzed from the DLS results 
that in the absence of CTAB in the aqueous medium, TiO2 NPs aggregated them-
selves to form large particles, and no micelles were formed. The catalytic activity of 
other catalysts was also tested, and it was observed that 10 mol% of TiO2 in 0.8 mm 
of aqueous CTAB solution catalyzed the reaction effectively to afford the product an 
excellent yield.

2.5.5 �S ynthesis of 2-arylbenzimidazoles and 2-arylbenzothiazole

Derivatives of benzimidazoles and benzothiazoles were prepared by using the  
H2O2/TiO2 nanoparticle system from 12-phenylenediamines and 2-aminothiophe-
nol with a wide range of aryl aldehydes as the starting material (Figure 2.18) [39]. 
Both EWG and EDG aldehydes gave corresponding benzimidazoles in good yields. 
The methodology has advantages such as it involves a simple workup procedure, has 
excellent chemoselectivity, is cost-effective, and is environmentally benign.

FIGURE 2.17  Synthesis of 3-hydroxy-2-pyrrolidinones.
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2.6 � NICKEL OXIDE NANOPARTICLES IN ORGANIC  
TRANSFORMATIONS

Nickel oxide (NiO) nanoparticles act as nanocatalysts for many organic reactions 
because of their large surface-to-volume ratio and tunable structural morphology. 
NiO NPs have been used as an effective catalyst for the synthesis of various organic 
compounds, which are discussed below.

2.6.1 �S ynthesis of Spiro and Condensed Indole Derivatives

Saroj et al. reported on the synthesis of complex and various spiro and condensed 
indole derivatives involving Knoevenagel condensation followed by Michael addi-
tion under microwave irradiation using NiO nanoparticles. NiO nanoparticles can 
be recovered and reused easily without any significant loss in activity (Figure 2.19) 
[40]. Because of the high surface area and low coordination sites of NiO catalyst, it 
is found to be more reactive, leading to a high yield of product.

2.6.2 � Amidoalkyl Naphthol Derivatives Synthesis

Juneja et al. were able to synthesize NiO nanoparticles by the sol–gel method, which 
were further utilized as a catalyst for the synthesis of amidoalkyl naphthol derivatives 
by condensation of aromatic aldehyde, β-napthol, and amide for the first time. The 
opted methodology was simple and compatible with different functional groups; the 
eco-friendly and corresponding product was obtained with high yields (Figure 2.20) 
[41]. The catalyst displayed excellent recyclability and reusability up to four times 
without further treatment. On catalyst loading from 3 to 12 mol%, the yield was 
increased from 32% to 94%, but no further increment was seen in yield when the 
concentration was increased from 12 to 18 mol%.

FIGURE 2.19  Synthesis of spiro and condensed indole derivatives.
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FIGURE 2.20  Synthesis of amidoalkyl naphthol derivatives.
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2.6.3 �S ynthesis of Diindolyl Oxindole Derivatives in Aqueous Medium

A green and effective protocol for the synthesis of diindolyl oxindole, a crucial class 
of bioactive compounds, was reported by Nasseri et al. Treatment of indole with 
isatin in the presence of water using NiO nanoparticles afforded oxindole derivatives 
in excellent yield (Figure 2.21) [42]. The mechanism involved is interesting as the 
first step requires the formation of activated isatin, followed by reaction with indole 
and elimination, which further produces an intermediate that reacts with a second 
indole molecule to afford an oxindole derivative.

Some other transition metal oxide nanoparticles catalyzing organic reactions are 
summarized in Table 2.2.

FIGURE 2.21  Synthesis of 3,3-diindolyloxindole.
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TABLE 2.2
Transition Metal Oxide Nanoparticle-catalyzed Organic Reactions

S. No. Organic Reactions Catalyzed by Transition Metal Oxides Reference

1 Synthesis of benzimidazole by Pt-coated TiO2 NPs [43]

2 Synthesis of trifluromethyl-1,2,4-oxadiazoles using TiO2 NPs [44]

3 Synthesis of 2-oxo-2,5-dihydropyrroles catalyzed by TiO2 NPs [45]

4 Synthesis of 9-aryl-1,8-dioxo-octahydroxanthenes by TiO2 NPs [46]

5 Synthesis of α-hydroxyphosphonates using TiO2 NPs under MW [47]

6 Synthesis of 2,3-disubstituted quinazolin-4(1H)-ones by RuO2 NPs [48]

7 Epoxidation of alkenes using MnO2 NPs [49]

8 Hydrolysis of ethyl acetate catalyzed by Mn3O4 NPs [50]

9 Epoxidation of styrene using Fe3O4 NPs [51]

10 Synthesis of triazolo, tetrazolo[1,5-α]pyrimidine derivatives using CeO2 NPs [52]

11 Synthesis of 2,4,6-triaryl pyridines by using Fe3O4 NPs [53]

12 Synthesis of 2-oxocoumarin-3-carboxamides by Fe3O4 NPs [54]

13 Azo coupling of aryl amines in presence of RuO2/Cu2O NPs [55]

14 Synthesis of polyhydroquinoline by CuO NPs [56]

15 Synthesis of polyhydroquinoline using CeO2 NPs [57]

16 Synthesis of 1,8-dioxo-octahydroxanthenes using CeO2 NPs [58]

17 Synthesis of xanthene derivatives by Fe3O4 NPs [59]

18 Synthesis of 3,4-dihydropyrimidine-2(1H)-ones using Fe3O4 NPs [60]

19 Synthesis of N-monosubstitued ureas using CeO2 NPs [61]

20 Synthesis of xanthene derivatives in presence of ZnO NPs [62]

21 Synthesis of 5-arylidine barbituric acid by CuO NPs [63]
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2.7 � TRANSITION METAL FERRITES IN ORGANIC REACTIONS

Ferrites are chemical compounds in powder form possessing ferrimagnetic proper-
ties, made from iron oxides as their fundamental component. They can be categorized 
into hexagonal (MFe12O19), garnet (M3Fe5O12), and spinel (MFe2O4) form, where M 
stands for one or more divalent transition metals (Zn, Mn, Co, Ni, Cu). Transition 
metal ferrites are used in catalysis, as they can be easily recovered with the help of a 
magnet after the reaction completion. Various types of transition metal ferrites, along 
with their applications, are described below.

2.7.1 �C obalt Ferrite

Cobalt ferrite (CoFe2O4) possesses an inverse spinel structure, where divalent Co2+ 
occupies the octahedral sites while Fe3+ occupies both tetrahedral and octahedral 
sites equally [64, 65]. Several techniques like microemulsion, sol–gel method, 
hydrothermal method, co-precipitation method, electrochemical method, and solvo-
thermal method can be used to synthesize CoFe2O4 [66–71]. They exhibit properties 
like high coercivity, good mechanical strength, moderate saturation magnetization, 
super magnetism, and high chemical stability. For catalysis, they should have narrow 
size distribution and high magnetization value [72]. Because of these features, cobalt 
ferrites are utilized in recording devices, sensors, magnetic cards, magnetic drug 
delivery, and catalysis. The saturation magnetization (MS) of cobalt ferrite NPs is 
less in comparison to bulk materials, and it decreases with a decrease in size.

2.7.1.1 � Oxidation Reactions
2.7.1.1.1 � Oxidation of Alcohol
Ramzani et al. reported an effective method for oxidation of benzylic and aliphatic 
alcohols in the presence of potassium hydrogen monopersulfate and CoFe2O4 
nanoparticles as a catalyst to afford corresponding carbonyl compounds in good 
yield. The catalyst was effective without loss in its activity even after six catalytic 
cycles [73]. It was observed that EWG decreased the reaction rate while EDG on 
benzene enhanced the rate of reaction. Oxidation with potassium hydrogen monoper-
sulfate occurred in a short reaction time and at a low temperature compared to O2 and 
tert-Butyl hydroperoxide (TBHP). The use of inexpensive and non-toxic materials, 
short reaction time, mild reaction time, and catalyst reusability make this an attrac-
tive protocol.

2.7.1.1.2 � Oxidation of Hydrocarbon
Xia and co-workers were able to synthesize spinel cobalt ferrite nanoparticles by 
sol–gel auto combustion method and utilized them for the oxidation of cyclohexane 
in the presence of oxygen as an oxidizing agent under solvent-free conditions. The 
product was obtained in high yield with 288 turnover numbers and 92.4% selectiv-
ity for cyclohexanone and cyclohexanol under 1.6 MPa of initial oxygen pressure at 
418 K after 6.0 h of reaction. [74]. After completion of the reaction, the catalyst can 
be easily separated by using an external magnet; although a slight loss in its activity 
was observed, the selectivity remained intact.
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2.7.1.2 � Coupling Reactions
2.7.1.2.1 � Carbon–Oxygen Bond
A new methodology for C–O coupling reaction was reported between several aro-
matic alcohols and aryl halides by using cobalt ferrite nanoparticles in the presence 
of DMF solvent and K2CO3 base. Catalyst can be recycled by an external magnetic 
field [75]. The effect of different polar protic and aprotic solvents was tested and 
studied with K2CO3 base in the presence of CoFe2O4 NPs, but only DMF solvent was 
found to be effective for the C–O coupling reaction. It was noticed that the presence 
of EWG and sterically hindered groups on phenol retarded the reaction rate, but EDG 
enhanced the reaction rate.

2.7.1.2.2 � Carbon–Carbon Bond (Suzuki Coupling)
The carbon–carbon coupling reaction is one of the most widely used reactions in 
organic synthesis as it is utilized in the production of various industrial, pharmaceu-
tical, and biological products. The catalytic activity of cobalt ferrite nanoparticles 
was checked on the Suzuki coupling reaction of several aryl bromides or iodides 
with aryl boronic acid in refluxing ethanol and sodium carbonate. Many symmetric 
and asymmetric biaryl derivatives were prepared in good yield [76]. The catalyst can 
be recovered by using an external magnet and reused after the reaction completion.

2.7.1.2.3 � Carbon–Sulfur Bond
Zhou et al. reported the C–S coupling of thiols with aromatic iodides using cobalt 
ferrite NPs in the presence of DMF and K2CO3. Treatment of 5-methyl-1,3,4-thiadi-
azol-2-thiol with iodobenzene afforded the desired product with 83% isolated yield 
(Figure 2.22) [77]. With no change in magnetic properties, the morphology of cata-
lyst was observed even after five consecutive catalytic cycles, and hence it displayed 
good catalytic activity.

2.7.1.3 � Ring-opening Reaction of Epoxides
Zhang et al. synthesized CoFe2O4-supported phosphomolybdate nanoparticles 
(CoFe2O4@SiO2-PrNH2-PMo) and used it for the ring-opening reaction of different 
epoxides with ethereal H2O2 at room temperature to get β-hydroxy hydroperoxides 
in good yield [78]. The benefits exhibited by the catalytic system are easy separation 

FIGURE 2.22  Coupling reaction between thiols and aromatic iodide.
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and preparation, reusability, high catalytic activity, and stability, which make this 
protocol efficient.

2.7.1.4 � Knoevenagel Condensation
Spinel cobalt ferrite nanoparticles were synthesized using both sonochemical and  
co-precipitation methods without any capping agent and surfactant. A reusable cata-
lyst was employed for the Knoevenagel condensation reaction of aldehydes with 
ethyl cyanoacetate in aqueous ethanol under mild reaction conditions [79]. The 
excellent yield of desired Knoevenagel products was obtained in a short period of 
time with 5 mol% of the catalyst. It has been found that the NPs showed stability in 
both ethanol and aqueous solvent systems and can be stored for months without any 
stabilizer; no agglomeration was observed.

2.7.1.5 � Ritter Reaction
Ritter reaction is one of the important reactions used for the preparation of amides 
[80].  Magnetic CoFe2O4 nanoparticle-immobilized diamine-N-sulfamic acid 
(CoFe2O4@SiO2–DASA) was prepared and used as a catalyst for the synthesis of 
amides under solvent-free conditions. Catalyst can be recovered and reused easily 
without any loss in its activity. [81]. The opted methodology was easy, non-toxic in 
terms of solvent, eco-friendly, and provided the corresponding product in higher yields.

2.7.1.6 � Synthesis of 5-hydroxymethylfurfural
Inverse spinel cobalt ferrite nanoparticles were modified with structurally different 
dicarboxylic acids. The modified nanoparticle was able to catalyze fructose to pro-
duce HMF under solvent-free conditions (Figure 2.23). It has been observed that 
the flexibly modified ferrite showed good catalytic activity in comparison with rigid 
ligand-modified ferrites [82]. It was noticed that the binding mode of the ligand and 
its orientation with a surface modifier were important for determining the yields and 
selectivity.

2.7.2 �C opper Ferrite Nanoparticles

Copper ferrite (CuFe2O4) is an important ferrite, which comes under the category of 
spinel ferrites. Widely used methods for synthesizing copper ferrite nanoparticles are 
co-precipitation, sol–gel, hydrothermal method, and solid reaction process, but solid 
reactions take a long time. They have the ability to modify physical properties when 
exposed to different environments [83]. CuFe2O4 nanoparticles are less expensive, 
recyclable, require mild reaction conditions, and hence are employed as heteroge-
neous catalysts in various organic transformations.

FIGURE 2.23  Synthesis of HMF.
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2.7.2.1 � Synthesis of 1,4-dihydropyridines
1,4-Dihydropyridines are the class of drugs that helps in calcium channel modu-
lation and is common to many bioactive compounds. A simple and effective pro-
tocol was developed by Murthy et al. for the synthesis of 1,4-dihydropyridines 
(Hantzsch esters). Treatment of substituted aromatic aldehyde, ethyl acetoacetate, 
and ammonium acetate in ethanol in the presence of copper ferrite nanoparticles at 
room temperature afforded corresponding 1,4-dihydropyridine [84]. The methodol-
ogy provides several advantages like low catalyst loading, short reaction times, high 
product yields, and easy catalyst separation.

2.7.2.2 � Synthesis of α-aminonitriles
α-Aminonitriles are the main intermediates for synthesizing amino acids, amides, 
nitrogen-containing heterocycles, and diamide. An efficient method was prepared 
for the synthesis of α-aminonitriles by various aldehydes, amines, and trimethylsi-
lyl cyanides in water using copper ferrite nanoparticles at room temperature [85]. 
The mechanism involves activating aldehyde by the acidic proton of copper ferrite 
nanoparticles which further reacts with amines to form the intermediate and finally 
leads to the formation of α-aminonitriles.

2.7.2.3 � Ullmann C–O Coupling Reaction
Wang et al. reported the use of copper ferrite nanoparticles for the Ullmann type C–O 
coupling reaction between phenols and aryl halides. The reaction occurred smoothly 
even in the presence of sensitive substituents (CH3CO, NH2, CN) to afford the prod-
uct in high yield [86] without protecting other functional groups. The catalyst is 
stable toward the air, could be made easily and recycled with the help of an external 
magnet.

2.7.2.4 � Synthesis of β,γ-unsaturated Ketones
The reaction of different acid chlorides with allyl halides in THF solvent using cop-
per ferrite nanoparticles at room temperature to give β,γ-unsaturated ketones in good 
yield was reported by Murthy et al. The methodology is free from any additive or 
co-catalyst [87]. The remarkable features of this method are less reaction time, mild 
reaction conditions, no isomerization during the reaction, and heterogeneous reus-
able catalyst.

2.7.2.5 � Direct C–H Amination of Benzothiazoles
Benzothiazole acts as an eminent bioactive molecular entity used as an anti-HIV 
agent, H3-receptor ligand, antibacterial compound, and PPAR agonists. An effi-
cient and simple methodology was reported for synthesizing 2-N-substituted ben-
zothiazoles using copper ferrite nanoparticles in the presence of a Cs2CO3 base with 
nitrogen nucleophiles [88]. The catalyst can be recycled and reused without any sig-
nificant loss in its activity. This methodology is effective and useful, as many five- 
and six-membered heteroaromatic compounds are seen in many biologically active 
compounds and organic molecules.
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2.7.2.6 � Synthesis of 9-substituted Aryl-1,8-dioxo-octahydroxanthenes
Xanthene and its derivatives are the crucial class of organic molecules as they pos-
sess extensive biological and pharmaceutical properties. Murthy et al. reported on the 
reaction between dimedone with different aromatic aldehydes using copper ferrite 
nanoparticles to afford 9-substituted aryl-1,8-dioxo-octahydroxanthenes in excellent 
yield under mild reaction conditions. It was observed that aldehydes having EWG 
needed less reaction time in comparison with aldehydes having EDG because EWG 
accelerates the formation of carbocation at the carbonyl carbon of aldehyde [89]. 
Different mol% of catalyst was evaluated for the reaction, and it was found that 
15 mol% of catalyst was efficient to produce the desired product in high yield in less 
reaction time.

Some other organic reactions catalyzed by copper ferrite nanoparticles are dis-
cussed in Table 2.3.

2.7.3 �N ickel Ferrite Nanoparticles

Nickel ferrite nanoparticle (NiFe2O4) is an inverse spinel that consists of 8 NiFe2O4 
molecules in a unit cell. Half of the Fe3+ occupies the tetrahedral sites (A-sites), while 
others occupy the octahedral sites (B-sites). They show ferromagnetism which arises 
from the magnetic moment of antiparallel spins between Fe3+ in A site and Ni2+ in 
B site [99]. The method for their synthesis is the same as that of other ferrites, but 
pulsed laser deposition is a widely used method. NiFe2O4 displays a super magnetic 
nature and hence can be utilized as catalysts, gas sensors, magnetic fluids, and mag-
netic storage systems.

2.7.3.1 � C–O Bond Formation
A novel methodology for C–O coupling reaction was reported by Moghaddam et al. 
between several aromatic alcohols and aryl halides by using nickel ferrite nanopar-
ticles in the presence of DMF solvent and K2CO3 base. Catalyst can be recycled 
with the help of an external magnetic field, and reaction occurs in a short duration of 

TABLE 2.3
Nano-sized Copper Ferrite-catalyzed Organic Reactions

S. No. Organic reactions References

1 Synthesis of propargylamine by CuFe2O4 NPs [90]

2 Synthesis of sulfones using CuFe2O4 NPs [91]

3 N-Arylation of pyrroles with aryl halides in the presence of CuFe2O4 NPs [92]

4 Synthesis of 2-substituted benzoxazole using CuFe2O4 NPs [93]

5 Synthesis of phenyl acetone by CuFe2O4 NPs [94]

6 Synthesis of benzonitrile derivatives by Pt-coated CuFe2O4 NPs [95]

7 O-Arylation reaction catalyzed by CuFe2O4 NPs [96]

8 Sonogashira reaction catalyzed by Pd-CuFe2O4 NPs coated at SiO2 [97]

9 Thioetherification reaction catalyzed by CuFe2O4 NPs [98]
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time [75]. Different solvents and bases were employed for the reaction, and it was 
found that both K2CO3 and Cs2CO3 gave the product an excellent yield; due to the 
lower cost of K2CO3 it was favored. Both DMF and K2CO3 afforded the product in 
high yield. More organic reactions catalyzed by nickel nanoparticles are mentioned 
in Table 2.4 (entries 3 and 4). Apart from applications in organic synthesis Nickel 
ferrite nanoparticles have applications in industries also like water gas shift reaction.

2.7.4 �Z inc Ferrite Nanoparticles

Nano zinc ferrites are crucial among other ferrites due to some properties like low-
saturation magnetization and high resistivity, and hence it is utilized in data record-
ing media, sensors, and adsorption processes [105–107].

Balint et al. were able to prepare neodymium (Nd)-substituted ferrites and utilized 
them to check the catalytic efficiency for the first time for the oxidative conversion 
of methane in oxidative conditions (methane combustion) and reductive conditions 
(oxidative coupling of methane). It was observed that Nd-substituted ferrites showed 
excellent catalytic efficiency for methane combustion while ZnFe2O4 and ZnNd2O4 
were effective for oxidative coupling of methane. Hence, the redox properties of sim-
ple and substituted ferrites and the nature of substitutional elements were crucial 
parameters in the determination of catalytic properties [108]. The catalytic activity was 
found to be dependent on the structure of oxide to the specific defects generated by 
substitution and composition of the reaction mixture. Other examples of organic reac-
tions catalyzed by zinc ferrite nanoparticles are quoted in Table 2.4 (entries 1 and 2).

2.8 � MIXED METAL OXIDES NANOPARTICLES

Mixed metal oxide (MMO) nanoparticles are also known as heterometal oxide 
nanoparticles. MMO is a widely utilized class of solid catalysts, either as supports or 
active phases. They have various roles in different fields of chemistry, but the major 
one is found in catalysis due to the distinctive magnetic and electronic properties 
acquired after a combination of two metals in the oxide matrix [109, 110]. BaTiO3, 
LiNbO3, and KTaO3 possess high dielectric, Ferro, or pyroelectric properties, hence 
have many applications in industries. MMO can either be crystalline or amorphous 
in nature.

TABLE 2.4
Transition Metal Ferrite NP-catalyzed Organic Reactions

S. No. Organic Reactions Reference

1 Synthesis of chalcone derivatives using ZnFe2O4 NPs [100]

2 Synthesis of nopol by ZnFe2O4 NPs [101]

3 Synthesis of benzonitrile by NiFe2O4 NPs [102]

4 Synthesis of disulfides by NiFe2O4 NPs [103]

5 Synthesis of spirooxindoles using MnFe2O4 NPs [104]
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MMO nanoparticles can be synthesized by hydrothermal, sol–gel, co-precipita-
tion, wet impregnation, and mechanochemical methods [111–115], but sol–gel is the 
most widely used method. The degree of dispersion in the chemical route is totally 
dependent on preparation technique and provided synthetic conditions. Some mixed 
metal oxides are good in terms of catalytic activity as compared to component oxides 
in various reactions, the reason behind this is increasing active acidic or basic sites 
and surface area that decreases the reaction time, and hence yield of the reaction is 
increased [116–118]. The best example of increased catalytic activity is observed in 
mixed aerogel of titania/zirconia, in which the acidic strength and number of active 
sites are increased compared with pure titania and zirconia. It suggests that combin-
ing two metal oxides is an efficient method to bring two oxides close [119]. MMO 
nanoparticles properties are size dependent; physical and chemical properties are 
distinct and remarkable as compared to their corresponding bulk material due to the 
gradual shift from atomic or molecular form to condensed matter structure. This 
change is making MMO nanoparticles more reactive, as atoms are now more in acti-
vated form in comparison with bulk counterparts.

2.8.1 � MgO-ZrO2-mixed Metal Oxide Nanoparticle

Gawande et al. were able to synthesize the proficient heterogeneous nano magne-
sia-zirconia (MgO-ZrO2) catalyst by ultra-dilution procedure. Prepared catalyst was 
reusable and had high surface area, and the catalyst was tested for the following 
reactions:

2.8.1.1 � Cross Aldol Reaction
A crossed aldol condensation uses two different aldehydes and/or ketone reactants. 
Even though such reactions usually give a mixture of multiple condensation prod-
ucts, because there are two or more possible enolates and two different carbonyl 
electrophiles, it is the standard way to form carbon–carbon bonds in many reactions 
[120]. In most cases, an intelligent combination of carbonyls is taken: one of the 
carbonyls is usually an aromatic aldehyde devoid of any enolizable hydrogens, while 
the other having an acidic hydrogen acts as an enolate nucleophile. The reaction of an 
aromatic aldehyde with cyclic ketone using MgO-ZrO2 NPs under solvent-free con-
ditions at room temperature gives α–α′-bis-cycloalkanones an excellent yield [121]. 
It has been noticed that MgO-ZrO2 NPs displayed good catalytic activity due to high 
surface area under mild reaction conditions. In this reaction the Lewis-acidic char-
acter of metal-oxide is used for activating the carbonyl toward nucleophilic addition 
reaction.

2.8.1.2 � N-benzyloxycarbonylation of Amines
Benzyloxycarbonyl-protected amines are effective precursors for different natural 
and pharmaceutical products [122]. Several amines were examined for the benzy-
loxycarbonylation of amines by MgO-ZrO2 catalyst under solvent-free conditions at 
25 °C. All amines (aromatic, aliphatic, and heterocyclic) were able to give the cor-
responding product in high yield [121]. The catalyst was recyclable and had a high 
surface area which facilitates the catalytic activity.
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2.8.1.3 � Reduction of Aromatic Nitro Compounds
MgO-ZrO2 NPs were tested for the catalytic transfer hydrogenation reaction of aro-
matic nitro compounds in the presence of KOH promoter, and isopropyl alcohol 
was used as a hydrogen source to give corresponding amines. It was observed in the 
absence of KOH and hydrogen source; the corresponding product was not achieved 
[121]. All aromatic nitro substituted compounds were suitable for the reaction, and 
no side products were noticed.

2.8.1.4 � Synthesis of 1,5-benzodiazepines
1,5-Benzodiazepines are the biologically significant molecules, which are widely 
used as sedative, analgesic, and anti-depressive agents. It was synthesized conve-
niently by the treatment of cyclohexanone with orthophenylene diamine using  
MgO-ZrO2 nanoparticles as catalyst under a solvent-free condition. It was observed 
that reaction proceeded well with aliphatic, cyclic, and aromatic ketones to get 
desired product in good yield [121]. The catalyst displayed good catalytic ability and 
can be recovered easily without any loss in activity.

2.8.1.5 � Synthesis of Tinidazole
Tinidazole is an antimicrobial drug obtained by condensation of 2-methyl,5-nitro-
imidazole and 2-ethyl-thio-ethanol using MoO3/SiO2 catalyst, which was prepared 
by the sol–gel technique to get 1-(2-ethyl-thio-ethanol)-2-methyl-5-nitro-imidazole 
followed by its oxidation using H2O2 oxidizing agent to get tinidazole (Figure 2.24). 
The prepared catalyst showed acidic strength and possessed a dual function as it 
was able to catalyze condensation and oxidation required during the synthesis of 
tinidazole. The use of MoO3/SiO2 catalyst made this process eco-friendly as usage of 
acetic acid in condensation, and ammonium molybdate or tungstic acid was avoided 
[123]. The catalyst can be recovered easily and reused five times without any loss in 
its activity and selectivity.

FIGURE 2.24  Synthesis of tinidazole.
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2.8.1.6 � Oxidation of 2,6-dimethyl Phenol
TiO2 NPs in combination with other oxides have played a prominent role in the 
catalysis of important organic reactions. TiO2-CeO2 and TiO2-V2O5 are important 
mixed oxides which were prepared by sol–gel method. These mixed-oxide gels were 
synthesized by loading different amount of TiO2 and CeO2 or V2O5 by using tita-
nium isopropoxide and vanadyl acetyl acetone or hexahydrated cerium nitrate as 
precursors in ethanol as solvent. The prepared gels were used for the oxidation of 
2,6-dimethyl phenol to obtain 2,6-dimethyl-p-benzoquinone using H2O2 as oxidant 
and ethanol as solvent (Figure 2.25) [124, 125].

2.8.1.7 � Synthesis of 1,4-dihydropyridines
A very proficient methodology has been reported for the synthesis of Hantzsch 
1,4-dihydropyridines through three component reaction of ethyl acetoacetate, ammo-
nium acetate, and substituted aldehydes by using ZnO@SnO2 MMO nanoparticles 
under solvent-free conditions. The protocol is effective in comparison with other 
reported reactions in terms of minimum catalyst loading, short reaction time, and no 
use of solvent, and high yield [126].

Apart from organic applications of MMO nanoparticles, they are widely used in 
industries and biological field due to their antibacterial and cytotoxic properties.
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3.1 � INTRODUCTION

In the last decades of the 20th-century nanoscience has emerged as a versatile field 
with diverse applications [1]. Nanomaterials have been used as efficient and selec-
tive catalysts for many organic reactions due to their unique properties like high 
surface area, specific surface termination (specific atoms on surface) and quantum 
confinement [2]. Tailoring the size and morphology of these nanocatalysts resulted in 
further tuning of the efficiency and selectivity of these catalysts [3]. Thus, synthetic 
methodologies played an important role in the development of the overall catalytic 
process. A variety of physical and chemical techniques were utilized to investigate 
the synthesis of these metal nanoparticles (NPs) [4]. Apart from targeting NPs with 
more favourable properties, much effort was also being directed nowadays making 
the syntheses processes environmentally benevolent [5]. Noble metal NPs have the 
advantage of being chemically unreactive towards various chemical reagents, thus 
remain stable during the course of the reactions and may be used for a large number 
of catalytic cycles without loss of activity.

Au NPs were very important and unique in nature because of their physicochem-
ical properties that can be tuned by proper control of shape and size [6]. Applications 
of the Au NPs towards the total synthesis of natural products have been reviewed 
[7]. Pd NPs were used extensively as catalysts due to their excellent physicochemi-
cal properties such as high thermal stability and good chemical stability [8]. Ultra-
small Ir NPs were very efficient as well as selective for reactions like the catalytic 
reduction of nitroarenes under mild conditions [9]. The novel Ir-based nanomateri-
als were reported as good heterogeneous catalysts for industrial applications [10]. 
Pt had high corrosion resistance and numerous catalytic applications including in 
automotive catalytic converters and petrochemical cracking [11]. Ag was found to 
be an extremely useful noble metal due to their useful characteristics such as anti-
microbial activity in addition to their suitability as industrial heterogeneous for 
many organic transformations [12]. This book chapter discusses the application of 
noble metal NPs in organic catalytic transformations.
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3.2 � ORGANIC CATALYSIS BY USING AU NP

Au NPs were used widely as catalysts in organic transformations. They were utilized 
in many reactions such as nucleophilic addition reactions, oxidation reactions and 
hydrogenation reactions.

3.2.1 � Oxidation Reactions

Oxidation reactions catalysed by Au NPs were being widely studied and showed 
high selectivity and reactivity towards oxidation of molecules containing the alcohol 
functional group, which includes diols, polyols, and amino alcohols.

3.2.1.1 � Oxidation of Aliphatic Alcohols
The catalyst Au supported on C (Au/C) was found to be selective towards oxida-
tion of the aliphatic alcohol geraniol. The major products were cis and trans-citral 
although β-pinene, limonene, nerol, etc. along with trace quantities of geranic acid 
were observed (Figure 3.1). Au NPs (2–5 nm-sized) supported on nanocrystalline 

FIGURE 3.1  Oxidation reaction of geraniol (main products and some by-products) cata-
lysed by Au/C.
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ceria were found to be selective and recyclable catalysts for oxidizing allylic alcohol 
to form unsaturated ketones even in absence of base and solvent. [13]

3.2.1.2 � Oxidation of Diols
Oxidation of ethane-1,2-diols to glycolic acid and propane-1,2-diols to lactic acid was 
carried out using Au NPs with high selectivity (Figure 3.2). Au/C was very active in 
the selective oxidation of 1,2-diols into α-hydroxy acids, under mild conditions with 
its activity being superior to mono-, di- and tri-metallic Pd-, Pt- and Bi-based cata-
lysts, as Au afforded higher selectivity and enhanced resistance to poisoning. [14]

3.2.1.3 � Oxidation of Polyols
Gluconic acid and gulonic acid were produced on oxidizing D-sorbitol using gold-
platinum group metal on carbon support (Au-PGM/C) as a catalyst (Figure 3.3) 
[15]. It was seen that bimetallic catalysts exhibited improved selectivity as well as 
improved resistance to poisoning in comparison to monometallic catalysts. Selectivity 
observed for gluconate and gulonate on Au and Au/Pt were 60% and 62%, respec-
tively [15, 16]. For the oxidation of glycerol, Au was found to be resistant to the 
poisoning of oxygen than PGMs. The oxidation of glycerol in the liquid phase using  
Au/charcoal, activated carbon, and Au/graphite was reported. It was found that gly-
ceric acid was obtained by oxidation of glycerol with high selectivity and quantita-
tive conversion in mild conditions using water as a solvent (Figure 3.4) [17].

3.2.1.4 � Oxidation of Amino Alcohols
Prati and coworkers suggested that amino alcohols could be converted into amino 
acids in alkaline conditions by using Au NP [18]. Serinol and ethanolamine were also 
converted into polyols by using Au on different types of metal oxides such as Al2O3, 
TiO2, MgAl2O4 and MgO [19].

FIGURE 3.2  Selective oxidation reactions of diols using Au/C as catalyst.
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3.2.1.5 � Oxidation of Cycloalcohols
Cycloalcohols (e.g. cyclohexanol, cyclooctanol, cyclododecanol, 4-methyl cyclo-
hexanol) were selectively oxidized to corresponding aldehydes/ketones using 
molecular oxygen (O2) on Au NP deposited on SiO2, TiO2, Al2O3, Cr2O3, Fe2O3, 
CoOx, MnO2, CuO and NiO [20]. The nature of support and the synthesis proce-
dure of the catalyst had a significant influence on the catalytic activity. The Au/CuO 
catalyst prepared using the co-precipitation method was found to be very selective at 
pH 10 and the reaction could be carried out via oxidative dehydroxylation by β-C–H 
elimination [14].

FIGURE 3.3  Oxidation reaction of D-sorbitol using Au-PGM/C as catalyst.
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3.2.1.6 � Oxidation of Aromatic Alcohols
Au NP (2–5 nm-sized) on ceria were used to oxidize alcohols like 2-hydroxybenzyl 
alcohol, 2-phenoxyethanol, vanillin alcohol, cinnamyl alcohol, 3-phenyl-1-propanol 
and 3,4-dimethyoxybenzyl alcohol (Figure 3.5) using molecular oxygen at atmo-
spheric pressure without the use of a base or solvent [21–23]. Au–Pd NP dispersed 
on TiO2/graphene oxide composites were used for oxidation of benzyl alcohol and 
4-methoxybenzyl alcohol (Figures 3.6 and 3.7). Au NP on different metal oxides 

FIGURE 3.5  Examples of different types of alcohols used in selective oxidation of alcohols 
using Au NP-based catalysts.
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(TiO2, ZnO, Fe2O3, MgO2 and Al2O3,) was used to obtain benzaldehyde (from benzyl 
alcohol) and acetophenone (from methylbenzyl alcohol) using tert-butylhydroper-
oxide as an oxidant under microwave irradiation for 1 h, with no by-products [24]. 
During the oxidation of benzyl alcohol, some by-products like benzoic acid and ben-
zyl benzoate were also formed. Benzoic acid was formed due to the over oxidation of 
benzaldehyde and benzyl benzoate was formed because of additional esterification in 
the presence of benzoic acid and benzyl alcohol [14, 25].

3.2.1.7 � Oxidation of Alkanes
3.2.1.7.1 � Oxidation of Cyclohexane to Adipic Acid
Adipic acid was synthesized at an industrial level in two steps starting from cyclo-
hexane. In the first step, the cyclohexane was converted into cyclohexanol and cyclo-
hexanone (KA-oil). This step was carried out in the presence of O2 under 10–20 
bar pressure using Co- and Mn-based catalysts. In the second step, KA-oil was 
treated with nitric acid which formed adipic acid (Figure 3.8). This method had some 
drawbacks like having a low conversion (4%–12%) and use of ecologically toxic 
reagents. Catalysts like Au/TiO2 showed only 16.4%–21.6% selectivity. Alshammari 
et al. compared Au supported on various oxide supports and described the selectiv-
ity order and catalytic activity. The relative order of activity was found to be TiO2 > 
Al2O3 > ZrO2 > MgO > CaO. This reaction was favoured by higher temperature 
but temperature above 423 K produced more amounts of undesirable products than 
desired products [26].

FIGURE 3.7  Partial oxidation reaction of methylbenzyl alcohol, a secondary alcohol to 
ketone using Au/Ceria as catalyst.

Au/ Ceria

CH
3

O

1-phenylethanone1-phenylethanol

CH
3

OH

FIGURE 3.8  Oxidation of cyclohexane catalysed using Au/TiO2.

Cyclohexane

Au/TiO2

OH

Cyclohexanol

+

O

Cyclohexanone

O

HO

O

OHHNO3

Adipic Acid



https://www.twirpx.org & http://chemistry-chemists.com

58� Catalysis in Organic Transformations

3.2.2 �E poxidation Reaction

Epoxidation of alkenes like ethene, cyclohexene, styrene, etc. was relatively facile 
whereas epoxidation of propene was challenging due to the presence of allylic hydro-
gen. The first report of propene being converted into propylene oxide was by Haruta 
et al. who used Au NP in the presence of O2 and sacrificial H2. [7] However, a recent 
report showed that sacrificial H2 was not necessary for epoxidation (Figure 3.9). [27]

3.2.3 � Hydrogenation Reactions

3.2.3.1 � Hydrogenation Reactions of Alkenes, Dienes and Alkynes
Erkelens et al. [28] used an Au film to catalyse the hydrogenation of cyclohexene at 
469–615 K. Later, the hydrogenation reaction for 1,3-butadiene and 2-butyne using 
Au on SiO2 was demonstrated by Bond et al. in 1973 (Figure 3.10) [29]. In the mono-
hydrogenation reaction of 1,3-butadiene the chemoselectivity was observed without 
any diastereoselectivity and in the hydrogenation reaction of 2-butyne, diastereose-
lectivity (8:1) was observed [7].

3.2.3.2 � Hydrogenation of α,β-unsaturated Carbonyl Groups
Supported Au NPs showed high selectivity towards hydrogenation of α,β-unsaturated 
carbonyl groups. The formation of crotyl alcohol (R2 = H, R1 and R3 = CH3) from cro-
tonaldehyde proceeded with 81% selectivity and 5%–10% conversion was achieved 
by using Au/ZnO2 or Au/ZnO catalysts (Figure 3.11) [30]. The Au catalyst showed 
high selectivity towards C=O over C=C. Hydrogenation of acrolein (R1, R2, R3 = H) 
was also reported using AuO2, Au/ZrO2, Au/TiO2 and Au-In/ZnO [31] A summary of 
reported reactions that Au-NPs catalyse is given in Table 3.1.

FIGURE 3.9  Epoxidation of propene catalysed by Au.
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FIGURE 3.11  Hydrogenation reactions of α,β-unsaturated carbonyl group catalysed by  
Au/ZnO2.
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TABLE 3.1
Summary of Reactions Catalysed by Au NP-based Catalysts

Reaction Nanoparticle/support Size Shape Reference

Aliphatic alcohol 
oxidation

Au/carbon and Au/ceria 2–5 nm sized — [6, 32]

Oxidation of 
cycloalcohol

Au/CuO, Au/MnO2,  
Au/NiO, Au/CoOx,  
Au/Fe2O3, Au/Cr2O3, 
Au/Al2O3, and  
Au/SiO2

1–9 nm — [13]

Oxidation of 
aromatic alcohols

AuPd–GO/TiO2 (ternary 
hybrid catalyst) and  
Au/CeO2

1–7 nm — [20, 21]

Oxidation of amino 
alcohol

Au/Al2O3, Au/TiO2,  
Au/MgAl2O4 and  
Au/MgO

3–4 nm sized — [22]

Oxidation of diols Au/carbon 7 nm and 
12 nm

— [23]

Oxidation of polyols Au-PGM/C and  
Au/charcoal, activated 
carbon, and  
Au/graphite

2–4 nm sized — [14, 24]

(Continued)
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3.3 � ORGANIC CATALYSIS BY USING AU NP

Among various noble metal NPs, Pd NPs were extensively used as catalysts because 
of their excellent physicochemical properties, for example, high chemical and ther-
mal stability [8]. Along with numerous reports of nanocatalysts of metal oxide com-
posed of diverse rare earth and transition earth metals, Pd-based nanosized catalysts 
have been broadly explored in academia as well as in the industry because of their 
applications in carbon-based cross-coupling, hydrogenation (addition reaction), 
esterification, oxidation and reduction reactions [33].

3.3.1 �P d/rGO NP for Reduction of Nitroarenes

Pd metal NPs were synthesized on reduced graphene oxide (rGO) support in water 
and biological extracts. Barberry fruit extract was used to both reduce and stabilize 
GO and Pd2+ ions. These NPs were used as heterogeneous catalysts for reducing 
nitroarenes in presence of NaBH4. The reduction of nitroarenes took place in four 
steps when Pd NP/rGO heterogeneous catalyst was used. The first two steps were 
adsorption of hydrogen on the surface of the catalyst, which was followed by adsorp-
tion of nitroarenes. The third step was an electron transfer mediated by the metal 
catalyst surface and the final step was the desorption of the aromatic amino com-
pounds from the surface of the catalyst. NaBH4 was used as the source of hydrogen 
and no reaction was observed in absence of the catalyst. Under optimized conditions, 
an excellent yield of 98% was obtained [34].

3.3.2 � Monodisperse Pd/GO for Suzuki Cross-coupling Reaction

Pd was used to catalyse many chemical reactions such as alcohol oxidation and 
C–C coupling reaction. Pd and homogeneous Pd complexes were important cata-
lysts for coupling reactions because they reduced the reaction time, and resulted 
in high synthetic yields and selectivity. Heterogeneous Pd was used to catalyse the 
hydrogenation reaction. Homogeneously dispersed Pd NPs supported on graphene 
oxide (GO) were reported to carry out cross-coupling reactions at room temperature. 

Reaction Nanoparticle/support Size Shape Reference

Cyclohexane to 
adipic acid

Au on TiO2, AlO3, ZrO2, 
MgO and CaO

2 nm (TiO2)-
6–8 nm (CaO)

— [18]

Epoxidation Au/carbon 5–50 nm — [15]

Hydrogenation of 
alkenes, dienes and 
alkynes

Au/alumina and  
Au/silica

20–80 nm — [16, 17]

α,β-Unsaturated 
carbonyl groups

Au/ZnO, Au/ZrO2 2–4 nm Hemispherical, 
cuboctahedral 
and isohedral

[26, 27]

TABLE 3.1  (Continued)
Summary of Reactions Catalysed by Au NP-based Catalysts
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Monodisperse Pd/GO NP catalysts exhibited good activity and stability for coupling 
reactions. The reaction rate was faster under mild conditions and high product yields 
were obtained by using this catalyst. The TEM image showed that spherical Pd NPs 
were well-dispersed on the GO support without any signs of agglomeration [35].

3.3.3 � Hydrogenation of Unsaturated Compounds by Pd@GO Catalyst

Under optimized reaction conditions, trans-stilbene was completely reduced using 
Pd/GO as a catalyst in methanol (Figure 3.12).

The Pd@GO NPs exhibited better catalytic activity owing to catalysts’ large sur-
face area, ultrafine structure and the cooperative effects of the Pd with GO. It was 
observed that interaction between the graphene oxide and metal contributed to elec-
tron transfer. When Pd@GO catalyst is used to catalyse the Suzuki–Miyaura cou-
pling reaction (Figure 3.13) it shows superior catalytic activity.

3.3.4 �P d NP/Polythiophene Nanospheres as Heterogeneous Catalysts

Polythiophene nanospheres were prepared by oxidative polymerization of 2-thio-
phenemethanol [36]. Pd NPs were thereafter decorated on these polythiophene nano-
spheres by a redox reaction between PdCl4(II) and 2-TPM (2-thiophene methanol) 
at room temperature in an aqueous solution. Under mild aerobic reaction conditions, 
Pd-NP/polythiophene nanospheres catalysed the Suzuki–Miyaura cross-coupling 
reaction with excellent activity.

FIGURE 3.12  Hydrogenation of trans-stilbene on Pd/GO as catalyst.
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FIGURE 3.13  Suzuki–Miyaura cross-coupling using Pd/GO as catalyst.
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Pd-NP/polythiophene was deposited on different substrates and evaluated as a 
catalyst for the Suzuki–Miyaura coupling reaction. Under mild conditions, all cata-
lysts exhibited high conversion and selectivity. The activity of this catalyst was more 
than Pd/C catalysts [36].

Pd-Based catalysts were generally used in catalysing C–C bond formation reac-
tions. The Pd(II) complexes of sterically hindered bulky and electron-rich phos-
phines, carbenes and palladacycles are very efficient homogeneous catalytic systems 
for Suzuki–Miyaura cross-coupling, which also had certain disadvantages like (1) 
difficulty in the isolation of product at the end of the catalytic process, (2) no reuse 
of catalyst in most of the cases and (3) there always remain traces of heavy metals 
causing contamination of the products. The heterogenization of these efficient homo-
geneous catalysts by immobilization or supporting on a solid surface was a logical 
method to overcome the difficulties faced with homogeneous catalytic systems. The 
use of magnetic materials as supports facilitated retrieval of the used catalyst.

The N-heterocyclic carbenes (NHCs) have been continuously dominating the 
world of catalysis in an unprecedented manner in the last two decades. On the other 
hand, Pd(II) complexes of organochalcogen ligands have emerged as efficient cata-
lysts for C–C coupling reactions, and the air/moisture insensitive nature made them 
appropriate to utilize in catalytic applications. It was obvious that the NHC and the 
chalcogenoether (S/Se) ligands had to be mixed and the novel chalcogenoether func-
tionalized NHCs developed in order to fine-tune and further improve the catalytic 
properties. The homogeneous as well as the heterogeneous version (solid-supported) 
of a Pd(II) complex of thioether functionalized NHC have been explored for catalytic 
applications. Both homogeneous and heterogeneous versions worked very efficiently 
in the catalysis of Suzuki–Miyaura coupling reaction under aqueous aerobic condi-
tions. The heterogeneous version could be crafted by immobilizing the Pd(II) com-
plex on silica-encapsulated magnetite NP (Figure 3.14).

Initially, Pd(II) complex of thioether-NHC (homogeneous version) was evaluated 
for catalytic activity for the Suzuki coupling reaction. During the catalytic process 
Pd(II) complex decomposed to afford Pd(0) species which were found to be the true 
catalytic species and the parent complex acted only as a pre-catalyst. The catalytic 
potential of these Pd(0) NPs was also investigated for Suzuki–Miyuara coupling and 

FIGURE 3.14  Suzuki–Miyaura coupling reaction catalysed with Pd(II) complex of thio-
ether-NHC immoblized on silica-encapsulated magnetite NP.
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under similar conditions, moderate yield was obtained (55%). The heterogenous ver-
sion of this catalyst was obtained by immobilizing the Pd(II) complex on silica-
coated Fe3O4 NP, which was used to overcome the problem of deactivation of the 
homogenous version of Pd(II) complex of thioether-NHC. The catalytic activity of 
composite Pd(II) catalyst was investigated for Suzuki–Miyaura coupling of aryl/
heteroaryl bromides and the best results were obtained in water after 2 h at 55 °C. 
The magnetically active NPs were fully recovered after completion of the reaction by 
using an external magnet. After the isolation of the catalyst, it was reused for up to 
seven cycles without losing its efficiency. The unsupported homogeneous complex 
had a higher catalytic activity but it got deactivated after one cycle. Pd/GO were also 
reported as catalysts for the Suzuki–Miyaura coupling reaction [35].

The Pd(II) complex of thioether-NHC immobilized on silica-encapsulated mag-
netite NP (Fe3O4@SiO2@NHC^SPh-Pd(II)) has also been applied for the Cu- and 
amine-free Sonogashira and Stille couplings of aryl bromides/chlorides under aero-
bic conditions. This catalyst exhibited excellent activity and was efficiently recover-
able after catalysing the Sonogashira coupling under aerobic conditions and the Stille 
cross-coupling reactions of chloroarenes. To investigate the catalytic activity of 
Fe3O4@SiO2@NHC^SPh-Pd(II) catalyst on the Sonogashira cross-coupling, the 
reaction of the acetylene and aryl bromide in DMF solvent under open-air conditions 
was carried out, and excellent transformation of the respective coupling products was 
recorded (Figure 3.15) [37].

DMF was found to be an ideal solvent for this reaction. Sonogashira reactions 
were usually carried out in the presence of copper as a co-catalyst and amine as a 
co-solvent. However, using these Pd-based catalysts, the Sonogashira coupling reac-
tion took place in the absence of both copper and amines. It was observed that K2CO3 
as base afforded excellent yield (96%) of the desired product when the optimum 
transformations produced maximum (90%) yield at 90 °C. The desired cross-coupled 
product was detected just after 1 h of reaction and maximum yield was obtained in 
12 h. Moreover, the reaction also worked for heteroaryl bromides, as the coupling of 
3-(phenylethynyl)quinoline and 3-(phenylethynyl)pyridine with phenylacetylene 
resulted in 69% and 75% yields of the desired products, respectively. This heteroge-
neous Pd(II) catalyst was an efficient recyclable catalyst that had the additional 
advantageous features of being filtration-free and magnetically retrievable [37].

FIGURE 3.15  Sonogashira cross-coupling reaction of acetylene and aryl bromide using 
Fe3O4@SiO2@NHC^SPh-Pd(II) as catalyst.
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Fe3O4@SiO2 supported Pd(II)-thioether-NHC catalyst showed an excellent catalytic 
potential on copper- /amine-free Sonogashira coupling reactions discussed above and 
this catalyst was also investigated for air/moisture tolerant Stille cross-coupling reac-
tion. The Pd-catalyst worked efficiently and also activated the aryl chlorides and pro-
duced the desired coupling product under aerobic reaction conditions (Figure 3.16) [38].

To find out the optimum reaction conditions, this reaction was carried out under 
different reaction conditions. The satisfactory yield of the desired product was 
observed when water and DMF mixture was used as a solvent system and the best 
yield was obtained when dry DMF was used as the solvent. The base was found as an 
essential requirement of the reaction, where sodium acetate and potassium carbonate 
were found to be efficient for this coupling reaction. The working temperature of this 
reaction was 90 °C. The catalytic process was simple and very effective in terms of 
reaction time. Additionally, no fluoride salts were required, the catalyst could be 
recycled, and good yields of biaryls were obtained. It was the first example of the 
organochalcogen functionalized NHC-Pd (II) complex studied for the catalysis of 
Stille cross-coupling reaction. The Pd catalyst Fe3O4@SiO2@NHC^SPhPd(II) could 
be reused for both the Sonogashira and Stille coupling reactions [38] (Table 3.2).

FIGURE 3.16  Stille cross-coupling reaction using Pd NP-based catalysts of tributylphenyl-
stannane and aryl halides using Fe3O4@SiO2@NHC^SPh-Pd(II) as catalyst.
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TABLE 3.2
Reactions Catalysed by Pd NP-based Catalysts

Reaction NP/Support Size (nm) Shape Reference

Reduction of 
nitroarenes

Pd NP/reduced graphene oxide
Pd@RGO

18 Spherical 
shaped

34

Suzuki cross-coupling 
reaction

Pd NP/graphene oxide
Pd@GO

3.88 Spherical 
shaped

35

Suzuki–Miyaura cross-
coupling reaction

Pd NP/polythiophene 
nanospheres

20 36

Suzuki–Miyaura 
coupling reaction

Sonogashira coupling 
reaction

Stille coupling reaction

Pd-thioether NHC/Silica coated 
magnetite NP

Fe3O4@SiO2@NHC^SPh-Pd(II)

1.5–2.0 Spherical 
shaped

38
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3.4 � CATALYTIC REACTIONS BY IR-BASED NP

Iridium (Ir) is a rather inert element. Though the use of Ir complexes in chemical 
catalysis is well reported, not many applications in biological or medicinal fields 
exist in literature. Ultra-small Ir NPs having greater catalytic activity than their bulk 
counterparts were prepared by using a controlled one-step synthesis with the aid of 
a stabilizer that exhibited high catalytic activity under mild conditions. Ir NPs were 
found to be very efficient as well as selective for the catalytic reduction of nitroarenes 
and exhibited good potential for amino acids degradation [39]. The novel Ir catalysts 
demonstrated good activity for the condensation of butanol in the aqueous phase and 
Ir-based nanomaterials behaved as good heterogeneous catalysts for many industrial 
applications [10].

NPs of Ir have gained a lot of attention because of their shape- and size-depen-
dent activity and selectivity. Additionally, tailored supports for tethering ligation 
sites are also of interest due to their unique catalytic properties. Among various 
materials, porous organic polymers have been extensively investigated due to 
their simple synthesis methods and ability to function as highly diverse and func-
tional supports. Ir NPs immobilized on the surface of a porous organic polymer, 
triazine-phosphanimine, were used as a catalyst to reduce aldehydes to alcohols 
with the use of formic acid as the reducing agent. To prepare this triazine-
phosphanimine porous organic polymer (TPA-POP), trichlorophosphane was 
reacted with melamine in the presence of dry tripropylamine which acted as a 
base and also as a solvent in the presence of inert gas. The reducing agent, NaBH4 
resulted in the formation of Ir NPs on the surface of the support. TEM analysis 
indicated that the size of Ir NPs was in the range of 5–10 nm [40]. The reduction 
of benzaldehyde with formic acid was evaluated by varying the reaction condi-
tions and 98% yield was obtained at 80 °C with a 12 h reaction time in presence 
of ethyl alcohol [40].

3.4.1 �I r NPs as Catalysts for Hydrogenation and Hydrogen  
Production

Ir NPs exhibited excellent catalytic activity attributed to their surface, volume and 
quantum confinement effects. It was found that in citral, the hydrogenation of the 
carbonyl bond was selectively catalysed by Ir/TiO2; but when Fe3+ or Ge4+ was 
added to the reaction mixture, new active sites were generated on the surface of  
Ir/TiO2, which contributed towards polarizing the carbonyl bond and also enhanced 
the selectivity of hydrogenation of the unsaturated alcohol. The acidic or basic 
properties of the support governed the electronic structure of Ir. Additionally, the 
interaction between the Ir and the support could influence the nature of the Ir–H 
bond. Ir NP supported on multi-wall carbon nanotubes catalysed the p-chloroni-
trobenzene hydrogenation to yield p-chloroaniline at room temperature, under an 
H2 atmosphere in a solvent mixture of methanol and water. Ir/Al2O3 was used to 
catalyse the decomposition of liquid hydrazine to produce N2 and H2. This catalytic 
decomposition took place in two steps. In the first step, hydrazine decomposed 
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into NH3 and N2, and thereafter NH3 decomposed into N2 and H2. The tempera-
ture in this exothermic reaction was found to reach approximately 1100 °C [41]. 
In recent years ionic liquids have been explored as electrostatic solvents which 
double up as capping agents. Nanoparticle synthesis in ionic liquids may be car-
ried out from metal salts either in presence or absence of H2 gas (reductant) and 
organometallic π-complexes by means of either electrodeposition or photochem-
ical or thermal decomposition. Ir NPs were deposited on graphene to produce  
Ir@GO catalyst. The catalytic activity of Ir@GO composite was evaluated for 
the hydrogenation of benzene to cyclohexane. The Ir@TRGO nanocomposite was 
mixed with the substrate, benzene in an autoclave. Solvent-free reaction condi-
tions were maintained at 100 °C under the constant pressure of 10 bar. The catalyst 
was recovered and could be re-used up to ten times with substantial retention of 
activity. The nanocomposite, under mild conditions, could catalyse hydrogenation 
of benzene [42].

Ir/ZrO2·xH2O exhibited excellent activity as well as selectivity towards hydro-
genation of haloaromatic nitro compounds. This catalyst displayed better activity 
in cyclohexane, ethanol and toluene as compared to isopropanol and THF. When a 
mixture of ethanol and water was used as a solvent, it substantially enhanced the 
activity as well as selectivity during the conversion of p-chloronitrobenzene to 
p-chloroaniline. The catalytic activity of Ir/ZrO2 was much lower than that of  
Ir/ZrO2·xH2O. The latter worked at room temperature and atmospheric pressure 
and additionally there was no need for an additive or promoter. The presence of 
H2O groups on Ir/ZrO2·xH2O helped in the blocking of dehalogenation. The nitro 
group’s electropositive N atom was easily absorbed on the surface of an 
electron-rich metal atom and it led to activation of N=O bond in p-chloronitroben-
zene [43] (Table 3.3).

TABLE 3.3
Summary of Reactions Catalysed by Ir NP

Reaction Nanoparticle/Support Size (nm) Shape References

Reduction of aldehydes Ir/polymeric organic 
support.

Ir/TPA-POP

5–10 Regular 
in shape

40

Hydrazine decomposition

Liquid phase hydrogenation 
of citral

Hydrogenation of 
p-chloronitrobenzene

Ir/γAl2O3

Ir/TiO2

Ir/MWCNTs

2.1 41

Hydrogenation of benzene 
& cyclohexene

Ir/graphene oxide composite
Ir@GO

1.0–1.4 42

Hydrogenation of 
haloaromatic nitro 
compounds

Ir/hydrous zirconia
Ir/ZrO2·xH2O

2.5–5.0 43
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3.5 � CATALYTIC REACTIONS BY PT-BASED NP

Nanoparticles of platinum (Pt), a rare and very expensive metal are usually used as 
catalysts in the form of a colloid or a suspension. Pt catalysts have applications in 
petroleum refining, H2 production, automotive catalytic converters, carbon monoxide 
gas sensors and anticancer drugs. Their ability to catalytically oxidize CO and NOx, 
electrolyse water, dehydrogenate hydrocarbons and inhibit the division of living cells 
has resulted in these being investigated extensively. Their size and shape were con-
trolled by variation of the ratio of concentration of the polymer capping agent to the 
precursor. [44] Combination of Pt NPs with Pd resulted in a core-shell nanostructure 
with a dandelion-like surface that could catalyse olefin reduction reactions [45].

3.5.1 �C atalytic Applications of Pt NP

Supported Pt particles were used to catalyse the hydrogenation reactions of  
α,β-unsaturated aldehydes and alkynes at 90 °C in methanol. The catalyst was very 
selective for the hydrogenation of the alkynes to their corresponding alkenes. When 
this catalyst was used to catalyse the hydrogenation of diphenylacetylene, it was 
found to be highly selective to yield the cis-isomer of stilbene. The supported Pt NPs 
selectively reduced only the aldehydic group into appropriate alcohols in the case 
of α,β-unsaturated aldehydes, for example, only the aldehydic group of cinnamal-
dehyde was reduced into alcohol. For the hydrogenation of α,β-unsaturated alde-
hydes, the surface of Pt NPs was polarized by the magnetite nano-support imparting 
a partial positive charge leading to the polar functional groups of substrates being 
selectively adsorbed and activated. The advantage of this catalytic system was that it 
could be easily separated by using an external magnetic field and recycled up to four 
cycles with almost complete retention of activity [46].

A nanocatalyst composed of piperazine and cyanuric chloride on porous 
organic polymer (Pt@PC-POP) catalysed the selective hydrogenation of haloge-
nated nitrobenzene to halogenated anilines under an atmosphere of hydrogen at 
room temperature. Reaction conditions were optimized using hydrogenation of  
p-chloronitrobenzene as a model reaction.

Different solvents were screened and water resulted in the conversion of p-chloro-
nitrobenzene with a yield of 96.61% and a selectivity of 95.56%. When ethyl acetate 
was used as a solvent, the conversion was only 13.26% due to the substrate being 
poorly soluble in water and the catalyst having a poor dispersity in ethyl acetate. The 
use of ethanol or methanol as solvents resulted in p-chloronitrobenzene being com-
pletely hydrogenated within 1 h whereas, in ethanol, the reaction had 98% selectiv-
ity. Thus, ethanol was selected as the best solvent amongst the ones evaluated for 
selective catalytic hydrogenation of halogenated nitrobenzene.

Pd-based catalysts were also used to catalyse the hydrogenation of p-chloronitro-
benzene with quantitative conversion but the selectivity was poor. In contrast, 
Pt-based catalysts resulted in 100% conversion and 95.48% selectivity. The general 
applicability of the catalyst for selective hydrogenation of halogenated nitrobenzene 
was also investigated. p-bromonitrobenzene was hydrogenated completely in  
p-bromoaniline with the selectivity of 98% in 1 h. Similarly, m-bromonitrobenzene 
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was fully hydrogenated to m-bromoaniline with a selectivity of 97% in 1.5 h and the 
hydrogenation of o-bromonitrobenzene reached 100% conversion with 95% selectiv-
ity in 2.5 h. It was observed that for the hydrogenation of o-/m-/p-bromonitrobenzene 
the reaction time increased to 2.5 h from 1 h due to an increase in the steric hindrance 
of halogenated groups [47].

Honey-stabilized Pt nanostructures catalysed the formation of antipyrilquinonei-
mine dye by the reaction between aniline and 4-aminoantipyrine (Figure 3.17). This 
electron transfer reaction between aniline and 4-aminoantipyrine could be applied 
for the detection and removal of anilines from soil and water samples. These Pt NPs 
were found to accelerate the reaction between aniline and 4-aminoantipyrine. Small 
variations in dimensions of Pt NPs on the formation of nanowires had no detectable 
effect on the catalytic activity [48].

A series of supported Pt nanocatalysts over a high surface area and porous undoped 
and Ca-doped zinc aluminate spinels (ZnAl2O4) supports (Pt/ZCA-x, where x refers 
to the % of Ca) were employed for base-free glycerol oxidation. Pt NPs could be 
immobilized with strong affinity and were evenly distributed on the support surface. 
Pt/ZCA-0 catalysed the reaction with a 50.8% yield and 81% selectivity. Other oxida-
tion products including tartonic acid, glyconic acid, etc. were also formed. In  
Pt/ZCA-10, Ca incorporation into spinel structure led to the increase in glycerol con-
version, while a further increase of Ca in Pt/ZCA-15, resulted in a slight decrease in 
the catalytic activity. As compared to Pt/ZCA-0 where the Pt species were highly 
dispersed and had a similar density of surface basic sites, Pt/ZCA-5 showed a slight 
reduction in the catalytic activity. Though there was high dispersion of Pt species in 
the case of Pt/ZCA-15 too, its catalytic activity was found to be lower than that of  
Pt/ZCA-10 catalyst with the larger density of surface basic sites. Pt/ZCA-x (where 
x = 0, 5, 10, 15) showed very similar product selectivity, which originated from the 
spinel structure of ZCA-x supported resulting in similar adsorption/activation behav-
iour of glycerol. Pt supported by the physical mixture of ZnO, CaO and Al2O3, resulted 
in a lower activity as evidenced by a lower conversion of glycerol (16.6%) [49].

The effects of oxygen pressure and reaction temperature on glycerol oxidation 
over Pt/ZCA-10 were investigated. An increase in temperature to 100 °C (from 
40 °C) led to a progressive increase in the rate of glycerol conversion due to the endo-
thermic nature of the reaction. This accompanied a decrease in the selectivity towards 
glyceric acid at a high temperature of 80–100 °C due to further oxidation of glyceric 
acid and other by-products. Analogous to the reaction temperature, an increase 
in  the oxygen pressure led to a minor decrease in the selectivity of glyceric acid. 

FIGURE 3.17  The formation of antipyrilquinoneimine dye from aniline and 4-aminoantipy-
rine using Pt NP as catalyst.
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Glycerol could be easily oxidized by the Pt/ZCA to glyceric acid, which was accom-
panied by the conversion of glycerol to DHA. DHA and glyceric acid were formed 
through different pathways (Figure 3.18). Glyceraldehyde, a reaction intermediate 
could not be detected because of its fast oxidation to glyceric acid [49] (Table 3.4).

3.6 � CATALYTIC REACTIONS BY AG-BASED NP

Among various metal NPs, silver nanoparticles (Ag NPs) are of great interest in 
organic catalysis because nano-Ag catalysts have distinctive chemical reactivity, sta-
bility and excellent selectivity along with high recyclability [12]. Ag NPs also have 
an interesting optical property, the localized surface plasmon resonance (LSPR), 
which is key to the recent developments in catalysis for both oxidation and reduc-
tion [50]. Nanocatalysis processes could be considered as a bridging methodology 
between heterogeneous and homogeneous catalysis. Most of the NPs behave as the 
heterogeneous catalyst during catalysis and it has several advantages like being 
ligand-free, and recyclable, facilitating low temperature and faster reactions that are 
efficient and selective [51].

3.6.1 �A pplication of Ag NP

Ag NPs played a significant role in the catalysis taking part in many organic transfor-
mations in the synthesis of fine chemicals. Ag NPs were vastly used for reducing mole-
cules with different functionality, such as nitroaromatics and carbonyl compounds [12].

FIGURE 3.18  Oxidation process of glycerol using Pt/ZCA catalysis.
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TABLE 3.4
Summary of Reactions Catalysed by Pt NP

Reaction Nanoparticle/Support Size (nm) Shape Reference

Hydrogenation reaction Pt/magnetic NP 2–2.5 — 46

Hydrogenation of halogenated 
nitrobenzenes

Pt/porous organic polymer
Pt@PC-POP

2.96 — 47

Oxidation reaction Pt/Ca-doped ZnAl2O4 
spinels

3.13 — 49
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3.6.1.1 � Reduction of Nitroaromatics
Ag NPs were reported as catalysts for the reduction of nitroaromatics. 4-Nitrophenol 
was reduced in water using a simple process that helped in evaluating the catalytic 
activity of Ag NP. The Ag NP on different kinds of supports such as Ag nano shell-
coated cationic polystyrene beads, Ag nanotubes, nano-Ag/silica nanotubes, etc. 
form efficient catalysts for water purification. Some catalysts like Ag hydrogel-based 
nanocatalyst, bimetallic Au, Ag core-shell nanoparticle, etc. were designed to reduce 
4-nitrophenol [12].

Selective reduction of nitroaromatics was carried out by support-dependent Ag 
cluster, which afforded selective reduction. The Ag NP on Al2O3 was found to be 
highly efficient catalysts for the hydrogenation of 4-nitrostyrene. Reduction of a 
series of nitroaromatic compounds was carried out selectively leading to the hydro-
genation of the nitro group to amine with quantitative conversions [12].

It was observed that the Ag NPs on different supports, like nanoporous alumina 
membranes and polystyrene nanotubes, exhibited higher catalytic activity than Ag 
NPs without support. Cross-linked lysozyme crystals (CLLC) proved to be a novel 
bio-nano composite support material for Ag NPs, with the resulting nano-Ag-based 
catalyst showing high catalytic activity for the reduction of nitroaromatic com-
pounds, including 4-nitrophenol. The nano-Ag catalyst in the presence of intermo-
lecular or intramolecular olefinic functionalities showed complete chemoselectivity 
for the nitro groups. Also, the nano-Ag catalyst was found to be reusable without any 
significant loss of catalytic activity or selectivity. Ag@Ni magnetic nanocatalysts 
were used for the hydrogenation of nitroaromatic compounds. This catalyst could be 
reused up to eight times without any significant loss of yield of the desired product 
[12]. Sometimes, the reduction of nitroaromatic compounds produced intermediate 
compounds due to partial hydrogenation [12].

3.6.1.2 � Reduction of Carbonyl Compounds
The catalytic activity of Ag NPs towards the alkene or carbonyl functional groups 
was quite low. However, the core-shell Ag@Ni nanocatalysts were very active for 
the reduction of carbonyl compounds (Figure 3.19) [52]. On reduction reaction of 
carbonyls, corresponding alcohols were produced with excellent yields under the 
hydrogenation conditions [12].

Use of core-shell AgNP@CeO2 dispersed on CeO2 support was used for reduction 
of substrates like unsaturated aldehydes and alkyl aldehydes with olefin functionality 
(Figure 3.20) [53]. This catalyst was easily recovered by simple filtration and no 
leaching of Ag was observed. Also, this catalyst was found to be suitable for reuse 
without any loss of its high efficiency [12].

FIGURE 3.19  Reduction of ketone to secondary alcohol using Ag@Ni nanocatalyst.
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3.6.1.3 � Other Reductive Transformations
Ag NP attached on hydrotalcite behaved as a catalyst using alcohol as a reductant 
for deoxygenation of different epoxides into alkenes. This catalyst was found to be 
highly effective for the deoxygenation process of epoxides having phenyl groups 
like styrene oxide but not effective for the deoxygenation of aliphatic epoxides 
(Figure 3.21) [12].

Ag-ceria core-shell nanocomposite catalyst was generally used to catalyse the 
reduction of nitroaromatic compounds. AgNP@CeO2 catalyst had an exclusive 
reduction ability for deoxygenation of epoxides and converted them into their cor-
responding alkenes. Epoxides of aromatic, alicyclic and aliphatic compounds were 
converted into the corresponding alkenes with high yields and selectivity. It was also 
found that this catalyst could be recovered by using a facile filtration method and 
could be reused with substantial retention of activity and selectivity [12].

3.6.1.4 � Oxidation of Alcohols
Oxidation reaction is a fundamental process in nature and a very important transfor-
mation in organic chemistry. Various nano-Ag catalyst systems were determined as 
effective heterogeneous catalysts for the oxidation of alcohols. Selective oxidation 
reaction of alcohols to carbonyl compounds or their derivatives has been one of the 
most significant and fundamental reactions of organic chemistry [12]. It was found 
that the monodispersed Au-Ag alloy clusters with varying Ag content were used for 
catalytic oxidation of p-hydroxybenzyl alcohol [54]. It was also observed that the pres-
ence of less than 10% Ag on Au–Ag NP enhanced the catalytic activity of the catalyst. 
The gas-phase oxidation of high–molecular-weight alcohol to corresponding aliphatic 
aldehyde was carried out by a novel catalyst of Ag NP fixed in a silicon nanowire 
(Ag@SiNW) [55]. The Ag@SiNW catalyst showed higher selectivity than other Ag 
catalysts towards the desired product for conversion of octan-1-ol. Ag NP-supported 
hydrotalcite catalyst showed very high catalytic activity for dehydrogenated oxidation 
of a variety of molecules containing the alcohol functional group.

3.6.1.5 � Oxidation of Silanes
Silanes and silanols were useful in the synthesis of organosilicon-based polymeric 
materials. It was observed that the Ag NP with hydroxyapatite base showed high 

FIGURE 3.20  Reduction of aldehyde to primary alcohol using AgNP@CeO2 catalyst.
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O

R1 R2

Ag/HT (2 mol%)

Toluene, i-PrOH (10eq.)

R1

R2



https://www.twirpx.org & http://chemistry-chemists.com

72� Catalysis in Organic Transformations

catalytic activity for selective oxidation of hydrosilanes, where the aqueous medium 
was used as the green oxidant (Figure 3.22). Moreover, Ag-hydroxyapatite (Ag-HAp) 
catalyst could be recovered from the reaction mixture and could be easily reused up 
to four times without losing catalytic efficiency and selectivity. The catalytic activity 
of Ag-based NP was investigated and it was found that both aromatic and aliphatic 
silanes could be effectively transformed into the corresponding silanols and silyl 
ethers, respectively by using alcohols and water as oxidants (Figure 3.23) [12].

Recently, halloysite nanotube-supported Ag NPs were found to behave as an 
active catalyst for carrying out the polymerization of an alkylsilane (C18H37SiH3) in 
an aqueous solution to form silanol- /siloxane-based composite microspheres [12].

3.6.1.6 � Oxidation of Olefins
Olefinic substrates are one important class of organic intermediates, due to their easy 
availability and possibility to get transformed into various functional compounds. Ag 
NPs were generally used to catalyse the oxidation of olefins and aromatics [55]. In 
2006, Shape-tailored Ag NP catalysts helped to catalyse the oxidation of styrene but 
the results of this reaction were not good. Later, Purcar and co-workers prepared a 
novel nano-Ag catalyst supported on the hybrid films, which contained methyltrime-
thoxysilane (Ag-MeTMS) to catalyse the oxidation of styrene, and excellent catalytic 

FIGURE 3.22  Oxidation of silanes to silanols using Ag-HAp as catalyst.
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activity was observed with ~99% yield. It was also reported that the Ag nanocages 
helped in the oxidation of variety of olefins (Figure 3.24). Acyclic and cyclic olefins 
formed corresponding epoxides with high selectivity and high conversion rate [12].

3.6.1.7 � Alkylation of Amines and Arenes
Alkylation is of great interest to organic chemists for synthesizing a large number 
of complex chemicals and biologically active molecules. Silica-supported Ag NPs 
helped to catalyse the Friedel–Crafts alkylation of arenes (Figure 3.25). The cata-
lyst (Ag5SiO2) was active towards the Friedel–Crafts alkylation of arenes, whereas it 
showed lower reactivity for aliphatic alcohols, styrene and indene. The Ag NP was 
easily recovered from the reaction mixture by a simple filtration and could be reused. 
But the chemoselectivity of the product was poor due to the formation of the mixture 
o-/p-substituted aromatics [12].

3.6.1.8 � Miscellaneous Applications
3.6.1.8.1 � Ag NP-catalysed Green Synthesis and Reduction of Methylene  

Blue Dye
Synthetic organic dyes used in numerous industries are harmful to health and envi-
ronment. Ag nano-catalysts synthesized by green methodology were used for reduc-
tion of methylene blue dye in the presence of sodium borohydride (NaBH4) [56].

3.6.2 � Magnetic NP

The separation of solid heterogeneous catalysts from a reaction mixture could be 
carried out by the filtration or centrifugation process. Catalysts with nanometer-sized 

FIGURE 3.24  Nano-Ag catalysed oxidation of alkene.
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magnetic core and catalytic shell were used as magnetically recyclable catalysts 
and could be recycled conveniently by the application of an external magnetic field. 
For example, Ag and maghemite (γ-Fe2O3) NPs were used to construct magneti-
cally recyclable nanometer-sized catalysts that were used to catalyse the reduction 
of 4-nitrophenol in presence of NaBH4. Spongy type Au and Ag nanostructures were 
reported for the reduction of 4-nitrophenol. These nanostructures possessed high 
catalytic activity, but during the use of these nanostructures, it was difficult to avoid 
their contamination caused by the formation of undesired by-products in the reaction 
medium. The Fe2O3 NPs deposited on Ag were found to be efficient nanocatalysts for 
carrying out the reduction reaction, which converted 4-nitrophenol to 4-aminophenol 
by using NaBH4 in the aqueous media. The magnetic particles were harnessed easily 
from the solution by using a neodymium magnet. The catalysts could be recycled 
several times [33] (Table 3.5).

3.6.2.1 � Future Perspectives
In recent times, metal NPs have emerged as a prominent class of catalysts that are 
capable of converting the organic compounds into desired products with high yield 
and high stereoselectivity. With the rapid development of noble metal nanocatalysts 
and their demonstrated application in synthetic organic chemistry, researchers work-
ing in this field are exploring this vigorously. This book chapter has compiled and 
illustrated all major strategies utilized for the synthesis of simple and biologically 
significant organic molecules catalysed by Au, Pd, Ir, Pt and Ag NPs. These noble 

TABLE 3.5
Summary of Reactions Catalysed by Ag NP

Reaction Nanoparticle/Support Size (nm) Reference

Reduction reaction

Hydrogenation of nitroaromatics

Reduction of carbonyl compounds

Reduction of unsaturated aldehydes

Deoxygenation of epoxides

Oxidation of alcohols

Oxidation of hydrosilanes

Oxidation of organosilanes

Epoxidation reaction

Alkylation of arenes

Ag NP/polystyrene beads

Ag Nanocluster/
Θ-Al2O3

Ag/Ni magnetic
Ag@Ni magnetic 
nanocatalyst

Ag/CeO2

Ag NP@CeO2

Ag NP/hydrotalcite

Ag/silicon nanowire

Ag/hydroxyapatite
Ag-Hap

Ag nanoporous
(No support)

Ag NP cages

Ag NP/silica

—

0.8–4.2

—

—

—

—

—

25

5 ± 2

[12, 37, 52–55]

Reduction of methylene Ag NP
(no support)

8–32 [56]

Reduction of 4-nitrophenol Ag/magnetic NP 5–10 [57]
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metal NPs are seen to have great potential to be developed as high-performance 
catalysts which will become an advantageous tool for synthetic organic chemists. 
This in turn would positively influence a plethora of fields like pharmaceuticals, pet-
rochemicals, energy conversion to name a few. We wish that this book chapter will 
provide useful insight on the chemical transformations catalysed by noble metal NPs 
and encourage students to further study this as well as researchers to take up new 
challenges for further development of this field.
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4.1 � INTRODUCTION

Heterogeneous catalysis plays a significant role in industrial processes these days 
as it helps to obtain selective and reusable catalysts. At first glance, heterogeneous 
catalysis looks very different from organometallic chemistry and homogeneous 
catalysis. The molecular approach is now widespread in heterogeneous catalysis, and 
continuity of disciplines is being accepted that runs from monometallic activation 
to solid-state activation through organometallic clusters. Organometallic chemistry 
is an exciting and active field of research with several practical applications which 
involve compounds with at least one metal–carbon bond [1]. It links the aspects 
of both organic as well as inorganic chemistry, hence is of paramount importance. 
Studies of organometallic compounds have improved the understanding of chemical 
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bonding because these complexes have distinct structures and bonds. The field of 
organometallic chemistry originated in the mid-1800s when Frankland found the 
ethyl and methyl derivatives of Zinc, Tin, and Mercury, and is still a growing field 
of interest. The reason behind the rapid growth of organometallic chemistry is due 
to the wide-ranging applications of organometallic complexes in organic synthesis 
(which was noticed with the discovery of the Grignard reagent at the end of the 
19th century) and the function of metals in biological systems [2–4]. Organometallic 
catalysts can catalyze many organic reactions due to the ease of modification in their 
environment by changing the surrounding ligands. Many ligands can coordinate with 
the transition metals, which are responsible for changing the reactivity and selectiv-
ity completely. Few organometallic reagents are extremely specific, which allows the 
preparation of the complex target without involving the protecting groups. Complex 
molecules can be combined with the help of organometallic reagents, which pro-
vides flexibility and is effective in designing functional materials and biologically 
important molecules [5]. Organometallic compounds are also utilized as precursors 
in the preparation of nanomaterials and microelectronic materials. As organometallic 
compounds consist of ligands and metals, the synthetic methods can be divided into 
two types: the reaction between metal species and ligand precursor, and the reaction 
of the organometallic compound to yield a new ligand.

The organometallic chemistry field is further divided into two domains based on the 
metal bonded with carbon. One includes the compounds having alkali, alkaline earth 
metals, and more metallic elements in the Zn, B, C, O, and N groups of the periodic 
table. Carbon is bonded by a simple σ-bond or by the ionic bond in these compounds. 
Examples of such compounds include Grignard reagents, organolithium reagents, etc. 
While the other involves the compounds consisting of transition metals like ferrocene 
or Ziese’s salt which have a metal–carbon π-bond [6]. Vitamin B12 co-enzyme, which 
includes a Co–C linkage, is a prominent example of an organometallic complex.

The properties of organometallic compounds differ on the basis of bonds involved 
between metal and carbon. This distinction can be used for different applications like 
the production of commodity chemicals (such as polymers), medicinal chemistry, 
fine chemical synthesis, and catalysis [1, 7]. Organometallic compounds which pos-
sess the properties of both ionic and covalent bonds play a crucial role in industrial 
chemical reactions as they are stable in solutions and sufficiently ionic to undergo the 
reactions [8]. Organometallic compounds can work in homogeneous as well as het-
erogeneous catalysis, but we will be discussing the organometallic compounds in 
heterogeneous catalysis.

4.2 � ORGANOCOPPER COMPOUNDS

Copper is the cheapest and most abundant of the coinage metals, with oxidation states 
ranging from 0 to +4 [9]. Tremendous advancement has been seen in organic synthesis 
with copper as a reagent and catalyst in the last few years. Organocopper compounds 
consist of a carbon–copper chemical bond and provide effective coupling of two dif-
ferent carbon groups. Organocopper reagents are easy to handle, highly reactive, and 
provide regioselectivity, chemoselectivity, and stereoselectivity; hence, they are uti-
lized in the synthesis of natural products and as intermediates for many reactions.
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One of the most commonly used methods for the preparation of organocopper 
compounds is the transmetalation method. The transmetalation reaction is one of the 
earliest and simplest reactions that make up the core of organometallic chemistry. 
Frankland reported the first transmetalation reaction in 1849 while preparing ethyl 
zinc species from zinc metal and ethyl iodide.

It is one of the fundamental reactions of organometallic chemistry, which involves 
the movement of the ligand from one metal to another and has a wide range of appli-
cations in polymer chemistry and in organic reactions. It helps to produce a large 
number of organometallic compounds of both transition metals and main group ele-
ments. For many cross-coupling reactions, transmetalation is the rate-determining 
step. In a transmetalation reaction, the metal–carbon bond is activated, leading to a 
new metal–carbon bond. This reaction is used not only to prepare organocopper com-
pounds but also for other organometallic compounds [10].

Lipshutz et al. reported the utilization of trimethylsilyl group as a proton surrogate 
for generating hexamethylsilyl stannane (Me3Sn-SiMe3), whose direct treatment 
with R2Cu(CN)Li2 in THF at low temperature affords higher-order trimethyl stannyl 
cyanocuprate [11]. Once formed, these cuprates participate in the usual cuprate cou-
pling reactions to deliver the Me3Sn group with virtually complete selectivity, all 
operations being carried out in a single flask. Hexamethylsilyl stannane is prepared 
from the treatment of commercially available Me3Si-SiMe3 in THF/HMPA with 
MeLi at low temperatures. The resulting solution of Me3SiLi is converted to  
Me3Sn-SiMe3 by treatment with Me3SnCl, and then subjected directly to the trans-
metalation as mentioned above.

4.3 � REACTIONS WITH ORGANOCOPPER COMPOUNDS

4.3.1 � Synthesis of β-methylthiobutenolides

Organocuprates are widely used in carbon–carbon bond formation reactions because 
of their unique reactivity toward conjugate addition. Hosomi and co-workers used 
the reductive capabilities of these cuprates in the synthesis of vinyl-copper com-
pounds. In this methodology, ketene dithioacetals are reduced efficiently with the 
help of Me2Cu(CN)Li2 to produce vinyl copper species which on treatment with 
an acyl chloride, yields corresponding acylated products (Figure 4.1) [12]. Hence, 
this protocol offers an efficient and novel methodology for the synthesis of highly 
functionalized organic compounds. The reduction of these compounds leads to the 
generation of β-methylthiobutenolides.

FIGURE 4.1  Synthesis of β-methylthiobutenolides.
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4.3.2 �E poxide Ring Opening

Organocopper compounds are one of the reagents commonly used for regioselective 
opening of epoxide ring. Here, stereoselective synthesis of alkenes has been shown 
using a combination of triethylsilyloxirane and organocuprate reagent as the starting 
materials. Epoxide opening leads to the formation of β-silyl alcohol which on further 
oxidation and elimination of Et3Si-OH group generates both the diastereomers of 
alkenes depending upon the condition chosen (Figure 4.2) [6].

4.3.3 � Conjugate Addition

General methodology for the synthesis of catechol derivatives has been reported by 
Gurski and group in which 4-vinyl,2-cyclobutenone were prepared by the addition of 
carbon nucleophile to cyclobutendiones. This is followed by thermolysis at 100 °C 
which gave highly substituted aromatic compounds in good yield (Figure 4.3) [13].

The development of stereoselective carbon–silicon bond-forming reactions is 
highly desirable in organic chemistry. Hale et al. have reported the conjugate addi-
tion  of lithium-cuprate reagent lithium bis[diphenyl(diethylamino)silyl]-cuprate 
[(Ph2(Et2N)Si)2CuLi] to unsaturated esters and ketones for the synthesis of β-carbonyl 
siloxanes. Stereochemical route of reaction was managed by the presence of suitable 
Lewis basic functionality giving the final product in excellent diastereoselectivity 
(Figure 4.4) [14]. The resultant products could be used as templates for stereoselec-
tive transformations that do not involve silyl transfer by accident.

Xiang and co-workers were able to synthesize the trisubstituted vinyl triflones 
through the addition of an organocopper reagent to acetylenic triflones [15]. Poor 

FIGURE 4.2  Epoxide ring opening using organocuprate reagent.
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selectivity of the product (syn:anti) was seen when the corresponding lithium-
cuprates were used as nucleophiles (Figure 4.5).

4.3.4 �P reparation of Allenes

Allenes are the main target molecules in organic chemistry; the excellent reactivity 
of allenes promotes the conversion of allenes into other valuable molecules. They 
act as important building blocks toward the complex molecular targets and are being 
utilized in the synthesis of many natural and pharmaceutical products. A new meth-
odology has been developed by Hohmann and the group for the synthesis of allenes 
by the 1,6-addition of organocuprates to acceptor-substituted enynes. Treatment of 
lithium dimethylcuprate with trimethylsilyl iodide (Lewis acid) afforded the desired 
allene with 45% of isolated yield (Figure 4.6) [16].

4.3.5 � Coupling with Acyl Chloride

Linderman and co-workers have shown a completely selective transfer of secondary 
α-acetoxyalkyl groups can occur from (α-acetoxyhexyl)tricyclohexyltin but during 
coupling reactions, non-selective transfer of alkyl group is observed. They found that 
upon treatment of α-acetoxy tin with acyl chloride in presence of copper as catalyst 
results in the generation of the desired α-acetoxy carbonyl product in moderate yields 
along with few other by-products (Figure 4.7) [17].

FIGURE 4.4  Conjugate addition of [Ph2(Et2N)Si)2CuLi] to unsaturated carbonyl.
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4.3.6 � Ring-opening Reaction of α,β-epoxy silane

α,β-Epoxy silanes react with a wide variety of reagents via ring-opening α to silicon 
atom. These reactions have been found to have a variety of uses in organic synthesis. 
Hudrlik et al. have reported the use of organocopper reagent in ring-opening reac-
tion  of α,β-epoxy silane. It was observed that the treatment of epoxy silane with 
PhLi/CuI in 2:1 and BF3.Et2O afforded β-hydroxy silane in 86% yield. The further 
treatment of the alcohol with KH or BF3.Et2O gave olefin of different diastereoselec-
tivity (Figure 4.8) [18].

4.3.7 � Reaction of Organocuprate with α,β-unsaturated Ketone

1,4-Addition of lithium organocuprate with α,β-unsaturated ketone has turned out 
to be an important reaction for the formation of the new carbon–carbon bond at 
the β position [19]. In 1,4-addition, α carbon of α,β-unsaturated ketone forms bond 
with hydrogen and β carbon forms a new bond with the incoming nucleophile. It is 
reported that the treatment of 2,2,5-trimethyl-4-hexen-3-one with 1.5 equivalents of 
Me2CuLi.LiI in the presence of ethoxyethane at 0 °C provided 1,4-addition product 
in 90% yield [20]. The effect of concentration of cuprate (Me2CuLi.LiI) was tested, 
and it was seen that different ratios of 1,4-product were formed with high concentra-
tion and low concentration of the reagent.

4.3.8 � Synthesis of β-amino acid

β-Amino acids and their α-hydroxy derivatives are important because many of 
them occur in diverse natural products endowed with significant biological activity. 
Notwithstanding an apparent abundance of methods, the authors have demonstrated 

FIGURE 4.7  Coupling with acyl chloride.
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the versatility of enantiomeric 3-(tosylamino)butano-4-lactones which can be obtained 
from L- and D-aspartic acids. The lactone serves as a versatile template for preparing 
amino acids and their hydroxy derivatives of ‘syn’ configuration in optically pure form. 
The key step is the introduction of alkyl chain using Gilman reagent (Figure 4.9) [21].

4.3.9 � Substitution Reaction

Linderman et al. presented a new diastereoselective method for the synthesis of 
α-stannyl ally1 ethers. The final compound was obtained in good yield when the 
reaction was carried out in the presence of BF3.Et2O with varying organocuprates at 
−78 °C (Figure 4.10) [22].

4.3.10 � Remote Asymmetric Induction

Rakotoarisoa and group had studied the addition of PhCu-BF3.Et2O reagent to chi-
ral dienic acetal and observed that the regioselectivity of reaction was found to be 
dependent on both nature and substitution of starting acetal system (Figure 4.11) 
[23]. Acidic hydrolysis of the resulting enol ethers afforded the corresponding chiral 
δ-substituted aldehydes in moderate yields.

FIGURE 4.9  β-Amino acid synthesis with Gilman reagent.
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4.3.11 �O rganolithium compounds

Organolithium compounds contain a bond between lithium and a carbon atom. Due to 
the electropositive nature of lithium, charge density is on carbon; hence it behaves as 
a carbanion, and the organolithium compound acts as both nucleophile and base. They 
are essential intermediates and effective reagents for organic transformations due to 
their exceptionally high reactivity. Organolithium compounds are thermally more 
stable as compared to other alkali metals. They are found to make coordination com-
plexes with ethers, neutral Lewis base, amines, and alkoxides and display diverse fea-
tures depending on the complexing reagent [24]. Organolithium compounds are found 
as oligomers in solutions, and separation occurs when they react with an electrophile. 
The degree of aggregation and reactivity can be controlled with the help of chelating 
ligands such as tetramethylene diamine and hexamethyl phosphoric triamide.

4.3.12 � Synthetic methods for organolithium compounds

Organolithium compounds can be prepared by various methods which are listed in 
Table 4.1.

4.4 � REACTIONS WITH ORGANOLITHIUM COMPOUNDS

4.4.1 �A ddition Reactions

Parker and group have found that lithiated glycal undergoes 1,2-nucleophilic addition 
reaction with functionalized quinone derivative to give C-arylglycoside. The addition 
reaction is mediated by BF3.Et2O and proceeds at −78 °C in THF. The reductive 
aromatization of intermediate is done with Na2S2O4 in a mixture of THF/H2O (5:2). 
The addition product thus obtained can be converted into papulacandin nucleus by 
a series of reactions including epoxidation and spiroketalization, on the other hand, 
hydroboration leads to the chaetiacandin framework (Figure 4.12) [28].

(R)-O-(1-Phenylbutyl)cinnamaldoxime undergoes asymmetric reaction with 
organolithium in presence of BF3.Et2O to afford hydroxylamine with 95% isolated 
yield and 92% diastereoselectivity (Figure 4.13) [29]. The chiral hydroxylamine can 
be converted into N-protected amino acids via N–O bond cleavage and conversion 
into carboxyl functionality via a combination of Ru-NaIO4. The methodology was 
also applied toward the preparation of ketoxime ethers and subsequent conversion to 
quaternary amino acids.

TABLE 4.1
Synthetic Methods for Organolithium Compounds

Entry Reaction Reference

1. Halogen-metal exchange [25]

2. Shapiro reaction [26]

3. Ortho/direct metalation [27]

4. Transmetalation [10]
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Knight et al. reported the incorporation of lithiated methyl phenyl sulfone to 
nitrones in THF at −78 °C, followed by quenching with ammonium chloride and 
aqueous workup provides hydroxylamine in excellent yields and enantioselectivity. 
Rapid reverse-cope elimination of hydroxylamine derivative at room temperature 
gives pyrrolidine N-oxide as a single enantiomer (Figure 4.14) [30].

4.4.2 � Synthesis of 1,4-diketones

1,4-Diketones are significant organic scaffolds used as precursors for the preparation 
of several heterocyclic compounds. Due to this reason, many protocols have been 
developed for their synthesis. An effective and novel methodology was reported by 
Varea et al. for the synthesis of disubstituted 1,4-diketones from squaric acid deriva-
tives. The protocol involves the addition of organolithium compound on squaric acid 
at room temperature followed by hydrolysis (Figure 4.15) [31].

FIGURE 4.12  Addition reaction of functionalized quinone with lithiated glycal.
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4.4.3 � Reductive Coupling of Aldehyde Tosylhydrazones

In the growing pantheon of carbon–carbon formation reactions reductive coupling 
stand out because of the easy availability of corresponding starting materials. In 
this regard, an improved and effective method for the formation of carbon–carbon σ 
bonds by reductive coupling of aldehyde tosylhydrazone with organolithium reagent 
has been reported by Myers and the group. They found that the treatment of 1.2 
equivalent alkyl lithium reagent with aldehyde tosylhydrazone at −78 °C furnished 
the desired adduct in excellent yields (Figure 4.16) [32].

4.4.4 �P arham Cyclization

Parham cyclization is one of the crucial methods used in the synthesis of heterocyclic 
compounds. Generally, it is performed by lithium–halogen exchange, followed by 
reaction with internal electrophile causing ring closure. Figure 4.17 shows a repre-
sentative example of the application of Parham cyclization, here E are groups like 
CH2Br, CH2Cl, epoxide, etc. bearing a leaving group (Figure 4.17) [33].

4.4.5 �W ittig Rearrangement

Wittig rearrangement is a type of sigmatropic rearrangement which is promoted 
by base. It involves the concerted reorganization of electrons during which a group 
attached by σ bond migrates to the terminus of an adjacent π bond. This reaction 
shows great stereo control and can be used early in the synthetic route to generate 

FIGURE 4.15  Synthesis of 1,4–diketones.
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stereochemistry. Rearrangement of ethers on treating with base is called Wittig rear-
rangement. With [2,3]-Wittig rearrangement homoallylic alcohols can be synthe-
sized from allylic ether while [1,2]-Wittig rearrangement yield secondary or tertiary 
alcohols from ethers [34].

4.4.6 � Ramberg–Bäckland Reaction

The Ramberg–Bäcklund reaction is a convenient method that allows a base-mediated 
conversion of α-halosulfones into E or Z alkenes. Z alkenes are often observed with 
weak bases, whereas, strong bases give predominantly E alkenes. Among the many 
known methods for preparing alkene Ramberg–Bäcklund reaction stands out due to 
the easy availability of sulfones (Figure 4.18) [35].

4.4.7 � Synthesis of 1,5-diketones

A new and efficient strategy for the synthesis of 1,5-diketones is reported and applied 
in the preparation of the fungicidal sesquiterpene (±)-α-herbertenol. In this protocol, 
3,4-dihydropyranones were treated with organolithium reagent in presence of THF 
and good yields were achieved. The reaction was quenched with TMSCl before the 
hydrolytic workup and organolithium reagent which has donor group adjacent to 
carbon–lithium bond is functionalized (Figure 4.19) [36].

4.4.8 � Rearrangement Reaction

A simple and proficient method for synthesis of fused tricyclic 5–6–7 ring systems was 
reported by Ovaska and co-workers via Claisen rearrangement. The tricyclic product 
was obtained in 85% yield when the substrate was heated with a catalytic amount of 
methyl lithium (0.1 equivalent) in Ph2O as solvent at 195 °C for 1 h (Figure 4.20) [37].

FIGURE 4.18  Ramberg Bäckland reaction.
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4.4.9 � Synthesis of α,β-butenolides

Metal carbonyl-substituted compounds are useful reagents for organic synthesis. 
Braun et al. reported the reaction of cyclic [η5-C5H5(CO)2Fe] substituted enals with 
organolithium reagent in THF giving α,β-butenolides. The reaction proceeds via 
smooth 1,2-addition onto the aldehyde functionality in the presence of 1.05 equiva-
lent of organolithium reagent followed by an intramolecular cyclocarbonylation 
(Figure 4.21) [38].

4.4.10 � Reaction with Epoxy Silane

Epoxy silanes are bifunctional silanes that are comprised of a reactive epoxy group 
and a hydrolyzable alkoxy group. Negishi et al. report a stereospecific proce-
dure for preparing oxygenated heterocycles containing an exocyclic alkene group 
using Hudrlik’s epoxysilane opening reactions with heteroatom nucleophiles. In 
this protocol epoxy silane reacts with an organolithium reagent in the presence of 
a base like KH or under specific reaction conditions to give alkenes in 95% yield 
(Figure 4.22) [39].

4.4.11 �O rganozinc Compounds

Organozinc compounds consist of carbon–zinc bonds that are reactive compounds, 
hence holds the central position in organic chemistry [40]. Organozinc compounds 

FIGURE 4.20  Rearrangement reaction with organolithium reagent.
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are readily prepared by oxidative addition of zinc to alkyl, allylic, or benzylic 
halides, or by transmetalation reactions. Carbon–zinc bond gets inserted to moder-
ately polar electrophiles like aldehydes, nitriles, and ketones. Frankland discovered 
diethyl zinc, the first organozinc compound, in 1849 [41]. Diethyl zinc is a color-
less, volatile liquid that ignites easily on exposure to air. Decomposition of organoz-
inc compounds occurs quickly in water, so reactions should be performed under 
the inert atmosphere of nitrogen, carbon dioxide, or argon. Organozinc reagents 
can be transmetallated to other reactive organometallic species and possess good 
chemoselectivity. Availability of low-lying p-orbitals at the zinc center favors trans-
metalation with a number of transition metal complexes. There are three basic clas-
sifications of organozinc compounds: organozinc halides, organozinc, and lithium 
or magnesium zincates [42]. They are suitable for the preparation of polyfunc-
tional organic molecules without using protection and deprotection steps. Hence, 
Organozinc compounds are not only important in organic chemistry but also work 
as catalysts in industrial processes.

4.4.12 � Synthetic Methods for Organozinc Compounds

The methods used for the preparation of organozinc compounds are discussed in 
Table 4.2.

4.5 � REACTIONS WITH ORGANOZINC COMPOUNDS

4.5.1 �A ddition of Organozinc Reagent to β-keto phosphonates

Wiemer et al. report that a reaction between β-keto phosphonates with allylzinc bro-
mide results in nucleophilic addition of carbonyl group to give β-hydroxy phospho-
nates in excellent yield. It was observed that the addition of allylmagnesium reagent 
is particularly efficient in the presence of BF3.Et2O. β-Hydroxy phosphonates on 
further reaction with O2 in presence of PdCl2 and Cu(OAc)2 furnishes oxidation of 
allyl group (Figure 4.23) [46].

4.5.2 � Synthesis of 1,3-dienes

1,3-Dienes have various applications, like used as chemicals in the production of 
rubbers and are also used as intermediates for the synthesis of many polymers, 

TABLE 4.2
Synthetic Methods for Organozinc Compounds

Entry Method Reference

1 Displacement reaction [43]

2 Transmetalation [44]

3 Carbocyclization [45]

4 Oxidative addition [44]
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hence are of utmost importance. Montgomery and co-workers report the reaction 
between propargyl trimethylsilane with organozinc reagent to yield δ-hydroxy allyl 
silane. The reaction proceeds with the direct elimination of trimethylsilanol to give 
1,3-disubstituted dienes in good yields (Figure 4.24) [47].

4.5.3 �N egishi Cross-coupling Reaction

Nickel catalyzed cross-coupling reaction between the organometallic reagent and 
organic halides is one of the main ways to prepare polyfunctional molecules, and 
Negishi cross-coupling reaction using alkyl zinc halides has proven to give a good 
yield of products. It is one of the essential methodologies for synthesizing new C–C 
bonds between complex synthetic intermediates. Apart from synthesizing organic 
molecules, the Negishi coupling reaction has various optical, magnetic, electro-
chemical materials, and polymer chemistry applications. Knochel et al. reported an 
improved nickel catalyzed cross-coupling reaction to yield ortho-substituted aryl ester 
in excellent yields. The coupled product was synthesized by the reaction between 
ortho-substituted aryl iodide and alkyl zinc iodides in the solid or solution phase [48].

4.5.4 �A lkylative Ring Opening

Lautens et al. had investigated the stereochemical outcome in ring-opening reactions 
of oxabicyclic compounds and reported a new enantioselective transformation that 
significantly expands the scope and utility of this reaction. The novel method for 
nucleophilic ring-opening involves a reaction of oxabicyclic compound with dialkyl 
zinc reagent, which leads to the desired product in good yield (Figure 4.25) [49]. This 
method is applicable to the enantioselective synthesis of cyclohexenols, cyclohep-
tenol, and dihydronaphthols.

4.5.5 �A ddition of Dialkyl Zinc to Aldehydes

Noyori et al. were the first to study the enantioselective catalytic addition of organozinc 
reagent to benzaldehyde and studied the ‘ligand acceleration’ term thoroughly [50]. 

FIGURE 4.23  Addition of organozinc reagent to β-keto phosphonates.
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They found that the addition of 2 mol% of DAIB ((−)-3-exo-dimethyl amino iso-
borneol) to benzaldehyde and dimethyl zinc results in the formation of secondary 
alcohols in 97% yield with 95% of enantioselectivity (Figure 4.26) [51].

4.5.6 � Synthesis of Allenes

Allenes are the organic compounds in which one carbon atom has double bonds with 
the two adjacent carbon centers. They are categorized as cumulative dienes. Varghese 
and the group had described the method for synthesizing substituted allenes that are 
further used to synthesize chiral compounds. Carbocupration of alkynyl sulfoxide, 
followed by homologation of vinyl copper with zinc carbenoid, lead to the formation 
of allyl zinc derivative that further undergoes β-elimination to form substituted allene 
(Figure 4.27) [52].

4.5.7 �P reparation of Polyfunctional Nitriles

Organozinc halides show high functional group tolerance, hence allow easy prepa-
ration of polyfunctional organozinc compounds. Knochel et al. have observed that 

FIGURE 4.26  Addition of dialkyl zinc to aldehyde.
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p-toluene sulfonyl cyanide can react with various organozinc compounds to afford 
polyfunctional nitriles in good yield, which are further used in the synthesis of ami-
nopyrrole, pyridazine, and pyrazolopyridazine derivatives. The reaction of p-toluene 
sulfonyl cyanide (ToSCN) with organozinc halide compound in THF solvent at room 
temperature yields heteroaromatic nitrile in 69% [53].

4.5.8 � Synthesis of Cyclopentenone

Crimmins et al. had reported the formation of cyclopentenone derivatives by the con-
jugate addition cyclization of zinc homoenolate to acetylenic esters under suitable 
reaction conditions with an isolated yield of 65% (Figure 4.28) [54]. Cyclopentenone 
works as excellent dienophiles in Diels–Alder reaction.

4.5.9 �G eminal-functionalization of Cyclopropanes

It was reported that the reaction of 1,1-dibromocyclopropane with n-BuLi proceeds 
with  the formation of lithium carbenoid. Further treatment of lithium carbenoid 
with ZnCl2 and alkyl lithium gives trans-zincate carbenoid, acid hydrolysis of which 
gives the cis-geminal functionalized cyclopropane derivatives as the only product 
(Figure 4.29) [55].

4.5.10 �N ucleophilic Substitution Reaction

The carbon–carbon bond formation is the basis of many organic reactions, and 
nucleophilic substitution reaction is one of the reactions for carbon–carbon bond 
formation. Brown et al. described the method for forming carbon–carbon bonds by 
a direct nucleophilic substitution reaction with a variety of carbon nucleophiles. The 
reaction of cyclic ether sulfones with an organozinc reagent in the presence of THF 
solvent and PhMgBr leads to the formation of a carbon–carbon bond at 2-position of 
cyclic ethers [56]. The group has tested the reaction with various solvents like THF 
and diethyl ether, but only THF gave the desired product. Magnesium’s role in this 
reaction was not clear, but it was an important component as the reaction failed with 

FIGURE 4.28  Synthesis of functionalized cyclopentenone.
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organozinc species directly prepared from organolithium species. If Grignard reagent 
could not be used, then magnesium bromide must be added to the reaction mixture.

4.5.11 �O rganoselenium Compounds

Selenium belongs to the chalcogen family and is an essential trace element, but the 
relative proportion in the environment is deficient [57]. Selenium is more polariz-
able as compared to sulfur, so it interacts strongly with the metals. Organoselenium 
compounds have a carbon–selenium bond. Diethyl selenide, the first organoselenium 
compound, was discovered in 1836 by Lowig [58]. They provide improved oxygen 
resistance and corrosion inhibition efficiency as compared to Tellurium and Sulfur. 
Organoselenium compounds are very stable and insensitive toward the air; hence 
they are robust. They possess long shelf life as they do not undergo oxidation and 
decomposition easily [59].

Moreover, they offer the benefit of recyclability. Due to all these properties, 
organoselenium compounds are used as biological compounds, especially the six-
membered ring organoselenium compounds and catalytic systems. Apart from this, 
they have a crucial role as a precursor for radicals as homolytic cleavage of carbon–
selenium bond is easy which can be done either thermally or photochemically.

4.5.12 � Synthetic Methods for Organoselenium Compounds

Organoselenium compounds can be made by the methods mentioned in Table 4.3.

TABLE 4.3
Synthetic Methods for Organoselenium Compounds

Entry Reactions Reference

1

t-Bu Br

CHO

CHO

t-Bu Se

CHO

CHO
2

Na2Se2

THF

[60]

2 COOMe

NH2

1. NaNO2

2. RSeCN

COOMe

SeCN

1. LiAlH4

2. O2

COOMe

Se
2

[61]

3

n-BuLi
NMe2Li

Se powder

N Se
Me Me

2
NMe2

[62]

4

Ph
OH

N
PhSeH

PhSe

Ph
OH

NH

[63]
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4.6 � REACTIONS WITH ORGANOSELENIUM COMPOUNDS

4.6.1 � Suzuki–Miyaura Carbon–Carbon Cross-coupling Reaction

Pd-Catalyzed Suzuki–Miyaura cross-coupling reactions have become essential tools 
for the construction of carbon–carbon and carbon–heteroatom bonds. In the last 
few decades, countless efforts have been made in the discovery and development 
with Suzuki–Miyaura cross-coupling chemistry and its application in pharmaceuti-
cals and agrochemicals. The reaction occurs between aryl halide and organoborane 
derivatives [64]. Many organoselenium–palladium compounds have tremendous use 
as catalyst for this coupling reaction. Among the many catalysts known, catalyst 
1 showed the best catalytic activity even with catalyst loading of only 0.04 mol% 
(Figure 4.30) [65].

4.6.2 � Sonogashira Coupling

Another important cross-coupling reaction for carbon–carbon bond formation is the 
Sonogashira reaction. In this reaction aryl halides react with terminal alkynes to give 
sp2–sp carbon–carbon bond [66] in the presence of a Pd-catalyst. This reaction is used in 
the synthesis of many natural products, pharmaceutical products, and organic materials.

Movassagh and co-workers have synthesized catalyst 2 by immobilizing an 
organoselenium–palladium pincer complex on polystyrene. The amount of catalyst 
incorporated into the polymer matrix was confirmed by ICP analysis. This catalyst 
was found to be very effective for Sonogashira coupling at low loading. It was also 
noted that less reactive and inexpensive aryl bromides and aryl chlorides have been 
successfully cross-coupled with terminal alkynes using low catalyst loading 
(Figure 4.31) [67].

4.6.3 �A ldehyde–Alkyne–Amine (A3) Coupling Reaction

The A3 reaction (also known as A3 coupling or the aldehyde–alkyne–amine reac-
tion), was a reaction whose name was given by Prof. Chao-Jun Li of McGill 

FIGURE 4.30  Suzuki–Miyaura reaction with organoselenium catalyst.
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University. It is a type of multicomponent reaction involving an aldehyde, an 
alkyne, and an amine which reacts to give a propargyl-amine [68]. The reac-
tion proceeds via direct dehydrative condensation and requires a metal catalyst. 
Selenium complexes have been widely used in a variety of organic transforma-
tions. Selenium-based catalyst 3 was found to be active in catalyzing the mul-
ticomponent A3 coupling reaction under solvent-free conditions. Hence, this 
reaction is eco-friendly and the organoselenium group in the catalyst makes it air 
insensitive (Figure 4.32).

FIGURE 4.32  A3 coupling reaction.
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FIGURE 4.31  Sonogashira coupling.
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4.6.4 �O xidation of Cyclohexene

Utilization of catalyst 4 in the oxidation of cyclohexene to get trans 1,2-cyclohexa-
dinol was reported by Wang et al. [69]. In catalyst 4, Se is present in a hexavalent 
state and makes the compound air-insensitive (Figure 4.33). The hexavalent state of 
Se gets reduced to the divalent state during the catalytic cycle which again gets oxi-
dized by air and comes back in hexavalent state without the utilization of hydrogen 
peroxide.

4.6.5 �H eck Reaction

Heck reaction is one of the most well-known and most important reactions for 
the carbon–carbon bond formation in organic chemistry. Reaction of aryl halide 
with terminal alkenes gives substituted olefins in excellent yields [70, 71]. Many 
organoselenium ligands have been tested for the Heck reaction but catalyst 5 was 
found to be the most efficient for catalyzing the reaction (Figure 4.34) [72].

FIGURE 4.33  Oxidation of cyclohexene.
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FIGURE 4.34  Heck reaction.
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5.1 � INTRODUCTION

Heterogeneous catalysis is an integral part of chemical industries and modern energy, 
through which a gas or a liquid phase reaction is carried out over a solid catalyst. 
Solid-supported catalysts play an immense role in the large-scale processes for con-
verting fuels, pollutants, and chemicals [1–5]. Although there are many advantages 
of using a solid-supported catalyst, some disadvantages are limited design improve-
ments, poor accessibility of the organic substrates to the active sites, and the use of 
severe reaction conditions such as high temperatures and pressures. Homogeneous 
catalysts, on the other hand, are impervious to these drawbacks. Hence, it is advanta-
geous to combine the advantages offered by homogeneous catalysts, namely high 
activity and selectivity, with the ease of separation of heterogeneous catalysts. One 
approach to this is to anchor homogeneous catalysts to inert support so that the ligand 
sphere of the metal complex is unchanged. The components of the hybrid catalytic 
systems must be tailored to meet reaction requirements. Supported catalysts must 
exhibit high selectivities and reasonable turnover numbers. The catalyst support must 
be mechanically strong and stable at elevated temperatures. Above all, the support 
must be chemically inert to the reactants, products, and solvents employed in the 
reaction. The active site in supported catalysts must be stable under the reaction con-
ditions and soluble in the reaction medium.

Solid catalysts consist of many elements and phases, which can be either crystal-
line or amorphous. They are categorized into main components, promoters, and 
supports (carriers). Main components take part in the catalytic transformation of 
molecules, promoters alter and enhance the performance of principal components. At 
the same time, supports are spread evenly on the surface of principal components and 
promoters, responsible for increasing the surface area, hence providing chemical and 
mechanical stability to the catalysts.

Solid materials, including metals, metal oxides, and metal sulfides, are classified 
as catalysts. In industries, few catalytic materials used are simple such as pure metals 
and binary oxides. Heterogeneous catalysts activity can be made better with the help 
of supports. Catalyst support plays a vital role in bringing out the catalytically active 
center, contributing to industrial processes. The majority of heterogeneous solid cata-
lysts are base or basic oxides coated over a large surface area. Generally, solid-base 
catalysts are found to be more active than solid-acid catalysts. Various classifications 
of solid catalysts are unsupported catalysts (bulk), supported catalysts, coated cata-
lysts, confined catalysts, polymerization catalysts, etc. but our primary focus will be 
on solid-supported catalysts. Solid catalysts can be separated easily from the reaction 
mixture and reused, making them ideal for catalysis.

In many industrial processes, supported catalysts have a crucial role. New tech-
niques are being carried out for the synthesis of the supported catalyst. By hetero-
genization methods, supporting materials can either be obtained with transition metals 
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or Schiff’s base ligands [6]. Two broad types of supports have been used to anchor 
transition metal complexes, organic polymers, and inorganic oxides. Commonly used 
polymeric supports include polystyrene, polypropylene, polyacrylates, and polyvinyl 
chlorides. Nowadays, silica, carbon, clay, zeolites, metal oxide polymers, and other 
mesoporous materials are being utilized as inorganic solid supports [7–8].

Polymers can be prepared with a wide range of physical properties. As a result, 
their porosity, surface area, and solution characteristics can be altered by varying the 
degree of crosslinking case of polystyrene, variation in the degree of crosslinking 
allows for almost continual change from a virtually soluble material at 2% crosslink-
ing to a completely insoluble material at 20% crosslinking. This allows different 
selectivity through control of diffusion of reactants within the polymer. The principal 
disadvantages of polymers are their poor heat transfer ability and, in many cases, 
their poor mechanical properties, which prevent them to be used in stirred reactors. 
Also, a decrease in diffusion properties generally results in a decrease in catalyst 
activity. Significant advantages of inorganic supports are their better mechanical and 
thermal stabilities coupled with good heat transfer properties. Most inorganic sup-
ports are more robust to high pressures and more resilient to changes in solvent 
polarity. Inorganic supports also exhibit inertness to reactants and products. Polymer-
supported catalysts can also deactivate through intermolecular aggregation or con-
densation or by chelation of the metal. This situation can also arise in a highly 
crosslinked polymer due to the short-range flexibility of the polymer. Rigid inorganic 
matrices circumvent these deactivation processes. The swelling of polymers under 
variable temperature and solution conditions can make the practical control of diffu-
sion variables difficult. This is not the case for inorganic substrates.

Mesoporous supports are found to be ideal catalyst support due to the 3-D open 
pore network structure, reusability, high surface area, and porosity, and their inter-
connected and uniformly arranged pores offer good and interactive surfaces between 
catalysts and reactants [9–17]. The shape of the solid catalysts is designed based on 
mechanical strength, thermal strength, mass, and heat transfer. Supported catalyst 
offers high surface area and stabilizes the dispersion of active components. It is often 
considered that supports are inert in nature, but they might actively interfere with the 
catalytic process. Highly dispersed noble metals supported on the surface of the 
acidic carrier is an example of active interaction between support and active phase.

Some examples of support materials are listed in Table 5.1 along with their char-
acteristics, advantages, and disadvantages [18].

5.2 � SUPPORTED CATALYSTS

Catalytically active substances are scattered over the high surface area of the support 
material. The foremost characteristic of supported catalyst is that the minor part 
is formed by the active material and is deposited on the support surface. In some 
instances, support is less or more inert like in α-alumina, ceramics, and porous glass, 
while in some cases, support participates in catalytic reactions as in the bifunctional 
catalytical systems [19–21]. Furthermore, several supports can bring about changes 
in catalytic properties of the active phase, which can decrease the strong metal–
support interaction. The heterogeneous catalysts with supports like aluminum oxide, 
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titanium oxide, zinc oxide, etc., are used because of the availability and low cost for 
the synthesis. The active phase (oxide, metal, sulfide) undergoes support and active 
phase interactions, which can be determined by surface free energies and by the 
interfacial energy between the active phase and support. For example, the chemi-
sorption capacity of Pt-TiO2 (supported metals) can inhibit the reaction of supported 
metal oxides like Nickel silicates, Nickel aluminates, etc. [19–20].

5.3 � SOLID SUPPORTS

Presently, several supports are available, having a wide range of surface area, poros-
ity, shape, and size. In order to acquire high surface area and stabilize highly dispersed 
active phase, supports are often porous materials possessing high thermostability. 
Usually used supports are binary oxides which include SiO2, TiO2, ZrO2 (tetragonal), 
MgO, etc., and ternary oxides like Zeolites, SiO2-Al2O3. Other probable catalyst sup-
ports are aluminophosphates, calcium aluminate, kieselguhr, etc. Different variants 
of carbon such as activated carbon, charcoal can also be used as supports unless 
oxygen is needed in feed at high temperatures.

5.3.1 � Silicon Carbide Support

Silicon carbide (SiC) is an important example of catalyst support due to its high ther-
mal stability and mechanical strength [22]. It is prepared with a porous structure and 

TABLE 5.1
Characteristics, Merits, and Demerits of Different Catalytic Supports

Support Characteristics Merits Demerits

Alumina 	•	 Hardness
	•	 High melting point and 

compression strength
	•	 Chemical and 

abrasion-resistant
	•	 High thermal conductivity

	•	 Narrow pore size
	•	 Thermally stable
	•	 High surface area and 

pore volume

	•	 Hydrolysis rate of 
alumina precursor 
is difficult to 
control

Zeolite 	•	 Microporous
	•	 Good electron conductivity
	•	 Inertness
	•	 Bifunctional catalyst

	•	 Effective
	•	 Less corrosion
	•	 High thermal stability
	•	 No waste disposal 

problem

	•	 Difficult to use 
shape selectivity

	•	 Irreversible 
adsorption of heavy 
secondary products

Silica 	•	 Hardness
	•	 Affinity in forming large 

complex
	•	 Found in nature and living 

organisms

	•	 Highly stable
	•	 High selectivity and 

efficiency
	•	 Good mechanical strength

	•	 Low compatibility
	•	 Chances to form 

agglomerates

Carbon 	•	 Non-metallic
	•	 Porous structure
	•	 Tetravalent

	•	 Large surface area
	•	 Good elasticity
	•	 High mechanical strength 

and thermal stability
	•	 Inertness

	•	 Expensive
	•	 Release of 

greenhouse gases 
during pyrolysis
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high surface area through templating [23]. SiC shows low density, extreme specific 
strength, and outstanding temperature stability. Hence, it is the best support that can 
be used during the high-temperature catalysis process. It can be altered for particular 
catalytic applications by the addition of metals. SiC combines the properties of both 
oxide and carbon-based support. The chemical and physical properties of SiC sup-
port make it the best material to be utilized for applications in the field of catalysis 
when compared with classical materials.

5.3.2 � Metal Oxide Supports

Metal oxide supports consist of at least one metal oxide component dispersed on the 
oxide support surface [24, 25]. Generally, active oxides are transition metal oxides, 
while support oxides are γ-alumina, SiO2, TiO2, ZrO2, and carbon. V2O5/TiO2 works 
as the active catalyst for the oxidation of o-xylene to phthalic anhydride [26, 27]. 
V2O5-MoO3-TiO2 and V2O5-WO3-TiO2 are used for the selective reduction of NOx 
emission with NH3 in tail gas [28, 29]. Supported vanadium catalysts can adapt 
themselves for oxidation reactions. Re2O7/Al2O3 is an effective metathesis cata-
lyst [30]. For the alkane dehydrogenation and dehydrocyclization, a combination of  
Cr2O3-Al2O3 and ZrO2-Al2O3 has been used extensively [31]. All the transition metal 
oxides possess low surface free energies than the typical support materials [24, 32]. 
Thus, they are likely to spread over the support surface and frame highly dispersed active 
oxide over layers. Supported oxide catalysts are called monolayer catalysts, though the 
support surface is incompletely covered, even the loadings equal to or greater than the 
theoretical monolayer coverage is good enough for catalysis. The possible reason for 
this is that most of the transition metal oxides form 3-D islands on the surface of support 
which possess the same structure as molecular polyoxo compounds [24, 25].

5.3.3 � Surface-modified Oxides as Supports

Surface properties of oxides (acidity and basicity) can be modified by depositing the 
modifiers. The acidic strength of alumina is dramatically increased either by incor-
porating chloride ions into or on the surface or during impregnation with the solu-
tions having chloride precursors of active components [33]. Chlorinated alumina is 
also attained by the surface reaction with carbon tetrachloride [34]. Powerful basic 
materials support alkali metal compounds on the alumina surface [35]. Sulfation of 
tetragonal ZrO2 gives strong solid acids that have super acidic properties [36, 37] as 
they also catalyze the isomerization of n-alkanes to iso-alkanes at low temperatures 
as carried out by tungstate ZrO2.

5.3.4 � Sulfide Supports

In petroleum refining industries, sulfide catalysts are generally used for hydro-
processing applications such as hydrosulfurization and hydrodenitrogenation. 
Usually, sulfide catalysts used in industries are obtained from oxides of group 
VIB (Mo or W), and group VIII (Co or Ni) supported on γ-alumina [38]. De 
Beer et al. discovered that there is no need for selective use of alumina support in 
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hydrosulfurization [39, 40]. Even carbon also exhibits good properties as support for 
molybdenum and tungsten sulfide catalysts.

Co and Ni sulfides have shown hydrodesulfurization activity when supported on 
carbon which is basically higher if measured for Mo or W. Hence, Co (Ni) present in 
Co(Ni)-Mo(W) sulfide catalyst not only act as a promoter for MoS2 or WS2 but also 
as active phase.

5.3.5 � Metal Supports

Metals possess high surface energy [32] and have the susceptibility to reduce the 
surface areas by partial growth. For the employment as a catalyst, they are usually 
dispersed on the high surface area supports, especially oxides like alumina, with the 
purpose to stabilize small nanosized particles under the suitable reaction condition 
[33, 41]. Bimetallic supported catalysts have two different metals that can either be 
miscible or immiscible as macroscopic bulk alloys. In industries, supported metal 
catalysts are usually utilized as macroscopic spheres or cylindrical extrudates.

Specific applications of Pt, Pd, Ni, Fe, and Co supported on Al2O3, active carbon, 
or SiO2 include hydrogenation and dehydrogenation reactions. Silver on Al2O3 is 
used on ethene epoxidation. Pt supported on chlorinated alumina is a bifunctional 
catalyst employed in catalytic refining and isomerization of petroleum fraction. 
Modifying the supported Pt catalyst with cinchona additives is used for enantioselec-
tive hydrogenation of α-keto ester [42].

5.4 � HYBRID CATALYSTS

Hybrid catalysts merge the homogeneous and heterogeneous catalytic transfor-
mations. The purpose is to join the positive features of homogeneous catalysts or 
enzymes concerning activity, selectivity, and variability in electronic and steric prop-
erties by the appropriate type of ligand (involving chiral ligand) [43] with hetero-
geneous catalysts having properties like ease of separation and catalyst recovery. 
This could be obtained by heterogenization or immobilizing active metal complexes, 
organometallic compounds, or enzymes on the solid support.

Dendrimers that are effective at the end of dendritic arms can be utilized for the 
immobilization of metal complexes [44]. Immobilized homogeneous catalysts are 
valid for selective oxidation and hydrogenation reactions, and they are also effective 
in asymmetric synthesis [45].

5.5 � TYPES OF HYBRID CATALYSTS

5.5.1 � Heterogeneous–Homogeneous Hybrid

Heterogeneous–homogeneous hybrid catalysts are also known as immobilized 
molecular catalysts [46]. Benefits of using such catalysts are their eco-friendly chemi-
cal production because of the long-term stability of such catalysts in storage and 
operating conditions, easy product separation, low waste and contamination, and their 
reusability.
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The main challenge in these types of catalysts is the conservation of internal activ-
ity and selectivity of the homogeneous component during immobilization which can 
alter the chemical and electronic structure of the catalytic center. Another challenge 
is to prevent the leaching of the active component.

5.5.2 � Heterogeneous–Enzyme Hybrid

These catalysts are applied in the industrial production of chemicals [47]. Usually, 
these hybrids are achieved by support-bound enzymes, entrapment, and support-free 
cross-linking [47a, 48].

Support-bound enzymes comprise enzymes adsorbed onto the support or are 
covalently attached to the support. The rate of adsorption of enzymes on the solid 
support is spontaneous due to the Van der Waals interactions, ionic and chelating 
interactions with the support. Even the enzymes can be immobilized by trapping 
them in a matrix or a semipermeable membrane. The extraordinary and distinctive 
properties of enzymes allow for the different methodology of enzyme immobiliza-
tion, i.e., support-free cross-linking, which gives highly concentrated enzyme 
activity, excellent stability, and low production costs by preventing the additional 
support.

5.5.3 � Ship-in-a-bottle Catalyst

Ship-in-a-bottle catalyst, also known as tea-bag catalyst, is a metal complex trapped 
physically in the restricted spaces of zeolite cages. The trapped complexes are sup-
posed to retain their numerous solution properties. Catalytic efficiency can be altered 
in a synergic manner by shape selectivity, electrostatic environment, and acid-base 
properties of the zeolite host. In zeolite cages, ligands for metal complexes are 
dimethyl glyoxime, ethylenediamine and different Schiff’s bases, and porphyrins 
[49]. Zeolite encapsulated complexes are used as model compounds for mimicking 
the enzymes.

There are three routes to achieve the entrapped complexes:

	 I.	Reaction of a transition metal with a preformed flexible ligand inserted into 
zeolite cages.

	 II.	Collecting the ligand from smaller species inside the cavities of zeolite.
	 III.	Synthesis of zeolite structure around the preformed transition metal 

complex.

5.5.4 �P olymerization Catalyst

Polymerization catalysts are routinely used to regulate the incorporation of one or 
more monomers into a polymer chain, which can, in turn, dictate the mechanical 
properties of the resultant material. For instance, Ziegler–Natta catalysts are com-
bined solid and liquid compounds with transition metals like titanium and vanadium 
[50]. Titanium tetrachloride with alkyl aluminum compounds is functional for olefin 
polymerization. Powerful catalysts are generated by supporting TiCl4 on solids like 
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MgCl2, SiO2, or Al2O3 to enhance the amount of active titanium. Nowadays, the pro-
duction of Ziegler–Natta catalysts is carried out by ball milling with about 5% TiCl4, 
and the co-catalyst is triethylaluminium. Phillips catalyst comprises of hexavalent 
surface chromate on a silica support having high surface area. Ethylene and other 
hydrocarbons help in the reduction of Cr+6 to Cr+2 or Cr+3.

Single-site catalysts utilizing metallocene as active species are established. The 
activity of these materials is increased dramatically by doing the activation with 
methylaluminoxane. The catalytic efficiency is more than that of Ziegler–Natta cata-
lysts and Phillips catalysts.

5.5.5 �C oated Catalysts

One cause of deactivation in heterogeneous catalysts is that the metallic nanopar-
ticles can aggregate over time, leading to a loss in catalytic activity and selectivity. In 
particular, palladium catalysts (Pd) are known to aggregate easily and form Pd black. 
As a result, much effort has been put into finding new catalytic systems, which effec-
tively combine the advantages of both heterogeneous and homogeneous catalysts. 
Besides bulk and supported catalysts, coated catalysts are the third class of catalysts. 
In comparison to conventional catalyst geometries like powders, tablets, spheres, and 
rings, the coated catalysts are catalytically efficient and an active layer is used on an 
inert structured surface. The utilization of coated catalysts is becoming very popular 
nowadays. The active layer comprises of bulk or supported catalyst.

The examples of such systems are mentioned below [51–53]:

	•	 Structured packings
	•	 Fibers and cloths
	•	 Eggshell catalysts deposited on inert carrier
	•	 Foams and sponges
	•	 Catalytic wall reactors

The benefits of using coated catalysts are – high specificity at low diffusion length, 
most efficient mass transfer from fluid phase to solid catalysts layer, optimal use of 
active mass, and low-pressure drop.

5.6 � SOME EXAMPLES OF SUPPORTED CATALYSTS

As the properties of the supported catalyst are already discussed, here we will be 
dealing with the most important and common examples of supported catalysts that 
are utilized in many reactions.

5.6.1 �T itanium Oxide as a Catalyst Support in Heterogeneous Catalysis

Most of the heterogeneous catalysts are unstable, as during the reaction, the particles 
agglomerate and block the catalyst’s active site. To overcome this challenge, TiO2 as 
the support for the heterogeneous catalyst is established due to its high surface area, 
which stabilizes the catalyst in the mesoporous form.
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The properties of TiO2 like non-toxicity, high effectiveness, extended photostabil-
ity, good mechanical resistance, and stability in acidic and oxidative environments 
make it essential support in heterogeneous catalysis. TiO2 enhances the catalytical 
performance; therefore, it can be employed for dehydrogenation, hydrodesulfuriza-
tion, water gas shift, and thermal catalytic performance [54, 55]. Among distinct 
material candidates, TiO2-based catalyst support materials possess excellent proper-
ties [56a]. The TiO2 catalyst support possesses excellent resistance toward corrosion 
in different electrolytic media.

Metal nanoparticle on titanium oxide support study is essential in heterogeneous 
catalysis because of the size and interactive nature of metal nanoparticles with TiO2 
support [56b]. The interaction affects the catalytic activity and selectivity of a hetero-
geneous metal catalyst. Among the changes done in TiO2, anatase is the most com-
monly used catalyst support because of its high specific surface area and intense 
interaction with metal nanoparticles [55a, 57]. The rutile form is not significant, and 
only a few results are reported in the literature with rutile support.

5.6.2 �A u/TiO2 Heterogeneous Catalyst

Gold is an excellent catalyst for alcohol oxidation by molecular oxygen in the liquid 
phase having high activity, selectivity, and resistance toward deactivation [58]. The 
catalytic efficiency of Au/TiO2 is decided by the partial size and support properties 
[58b]. TiO2 is an excellent support for Au heterogeneous catalyst system because of 
its intense interaction with the metal, chemical support, and acid–base properties 
[56a, 59].

Au/TiO2 support system is used to oxidize primary alcohols into carboxylic acids 
[60] and is also used to remove CO and NOx. Major factors responsible for the cata-
lytic performance of Au/TiO2 are porosity and phase transformation. It is considered 
that different TiO2 crystalline phases could influence the interaction of support-metal, 
Au-size, oxidation state, and Au dispersion in the heterogeneous catalytic system. To 
show the higher performance of the catalyst system, Au particles are to be present in 
a cluster size of less than 5 nm.

5.6.3 �N i/TiO2 Heterogeneous Catalyst

Ni-Supported heterogeneous catalyst is one of the main Ni-based catalysts because 
of the strong interaction between the catalyst support TiO2 and Ni metal [61]. This 
catalyst shows the best activity toward the acetophenone hydrogenation due to 
strong interaction between the Nickel and rutile surface over the Ni/TiO2 [62]. It was 
observed that the hydrogenation process of maleic anhydride is highly affected by 
the calcination temperature of Ni/TiO2.

5.6.4 �T iO2 Support in Bimetallic Heterogeneous Catalysis

The easy availability, affordability, and non-toxicity of TiO2 as a powerful solid with 
photochemical stability make it an excellent support for heterogeneous bimetal-
lic catalysis. TiO2 can interact with the bimetallic system through the formation of 
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Ti3+ charge. Even the electrical conductivity of TiO2 is because of the Ti3+ ions. An 
example of a bimetallic system having TiO2 support is CoMn/TiO2 which is used 
for the Fischer–Tropsch synthesis to produce C2–C4 olefins [63]. Au-Cu/TiO2 was 
studied for the total oxidation of methane, ethane, and epoxidation of propane. Apart 
from the applications mentioned above, TiO2 supports are also utilized in photoca-
talysis, small molecules transformation, and organic reactions, and are also used as 
electrodes.

5.6.5 � Heterogeneous Metal Catalysts for Oxidation Reactions

In chemical industries, oxidation reactions play a vital role in the synthesis of spe-
cific compounds. Heterogeneous catalysts enhance the oxidation reactions either 
by TBHP (tert-butyl hydroperoxide) or hydrogen peroxide [64]. Here, we will be 
discussing some selected oxidation reactions catalyzed by the supported metal 
catalysts.

5.6.6 �C onversion of Glucose to Gluconic Acid

Oxidation reactions play a crucial role in chemical industries to produce many 
organic compounds. Homogeneous catalysts have been widely utilized for the oxida-
tive process in the manufacturing of bulk and fine chemicals, but due to certain limi-
tations, heterogeneous catalysts are being used in place of homogeneous catalysts to 
obtain high yield and fewer by-products.

Aerobic oxidation of glucose to gluconic acid (Figure 5.1) has achieved attention 
due to the water-soluble cleansing properties and its use in food additives. Earlier, 
glucose oxidation was carried out using biochemical pathways that were multistep 
procedures, expensive, and time-consuming; hence the growth of catalytic route is 
another way for the large-scale production of gluconic acid. Catalysts that promote 
the oxidation of glucose to gluconic acid are listed below in Table 5.2.

5.6.7 �O xidation of Carbon Monoxide

Carbon monoxide (CO) has now grown up as an important research area as it is 
involved in several procedures like the synthesis of methanol, water gas shift, CO2 
lasers, and automotive exhaust controls. CO gas is harmful to the environment 

FIGURE 5.1  Conversion of glucose to gluconic acid.
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and toxic for animals [68]. Oxidation of CO is a challenging process; therefore, 
a highly active oxidation catalyst is required to remove CO efficiently [68b]. For 
this purpose, Haruta et al. revealed that highly dispersed gold prepared on dif-
ferent metal oxide supports are incredibly active in CO oxidation prepared by 
deposition-precipitation and co-precipitation method, and they observed that the 
performance of the catalysts was dependent on the mode of the method used for 
their preparation, and TiO2-supported gold or platinum catalyst exhibits the high-
est activity.

5.6.8 �O xidation of Alkyl-substituted Benzene

Catalytic oxidation of alkyl-substituted benzene is one of the crucial paths for 
the synthesis of perfumes, essential chemicals, drugs, and synthetic materi-
als. Different catalysts are employed in the oxidation reactions of alkylbenzene. 
Table 5.3 summarizes the oxidation of ethylbenzene to acetophenone (Figure 5.2) 
using different catalysts. The best yield could be realized when Ag/SBA-15 was 
used as a catalyst and tert-Butyl hydroperoxide (tBuOOH, TBHP) as an oxidant. 
This reaction is carried out in a solvent-free condition and requires only 5 h for 
complete conversion.

TABLE 5.2
Catalysts Involved during Conversion of Glucose to Gluconic Acid [65–67]

S. No. Catalyst Used Oxidant Solvent Selectivity (%)

1 Au/Al2O3 O2 Water 97

2 Nanosized Au/SiO2 H2O2 Water 80

3 Pb-Te/SiO2 O2 — 88.4

TABLE 5.3
Catalysts Used for Oxidation of Alkyl Benzene

S. No. Catalyst Used Oxidant Solvent Reaction 
time (h)

Selectivity(%)

1 Fe nanocatalysts on 
surface of SiO2/Al2O3

TBHP — 24 89

2 Silica-supported cobalt, 
NHPI

O2 CH3COOH 24 91

3 Au/SBA-15 TBHP CH3CN 36 93

4 Ag/SBA-15 TBHP —   5 99
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5.6.9 �T otal Oxidation of Formaldehyde

Formaldehyde is harmful and is one of the major pollutants in exhaust gases; hence, 
catalytic oxidation is the efficient way to control pollution [69]. Among different 
transition metals like Pt, Pd, Ag, Au, silver is the best metal for oxidation because it 
is cheap and shows high activity and selectivity [70]. SiO2-supported silver catalysts 
favor the oxidation of formaldehyde. Transition metals like Ce and Mn promote the 
oxidation activity of silver because of high O2 storage, redox capacity, and oxygen 
supply to silver (Table 5.4) [71]. An increment in the catalyst activity obtained by 
the silica modification with cerium or manganese oxide is due to the synergic action 
between cerium/manganese oxide and silver.

5.6.10 �E poxidation of Olefins by Molecular Oxygen over Supported  
Metal Heterogeneous Catalysts

Epoxidation of olefins is an effective reaction that yields epoxides as beneficial syn-
thetic intermediates [72]. The molecular oxygen carries out epoxidation of olefins 
with aldehydes over silica or carbon-supported heterogeneous metal catalysts like 
Pd/SiO2, Pd/C, Ru/SiO2, and Ir/SiO2. The catalyst is powerful, can be separated eas-
ily, provides high selectivity and excellent yield of epoxides. Hence, epoxidation 
of some common alkenes by molecular oxygen can be effectively carried out by 
using supported metal heterogeneous catalysts in the presence of aldehydes at room 
temperature.

Results of epoxidation of isobutyraldehyde or benzaldehyde with different sup-
ported metal heterogeneous catalysts at room temperature and 1 atm of O2 pressure 
are reported in Table 5.5.

TABLE 5.4
Formaldehyde Conversion and Product Selectivity

S. No. Sample HCHO Conversion (%) Selectivity (methyl formate)

1 CeO2/SiO2 19.4   87.5

2 MnO2/SiO2   2.9 100

3 CeO2-MnOx/SiO2   8.8   91.7

FIGURE 5.2  Conversion of ethyl benzene to acetophenone.
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5.7 � TRANSITION METAL COMPLEXES WITH POLYMERIC LIGANDS

Supporting homogeneous transition metal catalysts on organic polymers has been an 
area of intense research. A considerable number of systems have been studied either 
using commercially available polymers or by their synthesis. The most popular route 
to supported catalysts has been to start with commercial polystyrene and introduce 
functional groups. Polystyrene has been functionalized with a wide variety of ligand 
groups, and the principle routes include lithiation and chloromethylation. By using 
polystyrene, the polymer can be modified by changing the amount of cross-linking, 
affecting the type of catalyst produced. Polystyrene supports can be prepared by 
chloromethylation of polystyrene cross-linked with divinylbenzene, followed by the 
treatment with lithium diphenylphosphide (Figure 5.3) [73–76]. However, support 
has been prepared by polymerizing p-diphenylphosphino styrene. This phosphenated 
polymer transition metal complex is prepared in an inert solvent.

TABLE 5.5
Epoxidation of Different Olefins in the Presence of Isobutyraldehyde and  
Benzaldehyde

S. No. Catalyst Substrate Aldehyde Time (h) Yield (%) Selectivity (%)

1 Pd/SiO2 Cyclohexene Isobutyraldehyde   6.5 98 100

2 Pd/SiO2 1-Hexene Isobutyraldehyde 21 69 82

3 Pd/SiO2 1-Decene Benzaldehyde 22 95 100

4 Pd/SiO2 Styrene Isobutyraldehyde 22 33 41

5 Pd/SiO2 Cyclohexene Benzaldehyde 12 95 100

6 Pd/C Cyclohexene Isobutyraldehyde   5.5 73 99.7

7 Pd/C 1-Decene Isobutyraldehyde 20 47 100

8 Pd/C Styrene Isobutyraldehyde   5 84 84.3

9 Pd/C 1-Decene Benzaldehyde 22 90 100

10 Ir/SiO2 1-Decene Isobutyraldehyde 22 40 100

11 Ir/SiO2 1-Decene Benzaldehyde 22 59 100

12 Pt/SiO2 1-Decene Isobutyraldehyde 22 23 100

13 Pt/SiO2 1-Decene Benzaldehyde 22 35.7 100

FIGURE 5.3  Preparation of polystyrene support.
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Polymer support formed on silica had been evolved at the British Petroleum Co. 
Ltd. There are two steps involved in making a transition metal complex with silica 
ligand [73].

	 I.	 In first method, silica is treated with diphenyl(2-(triethoxysilyl)ethyl)phos-
phine to obtain a silicon-based catalyst system which itself is supported on 
silica. Diphenyl(2-(triethoxysilyl)ethyl)phosphine can be prepared by adding 
diphenylphosphine to vinyl triethoxysilane under the UV (Figure 5.4) [77].

	 II.	The second method for preparing silica-supported complex is the initial 
formation of complex having diphenyl(2-(triethoxysilyl)ethyl)phosphine 
ligand and condensation with silica (Figure 5.4). For instance, the reac-
tion of ruthenium chloride salt with diphenyl triethoxysilane under ambient 
reaction conditions leads to the formation of a Ru-complex which is then 
reduced with NaBH4 and then combined with silica.

There are extensive hydrocarbon reactions that are being catalyzed by silica and 
polystyrene support mentioned in Table 5.6.

FIGURE 5.4  Method 1: preparation of silicon-based catalyst. Method 2: preparation of 
metal-based catalyst on silica.
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TABLE 5.6
Reactions Catalyzed by Polymer-supported Transition Metals

S. 
No.

Type of Reaction Metal Complex Polymer Support Substrate Reference

1 Hydrogenation (RhCl(C2H4)2)2 Poly-p-
diphenylphosphinostyrene

— [78]

2 Hydrogenation RhCl(PPh3)3 Phosphenated 
2% cross-linked 
polystyrene-divinylbenzene

Cyclohexene
Hex-1-ene
Cyclooctene
Cyclododecene

[74]

3 Hydrogenation RhCl3

RhCl3 then PPh3

RhCl3 then C2H4

RhCl(PPh3)3

Phosphenated 
2% cross-linked 
polystyrene-divinylbenzene

Hept-1-ene
Vinyl acetate
Vinyl ethyl 

ether

[75]

4 Hydrogenation NiCl2 then NaBH4

Rh(acac)(CO)2

[RhCl(COD)]2

RhCl3

Phosphenated PVC Propylene
Hex-1-ene
Oct-1-ene

[79]

5 Hydrogenation (EtO)3SiCH2 
CH2PPh2

Silica Hex-1-ene [73]

6 Hydrogenation [IrCl(COD)]2 Phosphenated silica Hex-1-ene
Isoprene

[80]

7 Hydrogenation RhH(CO)(PPh3)3 Phosphenated SiO2 Pent-1-ene
Trans 

pent-2-ene
Cyclohexene
Cyclooctene

[81]

8 Hydrogenation RhCl3 Phosphenated SiO2 Pent-1-ene [81]

9 Hydroformylation (EtO)3SiCH2 
CH2PPh2

SiO2 Hex-1-ene [73, 82]

10 Hydroformylation RhCl3 then C2H4 Phosphenated 
20% cross-linked 
polystyrene-divinylbenzene

Hept-1-ene [75]

11 Hydroformylation [Rh(CO)2Cl]2 Cross-linked polystyrene-
divinylbenzene with-
P(Ph)2, P(Bu)2, –SH, 
–CH2NMe2, P(OMe)2

Hex-1-ene [83]

12 Hydrosilylation RhCl3 Phosphenated 
20% cross-linked 
polystyrene-divinylbenzene

(EtO)3SiH and 
hex-1-ene or 
vinyl ethyl 
ether or 
acrylonitrile

[75 and 83]

13 Acetoxylation PdCl2 Phosphenated silica Ethylene
Propylene
Isobutene

[84]

14 Polymerization Ni(COD)2 Phosphenated silica Butadiene [80]

15 Polymerization NiCl2 Phosphenated polystyrene Ethyl propiolate [84]

16 Oligomerization NiCl2 Phosphenated polystyrene Phenyl 
acetylene

[84]
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6.1 � INTRODUCTION

Molecular pores or voids provide a confined environment than the bulk phase. These 
pores may be constrained or flexible depending upon the wall of molecular archi-
tecture and target molecule of consideration. Zeolites [1] are natural porous archi-
tectures and scientists have attempted to mimic such pores in an artificial system 
which may be synthesized either through coordinate bond between metal cations 
(acts as node) and judicial choice of an organic framework (known as linker) or 
through condensation of purely organic framework. The former is explored as metal–
organic frameworks (MOFs) [2] and the latter is known as covalent organic frame-
works (COFs) [3]. Depending upon the range of pore size, materials are classified as 
microporous, mesoporous and macroporous, respectively. Materials of pore size in 
the range of 2–50 nm are known as mesoporous materials. The word “Mesoporous” 
is of Greek origin, which signifies having a pore size of diameter in between micro 
(less than 2 nm) and macro (more than 50 nm) materials.

6
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6.2 � TYPES AND CLASSIFICATION OF MESOPOROUS MATERIALS

There are other types of porous materials, namely porous organic polymers (POPs) 
[4], porous molecular solids (PMS, Table 6.1). Every category has its own signifi-
cance and suitable applications. Such porous materials have a wide range of appli-
cations like gas storage [5–12], separations [13–21], sensing [22–26], magnetism 
[27–33], catalysis [34–41], etc. In this chapter, we will focus on various catalytic 
processes under heterogeneous conditions and their underlying basic principles.

6.3 � CHARACTERISTIC FEATURES OF MESOPOROUS MATERIALS  
FOR CATALYSIS

Molecular pores or cavities of mesoporous materials play a significant role in the 
chemical transformation [42]. The pore size of mesoporous materials plays a dual 
role: (i) acts as a barrier for mass transfer, and (ii) provides molecular exchange resis-
tivity. The prerequisite conditions for mesoporous materials to qualify as an ideal 
system for catalysis with a high turnover number (TON) are rigidity and insolubility. 
The rigidity of a molecular pore stabilizes the transition-state and determines the 
selectivity, observed in the final product. Isolated molecular pore even shows some 
unusual chemical transformation that may not occur in an open system [43]. For cata-
lytic purposes, porous materials should qualify the following characteristic features:

	 (i)	 it should possess suitable pore size, should be easily accessible and if 
required can be programmed accordingly,

	(ii)	 should be chemically and thermally stable during the course of reaction,
	(iii)	 should be reusable, and
	(iv)	 it should be overall cost-effective.

Among mesoporous materials, MOFs meet all these criteria. An additional advan-
tage of using MOFs as mesoporous materials for catalytic purposes is their ease of 
tuning just by changing the ratio of metal composition (nodes) and/or their organic 

TABLE 6.1
Classification of Porous Materials and Their Characteristic features

Zeolites MOFs COFs POPs PMS

Porosity Microporous or 
mesoporous

Mesoporous Mesoporous Mostly 
microporous

Mesoporous

Crystallinity High High Moderate Amorphous High/
amorphous

Thermal 
stability

Excellent Good Poor Okay Poor

Modularity/
diversity

High Excellent High High Possible

Processing Insoluble Insoluble Insoluble Moderate Soluble

Designability Excellent Excellent Good Good Possible
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counterparts (linkers). Various types of organic linkers have been explored in lit-
erature, such as phenolate, pyridyl, amine, imidazolates, sulphonates, phosphonates, 
polycarboxylates, etc. It has been found that the organic linker-bearing carboxylate 
group with transition metal cations form stable and robust pores like zeolites [44].

For chemical transformation, the surrounding medium around participating 
molecule(s) plays a crucial role; for example, chemical transformation systems that 
are uniform or homogeneous in nature, perform well, take less time to complete the 
reaction and hence, utilized in industrial processes [45]. However, the isolation of 
catalysts and their recycling is a highly tedious and challenging process [46]. 
Mesoporous materials, especially MOFs work as heterogeneous systems and facil
itate several advantages like [46–48]:

	 (i)	 ease of separation (after completion of a reaction),
	(ii)	 easy recycling,
	(iii)	 minimisation of metal contamination in the product(s),
	(iv)	 improved handling and process control,
	(v)	 single-site reactivity,
	(vi)	 pore-defined substrate size and shape selectivity, etc.

The efficiency, selectivity and loyalty of heterogeneous catalysis through mesoporous 
materials mainly depend upon the composition and nature of pore(s) of materials, 
i.e., linker(s) and node(s) utilized in the formation of mesoporous materials. Various 
linkers containing different functional groups or sometimes mixed functional groups 
have been explored in the literature. Preference has been given to linkers containing 
carboxylic acid group, because of the thermal stability of the metal–ligand bonding 
of the resultant architecture [44].

6.4 � BUILDING BLOCKS OF MOFS

The fate of physicochemical properties, like thermal stability, size, and shape of the 
pore formed in a 3-D MOF network, depends upon the building blocks of the MOF. 
Hence, to construct a MOF, a judicial choice of building block is very crucial. There 
are mainly two parts: the first is organic moiety, also called a linker and the second is 
an inorganic component, called a node. Depending upon our requirement, i.e., shape 
and size of the pore, various linkers of different shapes and sizes are explored in the 
literature (as shown below). The nature and position of the functional group at the 
organic linker also play a decisive role. In general, a single type of linker is used to 
construct the corresponding MOF. However, it has been observed that mixed linkers 
give extra strength to the framework that we will see in various examples, discussed 
below. Depending upon the number of binding sites (to node), the linkers can be 
classified as monodentate, didentate, tridentate, and so on.

Another factor that controls the shape and size of pore(s) in mesoporous materials 
is the node. In fact, the node of MOFs plays multidisciplinary roles: (i) it determines 
rigidity/flexibility of the resultant frameworks, (ii) it determines shape and size of 
pore(s) formed in the resultant frameworks, (iii) it provides a catalytic site for chemi-
cal transformation. In general, if the coordination site of a metal ion is occupied by 
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solvent molecule(s) then it can be removed either by heating, applying high pressure 
or through diffusion. The resultant vacant site is occupied later by the active site of 
the reactant molecule in the catalytic process. To incorporate the active site on the 
metal ion, metal of high coordination number, such as lanthanides or actinides have 
been successfully explored (that will be discussed later in catalytic methodologies). 
The concepts of secondary building units (SBUs) [49–51] and isoreticular synthesis 
[49] have been used to obtain structural diversity in MOFs for several applications 
including heterogeneous catalysis. In this chapter, we will focus on the basic con-
cepts and applications of heterogeneous catalysis rather than sequential improvement 
or development of MOFs formation, which is already well explored [5, 49, 50, 52–
56] in several reviews.

6.5 � BASIC UNDERLYING PRINCIPLES OF HETEROGENEOUS  
CATALYSIS WITH MOFS

In general, MOFs synthesized either by hydrothermal or solvothermal methodol-
ogy provide a 3-D architecture (in contrary to room temperature synthesis which 
form 2-D sheet) with a periodic arrangement of interspatial pores or cavities. Also, 
resultant frameworks are insoluble in common organic solvents and thus facilitate 
heterogeneous catalysis. In a typical MOF, the following catalytic sites are available 
for chemical transformations:

	 (i)	 Unsaturated metal centre or coordinatively unsaturated site (CUS),
	(ii)	 Surface modification or functionalisation of linker unit, and
	(iii)	 central pore/cavity of MOFs.

The last two methodologies have been developed recently for novel and robust MOF 
formation for multidisciplinary applications including catalysis. Catalytic processes 
on each site with some selected examples will be discussed.

6.5.1 � Unsaturated Metal Centre

During the course of framework synthesis, if the coordination number of the metal cen-
tre is fulfilled by coordinated solvent molecule(s) such as water, DMF, methanol, etha-
nol, etc., then the solvent molecule(s) may be removed either by heating or applying 
high vacuum. Sometimes, the framework collapses after the removal of the coordinated 
solvent molecule(s) by heating MOFs under high pressure. To avoid the framework 
collapse, two methods have been explored, called as supercritical CO2 treatment [57] 
and freeze-drying method [58]. The coordinated solvent molecule(s) removed by 
either method provides a catalytic active site (called as coordinatively unsaturated site, 
CUS, Figure 4) at metal ion. To create such an active site, transition metal ion of high 
coordination number or lanthanide metal ions are used. These metal ions have high 
chances to fulfil the coordination site by surrounding solvent molecule(s) during the 
process of their synthesis. Chromium terephthalate-based MOF, MIL-101 reported by 
G. Férey [59], was stable at 275 °C even after removing coordinated water molecules. 
It was possible to replace water molecules attached to the metal centre of the resulting 
MOF with suitable chiral auxiliary for asymmetric catalysis [60] (vide infra).
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The first example of heterogeneous catalysis at the metal centre of a crystalline 
porous material has been explored by Fujita et al. [61]. They have shown size-selec-
tive cyanosilylation of aldehydes. The metal ion at the node of MOF was facilitating 
Lewis acidic sites for catalytic process. The application of a free basic site at the node 
of MOF has been explored by Kim et al. for transesterification process through 
POST-1 (Figure 6.1) [62]. The carboxylate group of ligands (D-PTT, shown above) 
binds with Zn2+ ion and N-terminal pyridyl group remains free and this free basic site 
catalyses transesterification reaction.

Asymmetric catalysis at the node of MOF was first explored by Lin and co-
workers. As discussed above, to create a CUS at metal ion, it is worthful to use metal 
ion of high coordination number. Lin and co-workers successfully synthesized MOF 
by using one isomer of 2,2′-diethoxy-1,1′-binaphthalene-6,6′-bisphosphonic acid 
with a series of lanthanide ions to get crystals of homochiral lanthanide bisphospho-
nate. Enantioselective cyanosilylation of benzaldehyde was performed [63] using 
samarium derivative of MOF (Figure 6.2). Although selectivity was less, enhance-
ment of selectivity was explored through a novel approach.

FIGURE 6.1  Free basic site attached to chiral MOF (POST-1) for trans-esterification process.

FIGURE 6.2  First asymmetric catalysis promoted at the node of MOF, reported by Lin and 
co-workers.

(Reproduced after permission from reference 63.)
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After removing the coordinated solvent molecule, the metal ion at the node acts as 
Lewis acidic site, so the active site of the reactant molecule coordinates with the 
Lewis acidic site. Chiral linker provides an asymmetric environment or space for the 
catalytic process. Catalytic oxidation of substrate is also possible at the node of MOF 
[64]. Chemoselective oxidation of sulphide to sulphoxide using urea hydroperoxide 
(UHP) or H2O2 was explored [65] by Fedin, Kim and co-workers. MOF, [Zn2(bdc)
(l-lac)(dmf), dmf = N,N-dimethylformamide] was synthesized by using mixed link-
ers, 1,4-dicarboxylic acid and L-lactic acid with Zn(NO3)2·6H2O. The conversion and 
selectivity of catalytic product were dependent upon size of the substrate molecule 
(Figure 6.3). Although conversion of small substrate (a and b of Table 6.2) was mod-
erate, selectivity was good. However, conversion of the larger substrate was poor. 
This result shows the significance of the pore size inside MOF.

The perquisite condition for catalysis at the node is to sustain framework integrity 
after the removal of the coordinated solvent molecule. Among transition metal ions, 
chromium-based MOF (MIL-101) [59] has shown good thermal stability. Férey and 
co-workers have explored MIL-101, for catalytic synthesis of sulphoxide [66] simply 
using hydrogen peroxide (Figure 6.4). Highly effective conversion and excellent 
selectivity were observed, even for a larger substrate with MOF, MIL-101, of excep-
tionally large pore size and high surface area. The catalytic process was expected to 
proceed through a free radical mechanism.

FIGURE 6.3  Chemoselective oxidation of size-selective sulphide to sulphoxide by urea 
hydroperoxide or H2O2 with metal–organic framework [Zn2(bdc)(l-lac)(dmf)].

(Reproduced after permission from reference 65.)
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Size-selective catalytic oxidation at the node of MOF was explored in an excellent 
way by Fedin and co-workers [67]. They have attempted with linkers of different sizes, 
keeping functionality on linkers and metal ion constant. The pore size of the correspond-
ing MOFs was dependent upon the size of the linkers used. This variation is reflected in 
the size-selective conversion and selectivity of sulphide to sulphoxide oxidation.

The previously reported MOF, [Zn2-(bdc){(L)-lac}(dmf)] DMF, by the same 
author [65], synthesized by benzene-1,4-dicarboxylic acid (bdc), (L)-Lactic acid and 
Zn-metal ion, have pore size of 5 × 5 [Å]. Excellent conversion and selectivity were 
observed with small substrates like methyl phenyl thioether (PhSMe, entries 1 and 2 
of Table 6.3). However, very poor conversion was observed for larger substrates like 
PhSCH2Me (entry 4 of Table 6.2 and entry 3 of Table 6.3). When they have extended 
the frameworks with linkers of comparatively longer size, 4,4’-biphenyldicarboxylic 

TABLE 6.2
Oxidation of Sulphides (a–d) Catalysed by [Zn2(bdc)(l-lac)(dmf)]

Entry Sulphide
Oxidant 
(equiv.) Solvent Conversion [%]

Selectivity 
[%]

1 A UHP (2) CH2Cl2 64   92

2 B UHP (2) CH2Cl2 58   83

3 c UHP (2) CH2Cl2 7   90

4 d UHP (2) CH2Cl2 3 Not measured

5 a H2O2 30% (3) CH3CN 92 100

6 a H2O2 90% (3) CH2Cl2 + CH3CN 10:1 100   87

7 b H2O2 90% (3) CH2Cl2 + CH3CN 10:1 85 100

8 b H2O2 90% (3) CH2Cl2 + CH3CN 10:1 58 100

FIGURE 6.4  Highly efficient catalytic oxidation of sulphide to sulphoxide with MOF, 
MIL-101.

(Reproduced after permission from reference 66.)
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acid (bpdc) and 2,6-naphthalenedicarboxylic acid (ndc), the size of the pore of result-
ing frameworks, [Zn2-(bpdc){(R)-man}(dmf)]·2DMF (2) and [Zn2-(ndc){(R)-man}
(dmf)]·3DMF (1), increases respectively. As a result, although conversion with the 
substrate of larger size (entries 4–7 of Table 6.3) slowed down, selectivity observed 
was excellent.

Oxidation of unsaturated hydrocarbons, like cyclohexene, has been shown through 
Cu-based MOF [68] [Cu(H2btec)(bipy)]∞ by Spodine and co-workers. Mixed ligand of 
2,2′-bipyridine and 1,2,4,5-benzenetetracarboxylic acid was used for MOF synthesis 
through hydrothermal technique. In the single-crystal structure, Cu(II) centre has dis-
torted square planar geometry. With tert-butyl hydroperoxide (TBHP), cyclohexene 
can be transformed into a mixture of the corresponding epoxide and 2-cyclohexenone, 
respectively. The reported MOF [Cu(H2btec)(bipy)]∞, shows a high value for the con-
version of cyclohexene (64.5%) at 75 °C for 24 h. The mechanism was proposed on 
the basis of literature report [69–71]. In the first step, distal O-atom of TBHP interacts 
with Cu(II) centre with an extension of the coordination number. Meanwhile, nucleo-
philic attack of cyclohexene on the coordinated O-atom of TBHP followed by con-
certed O-transfer leads to the formation of coordinated epoxide at the Cu-centre. With 
the subsequent elimination of epoxide, the catalyst was regenerated for the next round.

An interesting example of catalytic activity of cyanosilylation through Cu-based 
MOF was reported by Kaskel and co-workers [72]. The reported MOF [Cu3(BTC)2 
(H2O)3·xH2O], was synthesized using benzene-1,3,5-tricarboxylic acid and 
Cu(NO3)2·3H2O by hydrothermal technique at 120 °C. At higher temperatures, the 
formation of Cu2O (as by-product) along with the MOF was reported earlier. In the 
reported MOF, Cu2-clusters are coordinated to carboxylate moieties to form a 
“paddle-wheel” unit (Figure 10, top-left), where O-atoms of carboxylate groups are 
found to be lying at the corner of a square. The Cu2+ ions are connected through a 
weak bond and the remaining site is occupied by a water molecule. Water molecules 
attached to Cu-centres were inward-facing (towards the pore of MOF, Figure 6.5, 
bottom-right). Thus, after removing coordinated solvent molecules, a catalytically 
active Lewis acidic site was on the interior of the pore wall. To approach the catalyti-
cally active site, the substrate has to pass through the pore of MOF so, only substrate 
molecules of suitable size can pass through that pore of MOF. Hence, the catalytic 
process was size-selective.

TABLE 6.3
Size-selective Sulphide Oxidation with 30% H2O2 over MOFs 1, 2 and 3

Entry Sulphide MOFs [S]/[Zn]/H2O2 Conversion [%] Selectivity [%]

1 PhSMe 3 3:1:9 92 100

2 PhSMe 3 10:1:15 94   98

3 PhSCH2Ph 3 2:1:4   3 —

4 2-NaphSMe 1 12.5:1:25 78   99

5 PhSCH2Ph 1 12.5:1:25 70   99

6 2-NaphSMe 2 12.5:1:25 57   98

7 PhSCH2Ph 2 12.5:1:25 78   98.5
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Inspired from previous work, oxidation of aromatic hydrocarbon with Cu-based 
MOF in the presence of simple H2O2 is reported (Figure 6.6) by Baiker and  
co-workers [73]. In this example, CUS is created by applying heat/vacuum. With a 
dehydrated framework [Cu3(BTC)2], hydroxylation of aromatic hydrocarbon is per-
formed in the presence of simple H2O2. Solvent-dependent selectivity was observed.

FIGURE 6.5  Cu-based MOF [Cu3(BTC)2(H2O)3·xH2O] for cyanosilylation of benzaldehyde.

(Reproduced after permission from reference 72.)

FIGURE 6.6  Hydroxylation of aromatic hydrocarbon at CUS of Cu-based framework 
[Cu3(BTC)2] with hydrogen peroxide.

(Reproduced after permission from reference 73.)
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An interesting point about this work was that the original ligand benzene-1,3,5-
tricarboxylate can be replaced with pyridine-3,5-dicarboxylate moieties. Analytical 
techniques such as X-ray-based techniques (powder XRD and XAS), thermal analy-
sis and infrared spectroscopy showed that up to 50% of the original moiety 
(benzene-1,3,5-tricarboxylate) can be replaced with pyridine-3,5-dicarboxylate 
(Figure 6.7) without changing the framework topology. As expected, the strength of 
the binding site of the exchanged linker with Cu(II) will be changed which in turn, 
will change the selectivity of the product.

The order of reactivity observed in the order of benzene > toluene > p-xylene > 
o-xylene indicates that the size and steric hindrance of the reactants plays a crucial 
role. Thus, size-selective hydroxylation was possible with the reported MOF. In-depth 
studies show that the reaction is not proceeding through free radical mechanism and 
the proposed mechanism is shown in Figure 6.8.

CUS in the examples (discussed above) was created either by heating or by apply-
ing high vacuum. However, in most cases either the coordinative site is fully satu-
rated or the framework is degraded by heating to remove coordinated solvent 
molecules. Rosseinsky and co-workers have reported [74] an elegant example where 
carboxylate moieties of Cu-carboxylate MOF get partially disconnected in the pres-
ence of proton. In other words, CUS in a MOF can also be created by acid treatment. 
It has been observed that both Lewis acid and Brønsted acid characters increased 
after protonation of MOF.

The presence of dual functionality, i.e., Lewis acid and Brønsted acid is further 
explored (Figure 6.9) in the conversion of glucose to 5-hydroxymethylfurfural 
(HMF) by Bao and co-workers [75]. Generally, HMF is produced from fructose by 
reaction with homogeneous acid, metal ions, acidic ionic liquid or zeolites as catalysts 
[76–79]. However, such conversion is not economical and it can be produced cheaply 
from glucose. The conversion of fructose to HMF requires dehydration of three mol-
ecules of water. The conversion of glucose to fructose has been reported either by 
solid-base catalyst [80] or by zeolites [81, 82]. Cr-based MOF, MIL-101(Cr), 

FIGURE 6.7  Pictorial representation of ligand (benzene-1,3,5-tricarboxylate) exchange 
with pyridine-3,5-dicarboxylate moiety.

(Reproduced after permission from reference 73.)
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with –SO3H functional group on the linker has been explored for direct conversion of 
glucose to HMF. Lewis acidic site of MOF facilitates the conversion of glucose to 
fructose and –SO3H group present on the linker helps in the dehydration to eliminate 
three molecules of water to transform into HMF.

For asymmetric catalysis with MOFs, generally three approaches have been 
explored:

	 (i)	 Using chiral organic linker for MOF synthesis,
	(ii)	 Using mixed organic linker for MOF synthesis, and
	(iii)	 Post-synthetic modification on organic linker of MOFs (vide infra).

However, several unexpected problems were encountered using these approaches. For 
example, using a chiral organic linker for MOF synthesis would not be economical 
because of the multistep synthesis for the preparation of chiral ligand. Also, an unex-
pected interpenetration in the resulting MOF has been observed [83] that will limit 
the scope for heterogeneous catalysis. Using a mixed ligand/organic linker for MOF 
synthesis requires an extensive effort to get a particular MOF. As a novel approach, 
the coordinated solvent molecule has been replaced by chiral auxiliary units inside 
preassembled achiral frameworks, reported by Kim and co-workers (Figure 6.9) 
[60]. As discussed above, to get CUS, a metal of higher coordination number is 
preferred so that during the course of MOF synthesis, one or more coordination sites 
might be fulfilled by solvent molecule(s). Also, after removing coordinated solvent 
molecule(s), the resultant framework should be thermally stable. Kim and co-workers 
opted Cr-based MOF, MIL-101 [59] (discussed earlier in Figure 6.4), for this purpose 

FIGURE 6.8  The proposed mechanism of oxidation of aromatic hydrocarbon with MOF 
[Cu3(BTC)2] in the presence of H2O2.

(Reproduced after permission from reference 73.)
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and CUS was filled by synthesized L-proline-based chiral ligands L1 and L2 to get 
the corresponding frameworks CMIL-1 and CMIL-2, respectively (Figure 6.10). 
L-Proline and its derivatives are well-explored organocatalysts for enantioselective 
reactions, such as C–C bond-forming Aldol and Michael reactions [84]. Analytical 
analysis by powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), 
nitrogen adsorption measurements, IR spectroscopy and microanalysis of CMIL-1 
and CMIL-2 suggest that the framework retains its architecture as that of parent 
MOF, MIL-101.

The catalytic performance of CMIL-1, CMIL-2 and their comparison with ligands 
L1 and L2 are summarized in Table 6.4. High conversion and enantioselectivity were 
observed with modified MOFs, CMIL-1 and CMIL-2. For example, when 
4-nitrobenzaldehyde reacts with acetone (entry 1 of Table 6.4) in the presence of cata-
lyst CMIL-1, 66% of yield and 69% of enantioselectivity were observed in neat con-
dition (without any solvent). However, with ligand L1 as catalyst under homogeneous 

FIGURE 6.9  Catalytic conversion of glucose to HMF by MOF [MIL-101(Cr)-SO3H, top] 
bearing dual site: Lewis acidic site ( shown in large circle on the left) and Brønsted acid 
(shown in small circle on the right) respectively. Chemical transformation along with possible 
mechanism is shown at the bottom.

(Reproduced after permission from reference 75.)
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conditions, the yield was 58% but enantioselectivity was poor, only 29%. Better 
enantioselectivity with heterogeneous catalysts CMIL-1 and CMIL-2 were proposed 
as the restricted movement of the substrates in the confined environment along with 
multiple chiral inductions. Almost similar trends were observed by varying the sub-
strate with MOFs CMIL-1 and CMIL-2 as catalysts. A slightly better performance in 
terms of enantioselectivity by CMIL-1 over CMIL-2 was proposed as bent shape of 
ligand L1 (in CMIL-1) might impose additional restrictions to the substrate. Finally, 
the fact that the catalytic process was operational in the interior cavity of MOF and 
not on the surface was proved by using substrate 1e (entry 8 of Table 6.4). A very poor 
yield in the presence of catalyst CMIL-1 and no detection of enantioselectivity were 
observed for substrate 1e. The reason was that the size of the substrate was larger than 
the pore in the MOF, CMIL-1 so, the substrate was unable to pass through the pore, 
and therefore, no catalytic activity was observed in this case.

An interesting example of heterogeneous catalyst reported by Glorius, Kaskal and 
co-workers [85] where a novel design concept was used for MOFs synthesis and their 
pore-size estimation. Generally, the pore size of MOF is monitored by changing the 
length of the organic linker (Figure 6.11) [6, 86]. In the present report, the ligand 
used for MOF synthesis is the same but pore size depends upon the nature and polar-
ity of the substituents (Figure 6.12) [87]. Two remarkable design concepts were used 
in the present report: (i) unlike previously reported examples, the chiral environment 
around active metal-centre is created by chiral groups/auxiliaries of the ligand, 
placed wisely in the close vicinity of the openly accessible metal node and (ii) instead 
of using metal of high coordination number to access CUS (by removing coordinated 
solvent molecule), an active site is used from the metal of multinuclear SBU. 

FIGURE 6.10  Schematic view of post-modification of MIL-101 through L-proline-derived 
ligands at the coordinatively unsaturated chromium(III) centres.

(Reproduced after permission from reference 60.)
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Such active sites are reported to be found in M2 paddle-wheel units (M = Cu, Zn, Ni, 
Co, Mo) and can be used as Lewis acid catalysts [88].

The reported MOF Zn3(ChirBTB-1)2 and Zn3(ChirBTB-2)2 were synthesized by 
heating mixture solution of DFE (diethylformamide) with ligand L1 (H3ChirBTB-1) 
and L2 Zn3(ChirBTB-2)2 and excess of Zn(NO3)2·4H2O. The pore size of MOF was 
estimated by absorption of dyes of different sizes (Figure 6.13). Generally, porosity 
of MOF is determined by gas physisorption for catalytic applications of fine chemi-
cal production, not the access of gases but rather pore access for large molecules in 

TABLE 6.4
Catalytic Activities of L1, L2, CMIL-1 and CMIL-2 as Catalyst in Asymmetric 
Aldol Reaction between Different Aldehydes and Ketones

Entry Ar
Substituents 

at ketone Catalyst
Time 
(h)

Yield 
(%) ee (%)

1 1a 4-Nitrobenzaldehyde 2a: R1=R2=H CMIL-1 24 66 69

L1 24 58 29

CMIL-2 24 59 63

L2 24 64 21

2 1b Pyridine 4-carbaldehdye 2a CMIL-1 16 91 76

L1 12 91 66

CMIL-2 16 87 58

L2 16 89 37

3 1c 4-Chlorobenzaldehyde 2a CMIL-1 40 74 70

L1 40 78 25

CMIL-2 48 69 52

L2 48 75 23

4 1d 2-Napthaldehdye 2a CMIL-1 60 80 63

L1 72 77 36

5 1a 2b: R1, 
R2=–(CH2)3–

CMIL-1 24 81 66

L1 24 76 49

6 1a 2c: R1, 
R2=–CH2–
CH(t-Bu)–
CH2–

CMIL-1 36 86 68

L1 24 81 62

7 1a 2d: R1=H, 
R2=CH3

CMIL-1 36 3g: 49 81

4g: 27 69

8 1e 5-Formyl-1,3-phenylene 
bis(3,5-di-tert-
butylbenzoate)

2a CMIL-1 36   5 n.d.

L1 36 58 n.d.
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solution is essential. Reichardt’s dye was previously employed to probe the enor-
mous pore size in MOF-177 [89]. In the present report, Fluorescein and Merocyanine 
dyes were absorbed by both Zn3(ChirBTB-1)2 and Zn3(ChirBTB-2)2. However, 
Reichardt’s dye was absorbed (one molecule per unit) only by Zn3(ChirBTB-1)2. 
This observation clearly suggests that chiral group/auxiliaries of the ligand was 
responsible for different packing of both frameworks.

Since the pores of both MOFs were accessible for large molecules, both MOFs 
were tested for Mukaiyama aldol reaction of aromatic aldehydes with 1-methoxy-1-
(trimethylsiloxy)-2-methyl-1-propene. Such a reaction requires a strong Lewis acid 

FIGURE 6.11  Tuning the pore size of MOF by increasing/changing the organic linker.

(Reproduced after permission from reference 6.)

FIGURE 6.12  Nature and polarity of substituent (of ligand) dependent variation in pore size 
of MOF.

(Reproduced after permission from reference 87.)
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catalyst for chemical transformation. Mukaiyama aldol reaction was tested through 
MOF as catalyst first by Long and co-workers [37] and later by Cohen et al [90]. 
through post-synthetic approach. However, enantioselectivity in Mukaiyama aldol 
reaction was not reported earlier with MOF as catalyst. The results obtained in the 
present report are summarized in Table 6.5. Two different solvent systems were 
checked with the assumption to replace the coordinated solvent with catalytically 

FIGURE 6.13  Modification on linker surface through post-functionalisation method.
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TABLE 6.5
Results of Mukaiyama Aldol Reactions using Zn3(ChirBTB-1)2 and Zn3 
(ChirBTB-2)2 as Catalyst in Two Different Solvent Systems

Ar Catalyst Yield (%) ee (%)

Solvent: Dichloromethane
Ph Zn3(ChirBTB-1)2 83   0

1-Naph Zn3(ChirBTB-1)2 31 40

Ph Zn3(ChirBTB-2)2 66   8

1-Naph Zn3(ChirBTB-2)2   0 —

Solvent: n-Heptane

Ph Zn3(ChirBTB-1)2 77   9

1-Naph Zn3(ChirBTB-1)2 77 16

Ph Zn3(ChirBTB-2)2 43   6
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active site because removal of coordinated solvent was not possible with high vac-
uum without collapsing of the framework.

6.5.2 �S urface Modification or Functionalisation of Linker Unit

Surface modification or surface engineering [40, 91] of the linker unit is another 
approach for the synthesis of a heterogeneous catalyst. In MOFs, where an organic 
linker unit without any functional group is used, the guest molecule interacts with 
weak dispersive force only. However, if the guest molecule(s) interact either with 
hydrogen bond or through coordinate bond then the interaction between the guest 
and the wall of MOF will be strong. As a result, the transition state can be stabilized 
much better in a confined environment and therefore selection of the product will be 
profound.

As discussed above, in order to create a CUS, a metal of higher coordination num-
ber is preferred.

However, it would not be economical to choose lanthanides for a node with CUS. 
Moreover, when CUS is introduced by heating or by applying high vacuum, the 
framework occasionally collapses. To remove this drawback, mainly three approaches 
are used called as ‘post synthetic modification’.

	 (i)	 Post-synthetic activation of functional group: Functional groups like amine, 
amide, alcohol, urea, thiourea, etc., are able to bind with active group of 
substrates through hydrogen bonding. Such bonding activates substrate 
molecules to undergo the catalytic process. If organic linkers are decorated 
with such functionalities, then the resulting MOF would be able to facilitate 
the catalytic process in its confined environment through hydrogen bond-
ing. During the synthesis of MOF, a protected form of functional group is 
used and deprotected once MOF is synthesized.

	(ii)	 Post-functionalisation of linker unit: In this approach, the catalytic unit is 
tagged after MOF formation with organic linker bearing a suitable func-
tional group (Figure 6.13). Such an approach provides ample opportunity 
to tag a variety of catalytic sites, for example, if the amino group is present 
on the organic linker of MOF, it may be modified either to amide, urea or 
thiourea functionality for guest binding through hydrogen bond or metal as 
the catalytic site may be introduced through Schiff’s base formation. Thus, 
the pore of MOF will allow size-selective guest molecules to approach the 
catalytic site.

	(iii)	 Post-metalation of linker unit: In this approach, a linker unit bearing an 
additional functional group, which does not interfere/interrupt the meta-
lation process during MOF synthesis, is chosen. Once the MOF is syn-
thesized then it is directly charged (called as post-synthetic modification) 
again with another metal with which we want to carry out catalysis. During 
post-metalation, the MOF is synthesized with metal ion and post-modifi-
cation is done with another metal ion. It is worthy to mention that both 
metal ions are doing their jobs: one metal ion provides porous architecture,  
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giving strength and support to framework whereas the catalytic process is 
carried out with another metal ion. Some interesting and selective examples 
will be discussed working through this approach.

A homochiral porous MOF for heterogeneous asymmetric catalysis was reported 
by Lin and co-workers [92] (Figure 6.14). Ligand (R)-7,7′-dichloro-2,2′-dihydroxy-
1,1′-binaphthyl-4,4′-bipyridine possesses bipyridyl as primary functionality and 
orthogonal chiral 2,2′-dihydroxy group as secondary functionality. Homochiral MOF 
[Cd3Cl6L3]‚ 4DMF‚ 6MeOH‚ 3H2O was synthesized at room temperature by diffu-
sion of Et2O into DMF/MeOH mixture solution of ligand and CdCl2. The resultant 
MOF was charged with Ti(OiPr)4 that binds with chiral hydroxyl group of the organic 
linker to afford active catalyst. The reported catalyst performs asymmetric catalysis 
with activity and stereoselectivity rivaling its homogeneous counterparts.

In the above reported example, the author has studied catalytic activity with sub-
strates of varying size and compared the study with BINOL/Ti(OiPr)4. The conver-
sion is gradually decreasing with substrates 4′-G1′OPh, 4′-G1OPh (entries 6 and 7 of 
Table 6.6). The author has proposed that hinderance arises (as size of substrate 
increases) in order to pass through the pore of MOF and as a result conversion 
decreases. The size of substrate 4′-G2′OPh (entry 8 of Table 6.6) is large enough for 
it to not able to pass through the pore of MOF·Ti, and thus, no conversion observed 

FIGURE 6.14  Binaphthyl moiety-based homochiral porous MOF for heterogeneous asym-
metric catalysis was reported by Lin and co-workers.

(Reproduced after permission from reference 92.)
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for this substrate. Thus, size-selective asymmetric alkylation of aromatic aldehydes 
is reported with excellent selectivity.

Lin and co-workers also reported network-structure-dependent catalytic activity 
[93] by MOFs [Cd3L4(NO3)6]·7MeOH·5H2O (MOF-1) and [CdL2(H2O)2][ClO4]2· 
DMF·4MeOH·3H2O (MOF-2). Ligand (R)-6,6′-dichloro-2,2′-dihydroxy-1,1′-
binaphthyl-4,4′-bipyridine (L) was charged with Cd(NO3)2·4H2O and Cd(ClO4)2·6H2O 
to afford MOF-1 and MOF-2, respectively (Figure 6.15). CO2 adsorption studies 
suggest that evacuated sample of MOF-1 and MOF-2 have specific surface area of 
772.3 m2 g−1 and 370 m2 g−1 and pore volume of 0.25 mL g−1 and 0.16 mL g−1, 
respectively.

An attempt was made to generate heterogeneous asymmetric catalysts by activat-
ing Lewis acidic metal centres (of Ti(OiPr)4) with the chiral dihydroxy groups that 
are present as the orthogonal secondary functionalities in the porous MOFs 1 and 2. 
By treatment of MOF-1 with an excess of Ti(OiPr)4 in toluene afforded active cata-
lyst MOF-1·Ti. The resultant active catalyst (MOF-1·Ti) successfully transforms 

TABLE 6.6
Ti(IV)-Catalysed ZnEt2 Additions to Aromatic Aldehydes

Entry Substrate

BINOL/Ti(OiPr)4 MOF·Ti

Conversion 
(%) ee (%)

Conversion 
(%) ee (%)

1 1-Napthaldehyde >99 94 >99 93

2 Benzaldehdye >99 88 >99 83

3 4-Cholorbenzaldehdye >99 86 >99 80

4 3-Bromobenzaldehdye >99 84 >99 80

5 4′-G0OPh >99 80 >99 88

6 4′-G1′OPh >99 75 73 77

7 4′-G1OPh >99 78 63 81

8 4′-G2′OPh   95 67 0 —

R= –CH3

Dentritic 
aldehyde

Dendron G0 G1′ G1 G2′

Est. size 0.8 nm 1.45 nm 1.55 nm 2.0 nm
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1-naphthaldehyde to the corresponding secondary alcohol with 90% enantiomeric 
excess (ee). Slightly better selectivity was reported with benzaldehyde (entry 4 of 
Table 6.7) with catalyst (MOF-1·Ti) than the original ligand (L, entry 5).

However, such a transformation was not observed with an activated catalyst of 
MOF-2 with Ti(OiPr)4. The author explains this discrimination through a single 

FIGURE 6.15  Network-structure-dependent heterogeneous catalysis of alkylation of aro-
matic aldehydes.

(Reproduced after permission from reference 93.)
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crystal structure of MOF-1 and MOF-2. The crystal structure of MOF-2 reveals that 
the pyridyl and naphthyl rings are mutually perpendicular to each other. Moreover, 
chiral hydroxyl functional group was almost perpendicular to each other and this 
may be the reason that no complexation was possible when MOF-2 in toluene was 
charged with an excess of Ti(OiPr)4.

Stability is a prominent factor in ensuring better performance of a heterogeneous 
catalyst. Thermal stability of MOF can be increased either by using mixed ligand or by 
using “paddle-wheel” as SBU. Thermal stability of MOF also increases by the interpen-
etration of the network. Apart from network stability, the catalytic site also must be 
stable for obtaining better output. Jacobsen’s catalyst, used for the epoxidation process 
is very sensitive and its performance depends upon several factors [94]. Loss of catalytic 
activity (with time) of Jacobsen’s catalyst typically, is associated with oxidation of the 
salen ligand. If salen oxidation is facilitated by reactive encounters with other catalyst 
molecules, immobilisation of the catalytic site should prevent encounters. It will also 
extend the catalyst lifetime. An example for improvement of epoxidation process was 
reported by Hupp, Nguyen and co-workers [95] with Mn-salen based MOF and biphe-
nylene dicarboxylate as secondary ligand. Hupp, Nguyen and co-workers have attempted 
to sort out this drawback by immobilisation of salen unit as part of the framework.

Porous framework Zn2(bpdc)2L·10DMF·8H2O, was synthesized through solvo-
thermal technique by heating DMF mixture solution of (R,R)-(−)-1,2-cyclo-
hexanediamino-N,N′-bis(3-tert-butyl-5-(4-pyridyl)-salicylidene)MnIIICl as ligand L 
and biphenylene dicarboxylic acid as secondary ligand with Zn(NO3)2·6H2O.

The catalytic activity of the reported MOF for asymmetric epoxidation was exam-
ined with 2,2-dimethyl-2H-chromene as substrate and 2-(tert-butylsulphonyl)iodo-
sylbenzene used as oxidant. The author has compared the catalytic activity of MOF 
with their building block, i.e., ligand L [(R,R)-(−)-1,2-cyclohexanediamino-N,N′-
bis(3-tert-butyl-5-(4-pyridyl)salicylidene)-MnIIICl]. Minor decrease in selectivity 

TABLE 6.7
Addition of Diethylzinc to Aromatic Aldehyde Catalysed by MOF-1·Ti

Entry Ar Catalyst Loading (%) Conversion (%) ee (%)

1 1-Naphthyl MOF-1·Ti 12 >99 90.0

2 4-CH3Ph MOF-1·Ti 12 >99 84.2

3 4-CH3Ph MOF-1·Ti 25 >99 84.9

4 Ph MOF-1·Ti 12 >99 81.9

5 Ph L 20 >99 78.6

6 3-BrPh MOF-1·Ti 12 >99 71.0

7 4-ClPh MOF-1·Ti 12 >99 60.2

8 4-CF3Ph MOF-1·Ti 12 >99 45.0
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with MOF was observed in comparison to ligand L (82% ee for MOF vs. 88% ee for 
free L). The fact that a decrease in enantioselectivity is observed when electron-
withdrawing group is introduced, is well explained in reported literature [96]. The 
author has also explained that in the reported MOF, the electronic nature of ligand L 
will be changed when pyridyl-moiety of the ligand will bind with Zn-cation.

The author has reported that enantioselectivity was constant even after the third 
cycle of catalysis. However, a minor decrease in TON was observed. It was explained 
that recycling was accompanied by MOF particle fragmentation. Inductively coupled 
plasma (ICP) spectroscopy of the product solution, after removal of MOF particles 
showed that roughly 4–7% of the manganese initially present in the framework 
material was lost per cycle, either as molecular species or as particles too small to be 
removed by filtration through Celite. It has been observed that free manganese, 
present in the solution did not catalyse the reaction. Thus, life-time of Jacobsen’s 
type catalyst can be increased by their immobilisation, in the form of MOF.

Another example of heterogeneous catalyst for acyl-transfer was reported 
again  by  Hupp, Nguyen and co-workers [97] using metalloporphyrin as strut 
and  1,2,4,5-tetrakis(4-carboxyphenyl)-benzene as bridging unit (Figure 6.16). 

FIGURE 6.16  Metalloporphyrin as strut of MOF (top), for heterogeneous catalysis of acyl-
transfer. Uniform distribution of well-defined pore (middle) to allow guest of suitable size. 
Schematic representation of catalytic activity of reported ZnPO-MOF (bottom).

(Reproduced after permission from reference 101f.)
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Metalloporphyrin is well explored as a molecular catalyst in an artificial system or as 
an active site of metalloenzymes. However, to use metalloporphyrin as a catalytically 
active site, one has to cross through three major design challenges: (i) porphyrinic 
MOFs possess large open pores that are unusually susceptible to collapse upon 
removal of solvent(s); (ii) it is very difficult and challenging to prevent porphyrin 
metal sites from doubling as nodes for strut coordination, thereby blocking potential 
catalytically active sites; (iii) attempts to incorporate free-base porphyrins as struts 
(which would then be available for post-synthesis metalation) are frustrated by the 
tendency of the porphyrin ligand to scavenge and coordinate metal ions present in the 
initial MOF synthesis.

Mixed ligand strategy and paddle-wheel as SBU were used to empower thermal 
stability to the framework. Porous framework named as ZnPO-MOF, was 
synthesized under solvothermal condition by using (5,15-dipyridyl-10,20-bis 
(pentafluoro-phenyl))porphyrin and 1,2,4,5-tetrakis(4-carboxyphenyl)-benzene with 
Zn(NO3)2·6H2O. The unique feature of this reported MOF is the non-interpenetration 
of network. The paddle-wheel unit as SBU generally shows interpenetration of 
framework [67, 95, 98]. ZnPO-MOF shows catalytic acyl-transfer between 3-pyri-
dylcarbinol (3-PC) and N-acetylimidazole (NAI) by about 2420 times faster than 
uncatalysed reaction. No significant differences in the rate of reaction were observed 
among the three isomers of PC. This observation was in stark contrast to that observed 
with discrete supramolecular catalysts [99, 100], which catalyse the transfer of an 
acyl group to the 3-PC and 4-PC much more effectively than to 2-PC. The proposed 
mechanism of acyl-transfer is shown in Figure 6.17.

6.5.3 � Central Pore/Cavity of MOFs

The confined environment of MOF has also been explored for heterogenous cataly-
sis. Some homogeneous catalysts like metalloporphyrins have been well-explored 
in literature, typically, for hydroxylation and epoxidation reactions [101]. However, 
the formation of bridged μ-oxide dimer in metalloporphyrin creates an obstacle for 
the access of the catalytically active site, and oxidative self-degradation [102] limits 
its life-time for wide applications. In order to remove this drawback, immobilisa-
tion of metalloporphyrin in solid matrices would be a worthful approach [103–106]. 
Porous inorganic solids (i.e., zeolites X and Y [107], mesoporous silicates [108], 

FIGURE 6.17  Possible proposed mechanism of acyl-transfer by ZnPO-MOF.

(Reproduced after permission from reference 101f.)
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silica surfaces [109]) have been explored as solid-state matrices for immobilisation 
of metalloporphyrins. However, these systems also are faced with limitations such 
as aggregation of the catalyst molecules and limited catalyst loadings resulting in 
potential non-periodic distribution, and/or leaching of the catalyst.

Encapsulation of such catalysts in systems like MOF is a tough and highly chal-
lenging task (Figure 6.18). For better performance of such encapsulated catalysts, the 
host system should have the following characteristic features: (i) large cavities, suit-
able for the encapsulation of one guest porphyrin molecule per cavity, with relatively 
reduced openings that prevent the catalyst leaching while allowing diffusion of reac-
tants and products; (ii) mild synthesis conditions and the presence of framework-
porphyrin directing interactions, for example, electrostatics, permitting the one-step 
framework construction and encapsulation of the free-base porphyrin; (iii) main-
tained framework integrity upon post-synthesis metalation of the encapsulated por-
phyrin (e.g., framework stability in aqueous media) and under the investigated 
catalytic oxidation conditions; (iv) low affinity for the oxidation products, thus allow-
ing for their diffusion into the bulk solution and ease of separation (e.g., filtration) 
from the heterogeneous catalyst.

Eddaoudi and co-workers have reported [36] an interesting example of MOF pos-
sessing most of the features, as discussed above, to encapsulate sensitive catalysts 
like metalloporphyrin. The MOF formed, using 4,5-imidazole dicarboxylic acid 
(H3ImDC) and In(NO3)3 was shown to be an unusually robust MOF (named rho-
ZMOF), anionic in nature. The author has wisely used the cationic form of porphyrin 
to facilitate the encapsulation process with anionic MOF (as host) through charge 

FIGURE 6.18  Solvothermal synthesis of cationic porphyrin (as guest) encapsulated MOF 
(as catalyst) for oxidation of hydrocarbon.

(Reproduced after permission from reference 36.)
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interactions. The author has reported cationic porphyrin encapsulated MOF synthesis 
by solvothermal technique, by heating N,N′-dimethylformamide (DMF)/acetonitrile 
(CH3CN) mixture solution of In(NO3)3·xH2O and 4,5-imidazoledicarboxylic acid 
(H3ImDC) in the presence of 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin 
tetra(p-toluenesulphonate) ([H2TMPyP] [p-tosyl]4) to afford dark red cubic-like 
crystals. Through various analytical techniques, encapsulation of cationic porphyrin, 
as guest was confirmed. The author successfully performed metalation of guest por-
phyrin with several transition metal ions and with their manganese (Mn) derivative 
catalytic activity for oxidation of hydrocarbon was tested and the results were com-
pared with previously reported catalysis by zeolite-encapsulated Fe-porphyrin 
[111b, 111c, 109] (summarized in Table 6.8). Unlike previously reported examples, 
simple tert-butylhydroperoxide was used as oxidant instead of iodosobenzene. 
Cyclohexanol and cyclohexanone were the products of the reaction and no side prod-
uct formation was observed. The observation made from Table 6.8, clearly suggests 
that almost in all respects like TON, yield of reaction, catalyst loading, the perfor-
mance of present catalyst was simply outstanding although slightly longer time dura-
tion was required for completion of the reaction.

The encapsulation of reactive catalyst is a fantastic and efficient approach pro-
vided during their formation the catalyst should not interfere with the host and also 
pore of the host should be of suitable size to give a confined environment to the reac-
tive catalyst and the catalyst should not squeeze out of the host during the catalytic 
process.

Polyoxometalates (POMs) anions are another example of an excellent catalyst 
widely used for variety of catalytic applications. Its excellent redox properties, high 
acidity, good thermal as well as chemical stabilities drag scientists’ attention towards 
catalysis. The necessary requirement is to disperse on solid support because of their 
very low surface areas. Agglomeration, non-uniform distribution, leaching of POM 
on traditional supports like activated carbon, silicas are drawbacks for its practical 
applications. To resolve this issue, the first example reported by Férey and co-work-
ers is to use meso-MOFs like MIL-101 as support to load POM anions [59]. Recently, 
encapsulation of POM anions inside meso-MOF as host has been reported [110] in 
MIL-100(Fe).

Generally, the POMs are encapsulated by one-pot in situ synthesis method. For 
example, POM@MIL-100(Fe) has been synthesized [111] by heating the mixture of 
Fe(NO3)3·9H2O, H3BTC, HPW and deionized water in one reactor (Figure 6.19). 
This encapsulated catalyst is highly efficient for esterification and acetalisation 
reactions.

Among POM anions with Keggin structure [XM12O40]n− (where X = P, Si, Al, etc. 
and M = W, Mo), phosphotungstic acid (PTA) is the strongest heteropoly acid and 
has good thermal stability [112]. PTA acts as a strong Brønsted acid. Recently, 
encapsulated PTA has been explored as a heterogeneous catalyst for the transforma-
tion of phenol to 4,4′-bisphenol with formaldehyde [113]. The proposed mechanism 
is shown in Figure 6.20. In the reported example, encapsulated PTA acts as proton 
donor–acceptor.

In catalysis, the surface area of the catalyst also matters a lot for sufficient and 
efficient catalysis. For such catalysts, solid support is required for homogeneous 



https://www.twirpx.org & http://chemistry-chemists.com

152� Catalysis in Organic Transformations

distribution of catalysts like palladium over activated charcoal for hydrogenation 
process. MOFs facilitate additional advantages like leaching of catalyst in order to 
avoid product contamination with metal ion.

The pores/channels of MOF provide a confined space for nucleation of the metal-
nanoparticles (MNPs). The functionalised groups dictate the size and dispersion of 

TABLE 6.8
Summary of Cyclohexane Oxidation Reactions Heterogeneously 
Catalysed by Encapsulated Metalloporphyrins in Solid Matrices (MOF)

Reference Catalyst
Cyclo-
hexane

Temperature, 
time Oxidant TONa

Yieldb 
(%)

Loadingc 
(%)

[111c] Fe(III)-Pd

encapsulated in 
zeolite Y. Used 
0.25 μmol 
catalyst. (1 
porphyrin 
ring per 40 
available super 
cages)

14.6 
mmole

r.t., 6 h PhIOe 
5 μmol

7.6 38 5

[111b] Fe(III)-TMPyPf 
encapsulated in 
zeolite X. Used 
0.055 μmol 
catalyst. (1 g 
solid = 1.1 μmol 
catalyst)

2.66 
mmole

r.t., 7.5 h PhIO 
1 μmol

10 60 5.5

[113] Fe(III)-TMPyP 
supported on 
silica surface 
and matrices. 
Used 0.25 μmol 
catalyst

200 μL r.t., not 
reported

PhIO 
25 μmol

2–20g 2–20 1

Present 
report

Mn-TMPyP 
encapsulated 
in rho-ZMOF. 
Used 2.9 μmol 
catalyst. (30 mg 
solid = 1 μmol 
catalyst)

neat 65 °C, 24 h TBHPh 
77 μmol

24 91.5 3.8

a  TON = (moles of cyclohexanol + 2X moles of cyclohexanone)/moles of catalyst.
b  Based on moles of oxidant.
c  Moles of catalyst/moles of oxidant.
d  P = tris(4-N-methyl-pyridyl)-mono(pentafluorophenyl) porphyrin.
e  PhIO = iodosobenzene
f  TMPyP = 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin.
g  Values reported depend on the different catalyst systems used in reference 3.
h  TBHP = tert-butylhydroperoxide.
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FIGURE 6.19  In situ incorporation of POM into the frameworks of MOFs for catalysis of 
esterification and acetalisation reactions.

(Reproduced after permission from reference 111.)

FIGURE 6.20  Proposed plausible mechanism for hydroxyalkylation of phenol and formal-
dehyde to bisphenol (based on 4,4′-isomer). The framework of PTA catalyst is ball-and-stick.

(Reproduced after permission from reference 113.)
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MNPs. Various techniques used for such purposes like: (i) chemical vapor deposition 
[114–116], (ii) solution infiltration [117–119], (iii) solid grinding [20, 120, 121], etc. 
These methods are used to encapsulate or impregnate MNPs within MOF pores/
channels to prepare MNPs@MOFs [122].

Zhao, Yuan and co-workers recently reported [123] an interesting example of site-
selective reduction of α,β-unsaturated aldehyde to α,β-unsaturated alcohol through 
MOF-based catalysts [MIL-101(Cr)@Pt@MIL-101(Fe)] with sandwich-like core–
shell configuration, in which the MNPs (Pt or Ru) are located between an inner core 
and an outer shell composed of MIL-101 with metal nodes of Fe3+, Cr3+ or both. α,β-
Unsaturated alcohol formation is one of the interesting topic for synthetic chemists 
because of its huge utility, especially in perfumes and pharmaceutical industry. 
However, hydrogenation of C=C bond is thermodynamically favoured over C=O 
bond [124].

Therefore, developing an effective catalyst for site-selective hydrogenation of 
α,β-unsaturated aldehyde is a tough and challenging task [125–130].

There are two more strategies [131] of heterogeneous catalysis: (i) replacing 
metal at the node with another metal and (ii) replacing organic linker of MOF with 
another linker. Although these two strategies facilitate to form resultant MOF of our 
desire, distribution of such changes is found to be not equally distributed throughout 
the framework. Their modifications are in progress and new findings are coming out 
with time.

In conclusion, MOFs should have the following characteristics in order to be used 
as heterogeneous catalysts: (i) it should possess suitable pore-size, should be easily 
accessible and if required can be programmed accordingly, (ii) should be chemically 
and thermally stable during the course of reaction, (iii) should be reusable, and most 
importantly, (iv) it should be overall cost-effective. Encapsulation of reactive catalyst 
or their fixation as an organic linker is an interesting approach not only to provide 
stability or life-time to that catalyst but also to increase the yield and efficient selec-
tivity of the product. Although some excellent findings have been explored for the 
development of MOF as a heterogeneous catalyst, enough space is left for further 
improvement/discoveries, such as use of the same framework for formation of both 
enantiomers selectively depending upon suitable stimuli such as heat, light, anion or 
solvent polarity, etc. under ambient conditions.
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7.1 � HETEROGENEOUS CATALYSTS IN ORGANIC SYNTHESIS

The use of homogeneous catalysts in organic synthesis is well established. However, 
there are a few disadvantages associated with the usage of homogeneous catalysts in 
synthetic chemistry. The prominent ones are the formation of soluble complex, espe-
cially at a large scale, the problem of separation from the reaction mixture and lack 
of reusability and toxicity issues that pose health risks. On the other hand, hetero-
geneous catalysts provide a great advantage over homogeneous catalysts. They are 
easy to use, cheap and reusable and, their handling and separation from the reaction 
mixture are very simple. Moreover, they are less toxic, and more stable than homo-
geneous catalysts. Heterogeneous catalysts come in different forms like pure met-
als (especially transition metals, metal powders, etc.), metals combined with some 
other components such as metal sulfides, metal nitrides, metal carbides, metal alloys, 
molecular sieves, etc., or they can be supported on other surfaces. Supported catalysts 
are popular in industrial applications because they are considered to be chemically, 
mechanically and thermally stable to a great extent. The supports can be organic such 
as polymers (e.g., polystyrene), copolymers (e.g., styrene-divinylbenzene) as well 

7
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as inorganic such as zeolites, alumina, activated carbon, titanium dioxide, silica and 
graphene [1].

Heterogeneous catalysts are mostly used in important organic reactions such as 
hydrogenation, enantioselective hydrogenation, hydrohalogenation, dehydrogena-
tion, reduction of sulfides, reductive alkylation, coupling reactions (e.g., Heck reac-
tion, Suzuki coupling) and hydrosilylation [2]. Most of these reactions are catalyzed 
by transition metals Pd, Pt, Ru, Rh, Ir and Re. For the last two decades, many new 
organic transformations are also reported where heterogeneous catalysts are used in 
different forms. The chapter will represent the recent developments in the field of 
organic synthesis where heterogeneous catalysts (supported metals and in pure form) 
are efficiently applied.

7.2 � PALLADIUM-BASED HETEROGENEOUS CATALYSTS

Palladium has a unique place in organic synthesis especially in oxidation processes 
such as the Wacker process, alkene functionalization as well as C–C/C–H functional-
ization. Homogeneous Pd-based catalysts enable diverse C–C/C–H functionalization; 
however, their efficiency reduced due to the production of Pd-black which affected 
the activity of the catalysts. Another disadvantage of using Pd-salts as a catalyst, e.g., 
Pd(OAc)2 in a homogeneous medium, is that recycling is very difficult especially 
when it is used with oxidants. To overcome this problem, Jan-E. Backvall and group 
have developed a Pd-based heterogeneous catalyst in which palladium nanoparticles 
were immobilized into the cavities of aminopropyl-functionalized siliceous meso-
cellular foam, denoted as Pd-AmP-MCF [3]. This catalyst is successfully used in 
various organic transformations such as oxidative carbocyclization-borylation of 
enallenols [4], synthesis of γ-lactones and γ-lactams [5] and furan and oxaborole 
derivatives [6] from enallenols through the oxidative tandem process.

The formation of various substituted cyclobutenol derivatives 2 is described in 
Figure 7.1 (representative examples are shown) through diastereoselective oxidative 
carbocyclization/borylation of enallenols 1 with heterogeneous Pd-catalyst and 
B2pin2 with excellent diastereoselectivity and yields up to 83%. The active catalyst in 
the reaction was PdII-AmP-MCF which is produced by the oxidative action of 
1,4-benzoquinone (BQ) on Pd0-AmP-MCF. Authors also explained the role of trieth-
ylamine (NEt3) as an additive in the reaction that improved the yield of 2a up to 82% 
and it is believed that NEt3 interacted with Pd in the co-ordination process (the use of 
chiral trialkylamine, (3S)-N,N-dimethylpyrrolidin-3-amine produced cyclobutenol 
2a with poor enantiomeric excess, ee 16% and 62% yield) [4].

The reaction tolerated various functional groups such as methyl, butyl, benzyl, 
additional hydroxyl, esters and cycloalkylidenes (selected examples are included in 
Figure 7.1). It is worth noting that when a chiral enallenol (S)-1a (ee 95%) was used, 
the cyclobutenol (1S,4S)-2a was obtained without loss of any chirality. Additionally, 
the efficiency of the catalyst was tested seven times in rerun experiments and no 
activity loss or metal leaching was observed. The diastereoselectivity was not influ-
enced even after several uses of catalyst.

The mechanism of transformation of enallenols to cyclobutenol was proposed 
on the basis of experimental analysis and deuterium experiments. It was observed 



https://www.twirpx.org & http://chemistry-chemists.com

Role of Metal-heterogeneous Catalysts in Organic Synthesis� 165

that the hydroxyl group (or -amine NH-R) was found to be essential for the diaste-
reoselectivity of the reaction. Simultaneous coordination of allene, olefin and –OH 
group to the PdII center and then allenic attack would form intermediate A 
(Figure 7.1). Then, the hydroxyl group promotes the face-selective olefinic inser-
tion and subsequent transmetalation would lead to intermediate B that furnishes 
product 2 after reductive elimination.

Jan-E. Backvall [5] further utilized the same Pd-catalyst for the chemodivergent 
and diastereoselective synthesis of γ-lactones and γ-lactams from enallenols 3 by oxi-
dative carbocyclization of allenes in the presence of carbon monoxide (CO) where 
methyl-BQ was used as oxidant and CH2Br2 as a solvent at room temperature 
(Figure 7.2). The lactones produced had high diastereomeric ratios (observed > 50:1) 
with a minor amount of other lactones 5 as by-products (produced via intermediate B 
after lactonization, with ~4% maximum yield). The amine bases used as additives 
have shown no effect on the outcome of the reaction. The tandem carbonylation reac-
tion of different enallenols 3 derivatives produced the library of lactones 4 with differ-
ent groups when the scope of the reaction was investigated (key examples represented 
in Figure 7.2). The important characteristic of PdII-AmP-MCF is the recyclability 
which was tested ten times without loss in diastereoselectivity and catalyst activity for 
the compound 4a. Furthermore, the strategy also provides an efficient method toward 

FIGURE 7.1  Diastereoselective oxidative carbocyclization/borylation of enallenols.
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chiral γ-lactones (e.g., (R,S)-4a) with high step-economy, selectivity and enantio-
meric excess (99% ee) if optically pure (S)-enallenols 3 was used as a substrate.

Interestingly, the reaction was chemoselective under different catalyst systems. In 
the homogeneous medium where Pd(OAc)2 was used as a PdII-source, lactone 5 was 
the major product whereas heterogeneous PdII-AmP-MCF furnished lactone/lactam 
4 as the main product. Mechanistically, simultaneous coordination of the hydroxyl 
group (or sulfonamide group) allene and olefin unit to the PdII center occurs at the 
initial step, which would first promote the allenic attack and then CO coordination to 
form common intermediate A (Int-A) in both catalyst systems (Figure 7.2). If homo-
geneous Pd-catalyst was used, attack by the XH group on coordinated CO would be 
favored with the formation of Int-A′ and gives γ-lactones (or γ-lactams) 5 as the 
major product after reductive elimination (path a). However, the heterogeneous 
Pd-catalyst would favor CO insertion into the Pd–C bond of Int-A that would lead to 
Int-B (path b). Next, the selective olefin insertion occurs in Int-B directed by the OH 
(or NHTs) producing Int-C that undergo CO insertion affording Int-D, which fol-
low  lactonization (or lactamization) to give cyclopentenone-fused γ-lactones 
(or γ-lactams) 4. It is also possible that lactonization or lactamization of Int-B could 
occur that lead to γ-lactones or γ-lactams with two chiral centers. In Int-C, alkyl-Pd 

FIGURE 7.2  Oxidative carbocyclization of allenes.
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and OH (or NHTs) groups are on the same side of cyclopentenone moiety explaining 
high diastereomeric ratios.

The enallenols are important substrates that provide a variety of organic com-
pounds with recyclable heterogeneous catalyst Pd-AmP-MCF via tandem oxidative 
carbocyclization as we have seen in the above examples. In another recent report 
from the Jan-E. Backvall [6] where enallenols and alkynes as substrates are con-
verted into highly substituted furan and oxaborole derivatives in a site- and stereo-
selective manner. In a standard reaction condition where catalyst Pd-AmP-MCF was 
used as a PdII source and BQ was used as an oxidant, the solvents played a major role 
in the outcomes of the reaction (Figure 7.3, Route A). If the rest of the reaction 
conditions are similar, the solvents CH3CN, CH3OH and CHCl3 provided (Z)-
tetrasubstituted olefin (7), 2,5-dihydrofuran (8) and tetrasubstituted furan (9) as the 
major products, respectively with excellent yields. Few representative examples of the 
scope of the reaction are shown in Figure 7.3 with each solvent. Moreover, the strat-
egy was also successfully verified for the construction of oxaborole 10 with examples 
of chiral products (e.g., S-10b, Route B, Figure 7.3) in the scope of the reaction.

Mesocellular silica foam (MCF) support is not only used for the preparation of 
metal-based catalysts and their use in various organic reactions but they are also used 
to prepare a heterogeneous “hybrid catalyst” system where Pd-nanoparticles and 
lipase  enzyme candida antarctica: lipase B (CALB) were co-immobilized in the 

FIGURE 7.3  Synthesis of oxaboroles.
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cavities of siliceous MCFs. The co-operative catalytic system was used for  
“deracemization” of amines where the lipase CALB acts as a resolving agent that 
selectively transforms only R-enantiomer of the given amine 11 to the corresponding 
amide 12 (Figure 7.4). The unreacted S-enantiomer of the amine 11 was racemized by 
the Pd-catalyst system that is further utilized by the enzyme catalyst CALB to continue 
until amine was completely consumed (Figure 7.4). The kinetic resolution of amines 
was highly efficient and produced enantiomerically pure amides with high yield and 
high enantiomeric ratio (ee > 99). In rerun experiments, the catalyst system was found 
to be efficient up to two runs; however, the reaction time had to be increased from 16 h 
to 48 h. In the third rerun experiment, the yield dropped even with longer experiment 
times though ee values remained high (>99%). The leaching tests of the metal showed 
low Pd-leaching and it was then proposed that protein denaturation of CALB was the 
reason for its deactivation which can be triggered by the polar surface of the MCFs.

Recently, W. Shi et al. [7] reported the preparation of a reusable Pd-based catalyst 
Pd-MOL-phenCl 13a (Figure 7.5), constructed on metal–organic layers (MOLs) which 
become an active species as F-Pd-MOL-phenCl 13b for fluorination of arenes by 
treating with selectfluor. This work has shown that MOLs and MOFs can be used to 
stabilize unique active catalyst sites and solid reagents/catalysts can be made for late-
stage functionalization. The catalyst 13a has shown different regioselectivities as com-
pared to its Pd-based solid reagent, [F-Pd-MOL-phenCl], however, it has shown similar 
outcomes in terms of yields and regioselectivity with homogeneous catalyst 13c.

FIGURE 7.4  Deracemization of amines.
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FIGURE 7.5  Heterogeneous catalyst, Pd-MOL-phenCl (13a), active catalyst F-Pd-MOL-
phenCl (13b) and homogeneous catalyst, [PdII(TPY-OMe)(phenCl)]2+ (13c).
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The scope of the reaction with catalyst 13a is shown in Table 7.1 with selected 
examples in comparison with homogeneous catalyst 13c. Fluorination of toluene as 
a substrate produced 55% yield with catalyst 13a with regioselectivity 45:55 (ortho 
to para fluorination), whereas its homogeneous counterpart produced a lower yield 
of 31% with a slightly better regioselectivity of 57:43. The fluorination of phenol 
gave regioselectivity of around 1:1 with similar yields with both catalysts (entry 2). 
However, both catalysts produced multi-fluorinated products along with ortho- and 
para-isomers. In entries 3 and 4, the yields were better in the case of catalyst 13a but 
the homogeneous catalyst 13c showed better regioselectivity.

Further, upon fluorination of 4-phenylcyclohexanone (entry 5), the catalyst 13a 
only produced ortho and para isomers, whereas in the case of catalyst 13c, fluorina-
tion of the aliphatic C–H bonds were also observed along with ortho and para iso-
mers (structure of the products not shown). Table 7.1 concludes that the heterogeneous 
catalyst has similar results with homogeneous catalysts. However, one advantage of 
using heterogeneous catalyst 13a over 13c is that 13a is recyclable and its catalytic 
activity is not diminished even after three consecutive usages. The authors reported 
only negligible (0.01–0.04%) Pd-leaching of the total Pd in the catalyst.

One of the limitations of hydrogenation is that it requires high temperature and 
high pressure of H2 gas. To overcome this difficulty, highly active platinum, palladium 

TABLE 7.1
Fluorination of Arenes by Pd-MOL-phenCl

R R

F

(a) Heterogeneous catalyst: 

(b) Homogeneous catalyst:

13c (4 mol%)+ Selectfluor (2 equiv.), MeCN, 50oC, 36 h

13a (4 mol%), Selectfluor (1–2 equiv.), MeCN, 25–50oC, 36 h

Conditions

(a) or (b)

Conditions

S. No. Substrate

Heterogeneous Catalyst 13a Homogeneous Catalyst 13c

Yield (%)
Regioselectivity 

(ortho:para) Yield (%)
Regioselectivity 

(ortho:para)

1. Toluene 55 45:55 31 57:43

2. Phenol 76 25:22a 75 41:44a

3. [1,1′-Biphenyl]-4-
carbonitrile

90 58:42 97 76:24

4. 2-Phenylpyridine 82 56:41 54 67:33

5. 4-Phenylcyclohexan-
1-one

62 51:49 95 35:28a

a  Multi-fluorinated products.
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and nickel catalysts are obtained by reduction of metal salts with sodium borohydride 
(NaBH4). This makes NaBH4 a suitable alternative for hydrogen gas and can be used 
for reduction or hydrogenation. Besides this, NaBH4 is a cost-effective and easily 
available metal hydride that has many advantages like easy storage, can be used in 
different solvents and is safe to use. It provides chemoselectivity, regioselectivity and 
diastereoselectivity during reduction. Moreover, when mixed with simple metal salts 
it provides selective reduction of organic compounds. For instance, when NaBH4 is 
combined with simple salts of palladium, rhodium or nickel, it does the selective 
reduction of alkenes and alkynes. Figure 7.6 shows the reaction of palladium metal 
supported on sulfonated porous carbon (SPC) for the reduction of alkenes and alkynes 
to the corresponding saturated alkanes by sodium borohydride. In this reaction, no 
external source for hydrogen gas is needed as NaBH4 in an aqueous solution releases 
hydrogen [8].

Lindlar’s catalyst is an example of a heterogeneous catalyst which is composed of 
palladium metal deposited on calcium carbonate or barium sulfate and poisoned with 
quinoline or lead acetate. The “poisoning” is done to reduce the normal catalytic activity 
of the catalyst in order to stop hydrogenation after the reduction of the first π-bond of 
alkynes. If poisoning is not done, the reduction will lead to fully hydrogenated alkanes.

Lindlar’s catalyst requires the careful optimization of reaction conditions (tem-
perature and pressure) because even minor changes can lead to undesired products 
of the hydrogenation of alkynes [9]. Selective hydrogenation of substituted alkynes 
(controlled or partial hydrogenation to half hydrogenated alkenes) is usually car-
ried out in the presence of Lindlar’s catalyst which is also a stereoselective catalyst 
for the reduction of substituted alkynes to cis-alkenes (Z-alkenes) as described in 
Figure 7.7 [10].

7.3 � PLATINUM-BASED HETEROGENEOUS CATALYSTS

The catalytic hydrogenation of olefinic bonds is a key reaction in chemistry that has 
a broad scope of industrial applications such as synthesis of fine chemicals and food 
chemistry. The π-bond of an alkene or alkyne is relatively weaker than the sigma (σ) 
bond and can be broken easily to add reagents. Transition metals such as platinum, 
palladium, rhodium, ruthenium and nickel are commonly used as heterogeneous 
catalysts for reductions of unsaturated bonds in organic compounds (Figure 7.8). 
The metals are used in various forms for the reduction of unsaturated bonds. Some 
examples of metal-based catalysts are palladium in the form Pd–C, platinum in the 
form PtO2 and nickel in the form Raney-nickel (Ra-Ni). Mostly, platinum or palla-
dium is used in a finely divided state adsorbed on charcoal (Pt/C or Pd/C) or alumina, 
and the hydrogenation reaction takes place in an atmosphere of hydrogen gas. Metal 
in a finely divided state has a large surface area and hence it is more active.

FIGURE 7.6  Reduction of alkene/alkynes with NaBH4 and Pd/SPC.
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Hydrogenation of an unsaturated bond is a thermodynamically favorable reaction 
because it forms a more stable alkane product. Even though the hydrogenation of an 
alkene is thermodynamically favored, it does not proceed without a proper catalyst. 
The addition of a catalyst enables a hydrogenation reaction to occur by lowering the 
activation energy of reactants and it helps to reach the transition state easily to form 
the product.

First, both the reactants, hydrogen and ethene are chemisorbed on the surface of 
the metal catalyst. The first C–H bond formation step occurs from a C-atom bonded 
to Pt in a classical three-center transition state (C, Pt, H) [11]. The process is further 
repeated for the addition of the second H-atom to the remaining C-atom of ethene 

FIGURE 7.7  Hydrogenation of substituted alkynes with Lindlar’s catalyst.
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resulting in the formation of ethane which has a low affinity for the metal surface 
and, thus easily desorbed, creating a vacant space for the adsorption of new ethene 
and hydrogen molecules. The addition of hydrogen to an olefinic bond is a syn-
addition process attributed to the physical arrangement of the alkene and the hydro-
gens on a flat metal catalyst surface which describes that the two hydrogens must be 
added to the same face of the double bond.

Apart from hydrogenation, Pt-based heterogeneous catalysts have been widely 
used in the oxidation of alcohols to aldehydes and carboxylic acids. Recently, S. S. 
Stahl et al. [12] reported that Pt-catalyst based on graphene-oxide (GrO) can be used 
for the synthesis of nitrile 15 derivatives through the oxidative coupling of alcohols 
14 and ammonia under aerobic conditions. With the combination of Pt–GrO catalyst 
with K2CO3 and Bi(NO2)3 as additives, the optimized reaction conditions effectively 
produced various aryl and aryl(hetero) nitrile derivatives in the presence of ammonia 
and oxygen in excellent yields (Figure 7.9).

7.4 � RUTHENIUM-BASED HETEROGENEOUS CATALYSTS

The group of K. Wada [13] reported a simple Ru/CeO2 heterogeneous catalyst sys-
tem that was efficiently used for transfer-allylation from homoallyl alcohols 16 to 
aldehydes 17 producing saturated ketones 18 in high yields (Figure 7.10).

The catalytic system was recovered and calcinated at high temperature (400 °C 
for 30 minutes), and then reused up to three times without observing any loss of cata-
lytic activity. K. Wada further modified the catalyst Ru/CeO2 in the presence of PPh3 
denoted as 3PPh3-Ru/CeO2 and this heterogeneous catalyst was employed for the 
direct C–H arylation of aromatic compounds [14]. The authors claimed for the first 
time the use of such a catalysis system where nitrogen-directed arylation of aromatic 

FIGURE 7.9  Nitrile synthesis by Pt/GO heterogeneous catalyst.
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C–H bonds occurred with aryl halides. Under optimized reaction conditions, the 
reaction of benzo[h]quinoline 20 and aryl halides 21 in N-methyl-2-pyrrolidone 
(NMP) at 140 °C in the presence of 3PPh3-Ru/CeO2 afforded various arylated prod-
ucts 22 in good to excellent yields. The catalyst could be recovered by centrifugation, 
then washed with organic solvent/H2O and calcinated at 400 °C before remodifica-
tion with PPh3 in the presence of H2-atmosphere to get the recycled catalyst 3PPh3- 
Ru/CeO2 again for reuse (Figure 7.11). The authors performed recycling experiments 
three times without any loss of catalytic activity.

L. Ackermann et al. [15] reported a ruthenium-based silica-derived heterogeneous 
catalyst, Ru@SiO2 that was successfully used for meta-C–H functionalization of 

FIGURE 7.10  Transfer-allylation from homoallyl alcohols to aldehydes.
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purine derivatives 23 and substituted arenes 25 (Figure 7.12). The reaction produced 
a broad scope of selective meta-brominated products 24 and 26 with high yields and 
the catalyst Ru@SiO2 was also found to be uniquely selective for meta-C–H func-
tionalization in comparison to other homogeneous metal catalysts based on palla-
dium, rhodium, iridium or cobalt complexes where the latter produced non-selective 
mono- or multi-bromination products. Figure 7.12 described the reaction scope for 
purine nucleobases derivatives and substituted arenes. The recyclability of the hetero-
geneous catalyst was tested by rerun experiments and it was found that the catalyst 
was consistent in activity and selectivity of meta-bromination of purine was up to 
seven runs with a slight decrease in the reaction yields in the sixth and seventh runs.

7.5 � TITANIUM-BASED HETEROGENEOUS CATALYSTS

Oxidation reaction is considered an important reaction in chemical industries that 
produce a wide range of applications. For example, oxidation of ethylbenzene 

FIGURE 7.12  meta-C–H functionalization of purine derivatives.
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produces key products such as acetophenone and 1-phenylethanol that are used as 
precursors for the synthesis of a variety of drugs, chiral alcohols, hydrazones and 
chalcones [16]. For oxidation reactions, homogeneous catalysts have been exten-
sively used for the synthesis of bulk as well as fine chemicals. However, homoge-
neous catalysts are non-recyclable, environmentally hazardous and also, they corrode 
the industrial materials raising the maintenance costs. To sort out these problems, the 
homogeneous catalysts could be prepared by the dispersion of a metal on an insolu-
ble solid support to keep the metal on the surface where the catalysis reaction takes 
place [17]. Therefore, heterogeneous catalysts are considered to be a better choice 
for organic synthesis because they are easy to separate at the end of the reaction and 
also, they are easy to handle.

The common oxidants that are used as an oxygen source in oxidation reactions are 
TBHP (tert-BuO2H) and hydrogen peroxide (H2O2), which are generally employed 
with a heterogeneous catalyst system such as titanium silicate catalysts. Titanium 
silicalites (TS-1 and TS-2) are microporous solid materials made of SiO2 and TiO2 
that have silicalite structures. These catalysts have shown good activity, selectivity 
and stability below 100 °C. TS-1 is a popular catalyst for various types of organic 
reactions especially oxidation reactions that include conversion of olefins to epox-
ides, arenes to phenol derivatives, ketones to oximes, primary alcohols to aldehydes 
and acids, secondary alcohols to ketones and alkanes to secondary and tertiary 
alcohols/ketones. The general scope of oxidation reactions with TS-1/HP is shown in 
Figure 7.13. The remarkable catalytic activity of TS-1 in these reactions is due to the 
site isolation of Ti(IV) centers in the hydrophobic pores of silicalites that permits 
simultaneous adsorption of the hydrophobic substrate and the oxidant.

The ring hydroxylation of phenol with TS-1/H2O2 produces a ring hydroxylated 
product. However, in a heteroaromatic ring such as furan, a cyclic, dienic ether which 

FIGURE 7.13  General scope of oxidation reactions with TS-1/HP.
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is stabilized by resonance, different reaction pathways are possible in its oxidation 
with TS-1/H2O2. J. Wahlen et al. [18] reported the oxidation of furan derivatives with 
TS-1/H2O2 (Si:Ti = 35:1) produced 2-butene-1,4-dial (29/30) instead of 2-hydroxy-
furan (Figure 7.14(a)). In the given reaction sequence, the plausible path of the for-
mation of dialdehydes is through the formation of unstable epoxide 28 on one of the 
double bonds of furan 27 that would rearrange to corresponding dialdehydes 29 and 
30. The reaction was highly selective and the observed ratio of cis to trans dialde-
hyde products was 94:6. Further, furfuryl alcohol 31 was also oxidized under similar 
conditions (Figure 7.14(b)). Oxidation of furfuryl alcohol with TS-1/H2O2 in aceto-
nitrile gave quantitative conversion to 6-hydroxy-2H-pyran-3(6H)-one 33 in 90% 
yield after 24 h reaction. The mechanism of the reaction was also explained on the 
basis of epoxide formation and then its rearrangement to an enedione alcohol 32 
which undergoes intramolecular cyclization by the attack of the hydroxy group on 
the aldehyde (Figure 7.14(b)). The reaction furnished pyran derivative 33 with good 
selectivity (93%) and conversion (>99%). The catalyst TS-1 was tested for its reus-
ability up to three times where its activity was reduced over each cycle with possible 
blockage of active sites by the decomposition of the products. However, the catalytic 
activity of TS-1 was fully restored upon calcination.

In a recent report by X. Liu et al. [19], the oxidation of 1-alkene was tested with 
TS-1/H2O2 catalyst system. The project aimed to investigate the formation of trace 
amounts of dimethoxymethane as a by-product during the oxidation of propylene to 
propylene oxide (HPPO process) where H2O2 is used as an oxidizing agent. The 
dimethoxymethane is produced by the aldol condensation between methanol and 
formaldehyde produced during the oxidation process of propene. Using 1-hexene as 
a probe, the investigation resulted that using ethyl acetate as a solvent under given 
conditions, the reaction produced n-valeraldehyde as a prominent product along with 
corresponding epoxide and other undesirables (R = n-C4H9, Figure 7.15). However, 
the outcome of the reaction could be controlled by the addition of additives 
(Na2HPO4·12H2O and NaH2PO4). In the presence of these additives, the formation of 
aldehyde was considerably suppressed.

FIGURE 7.14  Ring hydroxylation of furan derivatives with TS-1/H2O2.
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With the optimized conditions for the better formation of aldehyde with 1-hexene, 
they also performed oxidation reactions with other alkene substrates (Table 7.2). The 
highest conversion was shown by 1-pentene with 65% selectivity, whereas 1-heptene 
showed the lowest conversion and selectivity because of the limited conversion due 
to the pore size of TS-1. In the case of 1-styrene, the aldehyde was the main oxidation 
product because of its higher electron density on the C=C bond.

Mechanistically, the formation of aldehyde was predicted through the addition 
and oxidative cleavage of C=C bond of 1-alkene in an acidic environment (as shown 
in Figure 7.16). When TS-1 comes in contact with H2O2, TiIV-OOH B is generated 
which forms an unstable intermediate C with the addition of a double bond that pro-
duced lower aldehydes upon hydrolysis. The authors did not explain the role of ethyl 
acetate in the production of aldehyde; however, they explained the role of additives, 
Na2HPO4·12H2O and NaH2PO4 that could reduce the acidity of weak acid center on 
the TS-1 surface.

The catalyst system TS-1/H2O2 was also used by Y. Rodenas et al. [20] to oxidize 
furfural, obtained from renewable sources to convert it to an industrially important 
compound, maleic acid. The biomass-derived furfural is commercially available and 
can be obtained from lignocellulosic agro residues like corn cobs or sugar cane. The 
conversion of furfural 34 to maleic acid 36 proceeds via the removal of a C-atom in 
the form of formic acid producing 5-hydroxy-furan-2(5H)-one 35 which is further 
oxidized to maleic acid 36 along with other minor oxidized products such as fumaric 
acid, tartaric acid and malic acid (Figure 7.17). The reaction was quite efficient and 
utilized three moles of oxidant H2O2 per mole of furfural (high-grade) achieving 
maleic acid yields of more than 70% depending upon the solvent system used. While 
using a monophasic aqueous solution, though the reaction rate was faster and yields 
were observed up to 65%, the catalyst TS-1 suffered a mild deactivation possibly 

FIGURE 7.15  Oxidation of 1-alkenes with TS-1/H2O2.
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TABLE 7.2
Oxidation of 1-alkenes with TS-1/H2O2

1-Alkene Conversion (%)

Selectivity of Products (%)

Aldehyde Epoxide Other Products

1-Pentene 64 65 2 33

1-Hexene 59 51 27 22

1-Heptene 20 37 51 12

1-Styrene 54 90 <1   9
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because of the deposition of insoluble by-products on the surface or/and within the 
cavities. However, when the reaction was carried out in a mixture of solvents 
γ-valerolactone (GVL):water (from ratio 10:90 to 30:70), though the reaction pro-
ceeded slowly, it produced high yields of more than 70% and the catalyst could be 
reutilized up to 21 runs. Although the yields dropped around 40% in rerun experi-
ments, it remained consistent after the catalyst system was stabilized after the 11th 
run. Further, the catalyst activity could be restored by the calcination in air at 550 °C. 
In their further studies, the yields could be further improved up to 83% using a meso-
porous TS-1 catalyst for high-grade furfural and 73% for low-grade furfural (obtained 
from biomass). The co-solvent GVL prevented the deposition of by-products over 
the TS-1 surface or within the cavities of the catalyst. This improved the stability 
of the catalyst and also, GVL made separation of maleic acid easier by precipitation 
in the form of monosodium maleate.

Titanium oxide (TiO2) is a cheap, environmentally acceptable and low-cost mate-
rial that can be used as a photocatalyst in various photochemical reactions. C. Vila 
and M. Rueping [21] reported that the recyclable TiO2 can be used as a photocatalyst 

FIGURE 7.16  The possible mechanism of oxidation of 1-hexene to n-valeraldehyde.
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for an oxidative Ugi-type three component multicomponent reaction (3C-MCR), 
where tert-amines can be converted to α-amino acids through C–H functionalization 
of tert-amines. In this reaction, visible light was used as a drive for organic transfor-
mation (Figure 7.18).

The best reaction conditions were obtained where different amines 37, water and 
isocyanide derivatives 38 were reacted in dioxane as a solvent in the presence of TiO2 
under an 11-W lamp as a visible light source. The reaction provided α-amino acids 
39 in moderate to good yields (Figure 7.18, plausible mechanism and selected scope 
of the reaction is represented). Moreover, the TiO2 could be recovered and recycled 
for five times without loss in the catalytic reactivity and selectivity, and yields 
remained consistent in all rerun experiments.

The same group of M. Rueping [22] also reported a heterogeneous catalyzed C–H 
arylation of heteroarenes in the presence of visible light where TiO2 played a dual 
role in the catalytic process: formation of TiO2-azoether A and its initiation for their 
further conversion (Figure 7.19). Under optimal reaction conditions, various hetero-
arenes 41 (furan, thiophene and pyridine were used for direct C–H arylation) and 
different aryldiazonium salts 40 in EtOH were reacted in the presence of TiO2 and 
visible light lamp at room temperature (Figure 7.19). The reaction represented a 
good reaction scope with different aryldiazonium salts affording coupling product in 
good yields (selected examples are shown in the scheme along with possible 
mechanistic route). The catalyst could be further recycled for five consecutive runs 
and no activity or selectivity loss was observed.

FIGURE 7.18  Ugi-type three component multicomponent reaction.
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7.6 � RHODIUM-BASED HETEROGENEOUS CATALYSTS

Hydroformylation of olefins is one of the most important reactions in chemical indus-
tries. Wilkinson’s catalyst is mostly used for hydroformylation of short-chain ole-
fins. Hydroformylation reaction with Rh-based catalysts can be performed at lower 
pressure in comparison to other catalysts. However, there are disadvantages asso-
ciated with Rh homogeneous catalysts, so to keep their properties intact, they are 
usually heterogenized by various methods such as: Rh on solid support, metallic Rh 
nanoparticles on solid support, single-atom Rh on solid support and Rh-complexes on 
supported liquids [23]. J. Amsler et al. [24] tested the potential of Rh-based oxide-
supported heterogeneous single-atom catalyst (SAC) for hydroformylation. They 
investigated the heterogeneous hydroformylation both theoretically and experimen-
tally and found that the activity of the catalyst Rh-SAC dispersed on CeO2 (Rh1/CeO2) 
surface is similar to the molecular catalysts such as HRh(CO)4 and HRh(CO)3PMe3. 
In comparative analysis with Rh1/CeO2, they have also prepared Rh-SAC on MgO  
(Rh1/MgO), however, the latter catalyst being more stable, showed no catalytic activity.

Table 7.3 summarized the result of hydroformylation reaction of styrene with 
Rh-SAC. The catalyst showed good activity with styrene 43 conversion to aldehyde 
44 up to 96% in 12 h at 363 K (entry 4). This result was comparable to the molecular 
catalyst HRh(PPh3)3CO under similar reaction conditions (entry 6). In comparison to 
Rh/C solid catalyst, Rh1/CeO2 was even better and showed higher TOF (over five 
times more) with even less formation of undesired ethyl benzene 45 by olefin 

FIGURE 7.19  C–H arylation of heteroarenes.
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hydrogenation (2% vs. 8%, entry 5). The regioselectivity of the reaction was found 
to be temperature-dependent. The ratio of linear to branched hydroformylation (44a 
vs 44b) was increased with an increase in temperature (entries 1–5) which is found 
similar to the molecular catalyst in solution. The combined study proved that oxide-
supported Rh-SAC, Rh1/CeO2 was highly active for hydroformylation of olefins and 
its performance as a heterogeneous catalyst was comparable to an HRh(PPh3)3CO 
molecular catalyst.

The power of Rh-SAC was also tested by T. Zhang et al. [25] where rhodium 
single atom supported on ZnO nanowires (ZnO-nw) was used for hydroformylation 
of different olefins 46 to aldehyde products 47 with similar efficacy and activity as 
traditional homogeneous Wilkinson’s catalyst, RhCl(PPh3) (Table 7.4). The author 
claimed that the SAC, Rh1/ZnO-nw was found to be more active (in one or two order 
of magnitude) as compared to the previously reported heterogeneous catalysts. Also, 
in hydroformylation reaction of olefins, Rh1/ZnO-nw showed 99% chemoselectivity 
and hydrogenation product (e.g., ethylbenzene in case of styrene as a substrate) was 
not observed. Moreover, complete conversion of olefin was observed with very low 
catalyst loading (0.006%).

Table 7.4 represents the scope of hydroformylation reaction with Rh1/ZnO-nw 
as catalyst with different styrene derivatives and aliphatic olefins 46. The study 
was also compared with homogeneous catalyst RhCl(PPh3) and as shown in 
Table 7.4, hydroformylation resulted in similar outcomes as traditional catalysts, 

TABLE 7.3
Hydroformylation of Styrene by Rh1/CeO2

Catalyst
CO:H2= 1:1

10 atm
12 h

O

O

+ +

44a 44b 45
Styrene

43

Entry Catalysta Conversion (%) Temperature (K) TOFb (h−1)

Selectivity (%)

44 (44a + 44b) 45

1 Rh1/CeO2 42 333   25 98(31 + 67) 2

2 Rh1/CeO2 63 343   48 98(36 + 62) 2

3 Rh1/CeO2 93 353   88 97(45 + 52) 3

4 Rh1/CeO2 96 363 130 97(51 + 46) 2c

5 Rh/C (5 mol%) 85 363   24 85(47 + 38) 8c

6 HRh(PPh3)3CO 98 363 117 98(52 + 46) 0c

a  Molar ratio of rhodium to substrate of 1:500.
b � Turnover frequency: It is the number of molecules of olefin substrate converted per total Rh atom per 

hour.
c  Other by-products.
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with an even better turnover number (TON) in most of the cases (highest in the 
case of para-chlorostyrene). Additional advantage of using Rh1/ZnO-nw was its 
reusability as the catalyst was recycled up to four rerun experiments without any 
significant loss in its activity and selectivity and no metal leaching was observed 
(Figure 7.20).

TABLE 7.4
Hydroformylation of Olefins by Rh1/ZnO-nw

R

CO:H2 (0.8 MPa: 0.8 MPa)
Rh1/ZnO-nw (0.006%)

toulene, 100oC, 12 h
R

CHO

46 47

S. No. Substrate

Selectivity (%) Turnover Number (TON)

Rh1/ZnO-nw RhCl(PPh3) Rh1/ZnO-nw RhCl(PPh3)

1 Styrene 99 92 40,000 19,000

2 4-Methylstyrene 99 — 26,000 —

3 4-Chlorostyrene 99 90 45,000 20,000

4
Prop-1-en-2-
ylbenzene

99 — 4000 —

5 1-Hexene 86 — 10,000 —

6 Propene 99 99 15,000 37,000

FIGURE 7.20  Rh-based heterogeneous chiral catalyst-mediated asymmetric hydrogenation 
of enamides.
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Y. Saito and S. Kobayashi [26] reported a robust Rh-based heterogeneous chiral 
catalyst system that utilized acid–base and electrostatic interactions for asymmetric 
hydrogenation of enamides and α-/β-dehydroamino acids in a continuous flow process. 
The Rh-catalyst was developed based on the hypothesis that strong interactions are pos-
sible between heteropolyacids (HPA, used for immobilization of catalytic species on a 
solid support via ionic interactions) and a support having Brønsted basicity on its sur-
face. It was expected that acid–base interactions hold HPA tightly to the support (salt-
formation) that will prevent active metal leaching and also HPA has multivalent anions 
that will form ion pairs with cationic metal species. The chiral Rh catalysts were immo-
bilized on an HPA/amine-functionalized mesoporous silica composite (Figure 7.21).

FIGURE 7.21  Continuous flow asymmetric hydrogenation of enamides and α-/β- 
dehydroamino acids.
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The Rh-catalyst showed excellent enantioselectivity and activity for asymmetric 
hydrogenation of enamides 48 and 50, and α-/β-dehydroamino acids 52 (Figure 7.21). 
The optimized conditions were set in a flow reactor with the time of flow (120 h−1) 
and TON 2640 for 24 h. The chiral products were obtained with high yields and high 
enantiomeric ratio with ee > 99%. The scope of reaction with selected examples is 
shown in Figure 7.21. The lifetime of the catalyst was 90 h and then catalyst deacti-
vation was detected. Up to 90 h, the TON of the enantiopure product reached 10,800 
which was found to be ten times higher than homogeneous catalysts.

7.7 � MIXED METAL-BASED HETEROGENEOUS CATALYSTS

The catalytic reduction of inner alkynes generally gives stereoselectivity to (Z)-
alkenes, because of their syn style addition. However, recently T. Komatsu [27] 
reported a tandem catalytic system that comprised of intermetallic Pd3Pb/SiO2 (for 
semi-hydrogenation of alkynes) and RhSb/SiO2 (for alkene isomerization from 
Z-alkenes to E-alkenes). The reaction was described in two steps: firstly, the half-
hydrogenation of alkyne to cis-alkene and then its isomerization to thermodynami-
cally more stable trans-alkene (Figure 7.22).

The reaction was tolerated to a variety of functionalized alkynes with aldehyde, 
ketone, carboxylic acid and ester groups (Table 7.5). The first step of the given hydro-
genation reaction of alkyne 54 gives the usual Z-alkene 55 in the presence of a 
Pd-catalyst which is followed by the isomerization by Rh-catalyst. The second step, 
isomerization is quite difficult as it needs rotation of double bond to isomerize  
cis-alkene 55 to trans-alkene 56 (Figure 7.22). However, the geometric constraints of 
the 1-D planes of RhSb/SiO2 catalyst system and steric hindrance from one alkyl 
group of Z-alkene limit hydrogen access toward the alkenyl carbon to one direction. 
This enables one-atom hydrogenation for isomerization but inhibits two-atom hydro-
genation preventing overhydrogenation to alkane.

Carboxylic acids are an important class of organic compounds and these building 
blocks are abundantly available from biomass resources (e.g., fatty acids); however, 
their hydrogenation has been found to be more difficult. The reduction of carboxylic 
acids produces alcohols that find numerous applications in organic chemistry and 

FIGURE 7.22  Isomerization of Z-alkene to E-alkene in a tandem process using Pd-Rh cata-
lyst system.
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chemical industries. However, carboxylic acids are hydrogenated to alcohols by the 
use of stoichiometric amounts of metal hydrides which imposes safety issues and 
waste generation. Breit and co-workers have recently reported a bimetallic system 
(Pd-Re) supported over high surface area graphite (HSAG) to chemoselective reduc-
tion of carboxylic acids to alcohols or alkanes [28]. Firstly, they optimized reaction 
conditions for chemoselective reduction of stearic acid and then they explored the 
scope of reaction with various saturated and unsaturated carboxylic acids to reduce 
to corresponding alcohols. Later, they applied optimized reaction conditions to 
reduce amides and esters also. It was revealed that under the given conditions of 
hydrogenation with Pd-Re/C catalytic system, the ease of hydrogenation of carbox-
ylic acid followed the order: RCO2Et < RCONH2 < RCOOH which is different than 
the usual reactivity order of hydrogenation: RCONH2 < RCOOH < RCO2Et. Also, 
regioselectivity was observed when phenylacetic acid was reduced to the correspond-
ing alcohol where phenyl ring was not reduced, whereas, in the case of benzoic acid, 
both phenyl ring as well as –COOH group were reduced. Similar results were 
obtained for compounds with –COOH group directly attached to aryl rings. 
Interestingly, enantiomerically rich tetrahydrofuranyl was obtained from its respec-
tive alcohol without losing considerable optical purity.

The reaction conditions were further optimized for chemoselective outcome of 
the reaction with the same catalytic system to reduce fatty acids 57 to alcohols 58 
or alkanes 59 (Figure 7.23). It was found that long-chained fatty acids were deriva-
tized to alcohols or alkanes depending upon the temperature and pressure of hydro-
gen gas. At lower temperature and H2-pressure, alcohol product 58 was formed and 
at higher temperature and H2-pressure, the alkane product 59 was favored. The scope 
of the reaction is described in Figure 7.23 with the representative examples.

The author also utilized the same bimetallic catalytic system Pd-Re/C for the 
reduction of secondary and tertiary amides to their corresponding amines [28b]. 

TABLE 7.5
The Scope of the Hydrogenation of Alkynes with Pd3Pb/SiO2 and RhSb/SiO2

R R'

H2 (1 atm)

Pd3Pb/SiO2+ RhSb/SiO2

THF, 25oC

R
R'

Z-alkene

R
R'

E-alkene54 55 56

Substrate Time (h) Conversion (%)
Selectivity  

(E to Z) (%) E:Z

3-Phenylpropiolaldehyde      4.3 99 95 >99:1

3-Phenylpropiolic acid   7 >99 92 >99:1

3-Phenylprop-2-yn-1-ol 12 88 84 >99:1

1,2-Diphenylethyne      2.3 >99 86 97:3

Ethyl oct-2-ynoate      0.7 99 89 97:3
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The amides are considered to be the least reactive and a harsh condition of tempera-
ture and pressure is required to reduce them to amines. However, with Pd-Re/C sys-
tem, the reaction worked smoothly and it was able to produce a big scope of the 
reaction (108 examples) with a variety of amides as substrates. It is worth noting that, 
the reaction rate could be adjusted by changing the temperature depending on the 
steric hindrance of the amide substrate. This allowed even very hindered substrates 
to be hydrogenated in high yields. The workup of the reaction was easy, and by 
simple filtration, the desired amine could be purified without significant impurities 
and it also allowed to recycle the catalyst, which could be used in two subsequent 
runs with a loss of about 20% and 30% activity, respectively. The methodology was 
simple and environmentally friendly that provides an important tool to convert 
amides to amines.

Hydrotalcites (HT) belong to the class of basic clays that have anionic layered 
double hydroxides (LDH) consisting of positively charged layers resembling Brucites 
and compensating anions like CO3

2−, HCO3
−, OH− along with water molecules. HT 

have the general formula [M2+
1−xM3+

x(OH)2]x+An−
x/n·mH2O, where (0 < x < 1), M2+ is 

a divalent metal (Mg, Ni, Co, Zn) and M3+ is trivalent metal (Al, Cr, Fe, In), x repre-
sents the fraction of the M3+ cation, i.e., x = M(III)/(M(III) + M(II)), and An− denotes 
anions. Under the high-temperature calcination process, there is a loss of anions and 
water molecules, and the resulting solid solution can have varying proportions of 
mixed metal oxides (MMOs).

These MMOs can be obtained in different molar compositions and they act as 
potential heterogeneous catalysts in organic chemistry. Moreover, HT materials can 
also be modified by partial or full replacement of metal ions or inorganic/organic 

FIGURE 7.23  Chemoselective reduction of acids using Pd-Re/C.
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anions producing a synthetic form of HT-like materials. Apart from catalysts in 
organic synthesis, HT materials are also used as ion-exchangers, adsorbents, corro-
sion inhibitors, electrode materials and pharmaceuticals. In organic chemistry, the 
general applications of HT materials in various organic transformations are shown in 
Figure 7.24 [29].

Group of G. Prieto recently reported [30] a selective tandem isomerization-
hydrosilylation of olefins by combining Rh- and Ru-based SACs, Rh1/CeO2 and  
Ru1/CeO2. The monoatomic catalysts individually showed different activity,  
Ru1/CeO2 SAC specifically produced internal alkenes (isomerized products) of olefin 
substrates (1- or 2-octene), whereas Rh1/CeO2 was specific for hydrosilylation in 
anti-Markovnikov manner producing a terminal organosilane product. The combined 
use of two SACs in a one-pot process was successfully employed for various internal 
alkenes (including a mixture of isomers) to convert them into terminal hydrosilylated 
products with good to excellent yields and regioselectivity (>95%, high terminal-to-
branch molar ratio). These results have shown the significance of metal-heterogeneous 
SACs in tandem catalytic reactions.

G. Liu [31] recently published a report of bifunctionalized periodic mesoporous 
organosilica (PMO) based organopalladium/organoruthenium catalyst system uti-
lized for a cascade process of asymmetric hydrogenation and Suzuki-coupling 
sequence in a one-pot reaction (Figure 7.25).

The reaction produced asymmetric alcohol with high enantiomeric excess (ee > 
95%) and excellent yields (99% in all cases, selected scope of the reaction is shown 
in Figure 7.25). The Authors demonstrate the plausible sequence by the time course 
of reaction as the first asymmetric hydrogenation of acetophenone derivative 60 
occurs that was catalyzed by Ru-catalyst and then Suzuki cross-coupling takes place 
between aryl-alcohol 62 and aryl-boronic acid 61 in the presence of Pd-catalyst pro-
viding the target molecules 63 (Figure 7.25). Moreover, the catalyst could be recov-
ered easily and reused up to eight times without considerable loss in the catalyst 
activity and outcome of the reaction.

FIGURE 7.24  General applications of HT-materials in organic synthesis.
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