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Foreword

Green or Sustainable Chemistry is concerned with the efficient
utilization of raw materials, avoiding the toxic, obnoxious
and hazardous reagents, use of green solvents in the chemical
manufacturing processes and waste minimization. Green Engi-
neering covers all aspects of sustainability. Enormous quantities
of inflammable and toxic solvents are used in many transforma-
tions in the process industry. Notwithstanding organic solvents,
like acetone, DMSO, DMF and aromatics like benzene, toluene and chlorinated sol-
vents contribute to environmental pollution; they are yet used in huge amounts in
many industries. The most important objective of green chemistry is to reduce the
use of solvents or substituting them with less toxic ones. Environmentally benign
and easily recyclable solvents requiring less energy input is the need of all indus-
tries. Sustainable solvents have caught the attention of researchers in academia
and the practitioners in the chemical industry due to a growing awareness of the
influence of solvents causing pollution, energy usage, and contributions to air qual-
ity and climate change. Solvent losses during processing and reuse represent a key
segment of organic pollution, and thus solvent removal represents a larger percent-
age of process energy consumption, for instance, by distillation or membrane sepa-
ration. A wide range of greener or more sustainable solvents have been proposed
and developed over the last few years as reaction media. The global adverse impact
on the environment of a chemical reaction/process depends on the selection of ap-
propriate solvent. Several facets of the most prominent sustainable organic solvents
that are favored include ionic liquids, deep eutectic solvents, supercritical fluids,
switchable solvents, liquid polymers, and renewable solvents, aqueous blends, hy-
drotopes and above all, the ubiquitous water. In the perspective of the solvent se-
lection guide of pharmaceutical industry, water is regarded as the best solvent for
sustainable development because of its environmental friendliness, abundance,
low cost, and non-flammability. In many water-based reactions, water increases the
rate of reaction and enhances selectivity, as it activates the functional group by
making hydrogen bonds with it. Due to the hydrophobic nature organic reactants in
aqueous medium generally form aggregates to reduce the exposed organic surface
area, thereby increasing the reaction rate.

Many homogeneous catalysts have been utilized that revealed significant cata-
lytic activity but are hard to recover and reuse from the reaction mass. Conse-
quently, during the last two decades, extensive attention has been provided to
heterogeneous catalysts which can be recovered easily and reused several times in
subsequent batches. Due to the large surface to volume ratio, various nano sized
reusable heterogeneous catalysts are found to be more effective than the traditional
homogeneous catalysts. Thus, aquatic organic reactions under heterogeneous cataly-
sis are the most desirable and ideal towards development of sustainable chemistry.

https://doi.org/10.1515/9783110733846-203
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This book titled ‘Aqueous Mediated Heterogeneous Catalysis’ co-edited by Asit
K. Chakraborti and Bubun Banerjee will be a welcome addition to the literature
devoted to this area. The first chapter covers the catalytic applications of various
heterogeneous nanomaterials used in various organic transformations in water.
Chapter 2 deals with the use of heterogeneous metal-organic frameworks (MOF) as
catalysts for different organic transformations in aqueous media while chapter 3
demonstrates the utility of the organic-inorganic hybrid nanocatalysts for organic
reactions in aqueous medium. Chapter 4 focuses on the aqueous mediated C-C cou-
pling reactions using numerous metal-composites as efficient heterogeneous cata-
lysts. The use of copper-based heterogeneous catalysts for the aqueous mediated
synthesis of a wide range of organic molecules is discussed in Chapter 5. Chapter 6
provides elaborative literature related to gold nanoparticles catalyzed electrochemi-
cal CO2 reduction in water. Chapter 7 compiles the literature related to the reactions
carried out by utilizing B-cyclodextrin based heterogeneous catalysts whereas
water-mediated heterogeneous catalysis for a variety of functional group transfor-
mations is delineated in Chapter 8. The effect of ultrasound on aqueous mediated
heterogeneous catalysis is discussed in Chapter 9. Chapter 10 provides updates on
the scope and utilization of quantum dots as heterogeneous photocatalysts.

Overall, this book will find wide acceptance in academia and industry.

Professor (Dr.) Ganapati D. Yadav

D.Sc., D. Eng., USNAE, FTWAS, FNA, FASc, FNASc, FNAE, FRSC, FIE, FISTE,
FIChemE, FIIChE, FICS, Padmashri Awardee (2016)

Emeritus Professor of Eminence

Former Vice Chancellor and R.T. Mody Distinguished Professor and

Tata Chemicals Darbari Seth Distinguished Professor of Innovation and Leadership
Institute of Chemical Technology, Mumbai, India

President, India Chemical Society, Kolkata, India
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About Prof. Ganapati D. Yadav

Professor Ganapati D. Yadav is one of the topmost, highly prolific, and accomplished
engineering-scientists in India. He is internationally recognized by many prestigious
and rare awards as an academician, researcher and innovator, including his seminal
contributions to education, research and innovation in Green Chemistry and Engi-
neering, Catalysis, Chemical Engineering, Energy Engineering, Biotechnology, Nano-
technology, and Development of Clean and Green Technologies. For 10.5 years, he
served as the Founding Vice Chancellor and R.T. Mody Distinguished Professor, and
Tata Chemicals Darbari Seth Distinguished Professor of Leadership and Innovation at
the Institute of Chemical Technology (ICT), Mumbai, which is a Deemed-to-be-Univer-
sity having Elite Status and Centre of Excellence given by the State Assembly on par
with IITs/IISc/IISERs. He currently holds the titles of Emeritus Professor of Eminence
and J.C. Bose National Fellow in ICT. He serves as the Adjunct Professor at University
of Saskatchewan, Canada, RMIT University, Melbourne, Australia and Conjoint Pro-
fessor, University of New Castle, Australia. He was conferred Padma Shri, the fourth
highest civilian honour, by the President of India in 2016 for his outstanding contri-
butions to Science and Engineering. He has been recipient of two honorary doctor-
ates: D. Sc. (Hon. Causa, DYPU) and D. Eng. (Hon. Causa, NIT Agartala). As the Vice
Chancellor he created many records.

In the November 2020 and 2021 surveys of Stanford University, where Indian
scientists in top 2% of those in the World are honoured, Professor Yadav is number
one in India in Physical Chemistry which is within 0.2% of the world scientists and
is ranked at 66, for both years which is remarkable. He is a chemical engineer, but
his research is in the field of catalysis science and engineering which is counted as
part of physical chemistry.

His research productivity is phenomenal with supervision of 107 Doctoral and
135 Masters Theses, which is the first record in ICT and for any Engineering Profes-
sor in India. Besides, he has supervised 47 post-doctoral fellows, several summer
fellows and research staff. He has published 503 original research papers, 115
granted national and PCT patents, 8 new patent applications; 3 books; h-index of
64, 110 index of 316; 15000+ citations in journals, patents, books, and monographs,
and 850+ specials lectures/orations/seminars over the years. He is still actively in-
volved in guiding 15 doctoral students, patenting, publishing, consulting, and
transferring technologies to industry.

Under his dynamic leadership, ICT made phenomenal progress having been de-
clared as Category I institute, started 23 new academic programmes, 5 new Depart-
ments and several Centres of Excellence, and establishment of two off-campuses in
Bhubaneswar with total support of IOCL and Marathwada with total support of
Govt. of Maharashtra, and collected phenomenal funds. The ICT is listed in top 100
institutes in the Developing World by Times Higher Education Ranking in 2019. The

https://doi.org/10.1515/9783110733846-204
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Atal Innovation Ranking of MHRD has placed ICT as number 1 among Govt. funded
Universities. He has personally won over 125 national and international honours,
awards, fellowships, editorships, and several Life Time Achievement Awards by
prestigious industrial organizations. He is an elected Fellow of Indian National Sci-
ence Academy, Indian Academy of Sciences, National Academy of Sciences, India,
Indian National Academy of Engineering as well as The World Academy of Scien-
ces, Trieste (TWAS). He is a Fellow of Royal Society of Chemistry, UK, Institution of
Chemical Engineers, UK, Indian Institute of Chemical Engineers, Indian Chemical
Society, and Indian Society for Technical Education, among others. He was elected
to the US National Academy of Engineering in 2022 and is among only 18 Indian na-
tionals so far. He is currently the President of the Indian Chemical Society and Edi-
tor-in-Chief, Journal of the ICS being published by Elsevier.

The American Chemical Society (ACS) published a Festschrift (special issue) of
Industrial and Engineering Chemistry Research (2014) in his honour with 65 origi-
nal research papers from scientists from all over the world. He is the Founder Presi-
dent ACS India International Chapter. He has been in editorial boards of prestigious
journals like: ACS Sustainable Chemistry & Engineering, Green Chemistry, Applied
Catalysis A: Gen, Journal of Molecular Catalysis A: Chem., Catalysis Communica-
tions, International Journal of Chemical Reactor Engineering, Clean Technologies
and Environmental Policy, Current Catalysis, etc. He is the Founding Editor-in-
Chief of Catalysis in Green Chemistry & Engineering (2017, Begell House, USA). He
has been a member or chaired several national and international committees of
MHRD, DST, DBT, UGC, AICTE, CSIR, the PSA’s on Green Chemistry, the Planning
Commission’s Pan India S&T Committee, and the Government of Maharashtra’s
Rajiv Gandhi S&T Commission Peers Group. He was Chairman, Research Council,
CSIR-CSMCRI, member of RC of IICT Hyderabad and NIIST Trivandrum. He has
served as a Chairman/member of Selection Committees of directors of many CSIR
labs. He serves as Independent Director, on five renowned limited companies: Aarti
Industries Ltd, Godrej Industries Ltd, Meghmani Organics Ltd, Bhageria Chemicals
Ltd, and Clean Science and Technology Ltd.

He is also a member of Apex Council of Indian Oil R&D; Expert Advisory Com-
mittee, ONGC Energy Centre (OEC); Glexcon India Advisory Board on Process Safety
and the Governing Council DBT-IndianOil Energy Centre, and member of the DBT-
Pan IIT Centre for Bioenergy. He is Chairman of DST’s National Expert Advisory
Committee on Innovation, Incubation and Technology Enterprise, member of Advi-
sory and Screening Committee of the Common Research and Technology Develop-
ment Hubs of DSIR, Chairman, PAC of International Programmes in Chemical
Sciences and Engineering, DST and Chairman, Expert Committee, Waste Manage-
ment Technology, DST. He is a member of the Maharashtra Govt’s Expert Committee
on implementation of the National Education Policy(NEP 2020).
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He had the honour of addressing 3 Convocations of renowned universities in
India. He is fond of literature, etymology, and Sanskrit. The ICT’s University song is
written by him. There are over 60 video clips covering his biography (both English
& Marathi), lectures, panel discussions, interviews on TV on YouTube.

https://www.youtube.com/playlist?list=PLclyJH91-TwvTScCVrcih3nrrPGgf8USR
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Arruje Hameed, Tanveer Hussain, Muhammad Fayyaz Farid,
Tahir Faroog™

1 Recent developments about metal-organic
frameworks as heterogeneous catalysts
in aqueous media

1.1 Introduction

At the interface of coordination chemistry and material sciences, metal-organic frame-
works (MOFs), a novel class of crystalline materials, have proved their value and worth
as promising catalysts with unique structure and functionality. Their extraordinary sur-
face area, ultrahigh porosity, and other topological attributes have made them attrac-
tive for applications in sensing, drug delivery, catalysis, and so on. They show a
porous and periodic framework with self-assembled organic-inorganic hybrid units.
The unique properties of MOFs are controlled by the structural chemistry of organic
legends and metal ions. The MOFs can be designed and functionally tuned by adopting
different approaches. The functional sites in MOFs could be developed by pre- and
post-functionalized methodologies using organic legends, inorganic metals, and vari-
ous guest functionalities. The MOFs could be functionalized using enzymes, metallic
nanopatrticles (NPs), and organometallic compounds [1].

In the perspective of catalysis, the MOFs are promising candidates due to
adjustable framework and well-defined geometry, high porosity, and structural di-
versity of like metallic nodes and organic linkers [2]. The high structural tenability
and uniform porous environment present them as advantageous catalytic materials
compared to the traditionally used mesoporous silica, zeolite, and clays.

1.1.1 Synthesis and structural diversity of MOFs

The synthetic strategies and pre- and post-synthetic functionalization have put MOFs
in three main categories. The structural nature of inorganic moieties and organic link-
ers represents the preparation of first-generation MOFs. Some chemical modifications
allow the conversion of first-generation MOFs into second-generation MOFs with novel

*Corresponding author: Tahir Farooq, Department of Applied Chemistry, Government College Uni-
versity Faisalabad, Pakistan, e-mail: tahirfaroogfsd@gmail.com/tfaroog@gcuf.edu.pk

Arruje Hameed, Department of Biochemistry, Government College University Faisalabad, Pakistan
Tanveer Hussain, Muhammad Fayyaz Farid, Department of Applied Chemistry, Government College
University Faisalabad, Pakistan
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characters and properties. The applications of bioactive molecules, drugs, organic cati-
ons, and biomolecules allow the development of third-generation MOFs.

According to another classification, the MOFs could be rigid or flexible depending
upon the structural nature of their framework. The MOFs could be crystalline or amor-
phous through coordination bonds; the metals are connected with organic linkers and
the strength of the bond controls the crystalline nature, geometry, and symmetrical
shape of the resulting MOF. The MOFs could be prepared by a range of synthetic meth-
ods including sonochemical, mechanochemical, solvothermal, and electrochemical
methods (Figure 1.1). Various post-synthetic functionalizations are applied to modify
the physiochemical properties of MOFs for their selective applications [3].

MOF
Properties of MOFs Synthesis of MOFs Application of MOFs
1- Surface area 1- Solvo-thermal 1- Purification
2- High porosity 2- Sono-chemical 2- Energy storage
3- Tunable topography 3- Evaporation 3- Drug delivery
4- Crystallinity 4- Electrochemical 4- Waste disposal
5- Electronic and optical 5- Direct recipitation 5- Catalysis
6- Multiple affinity 6- Microwavw assisted 6- Sensing

Figure 1.1: Synthesis and applications of MOFs.

In MOFs, the inorganic units (the metal ions) are also called secondary building
units (SBUs) and the organic linkers could be heterocyclic compounds, carboxylates
or anions like sulfonates or phosphonates (Figure 1.2). The chemistry of the func-
tional groups, geometry, and coordination number of metal ions determine the
final framework topology of MOFs. The nature of SBUs and unique characteristics
of organic linkers confers highly critical attributes like specific recognition, chiral-
ity, and catalytic activity in the MOFs [4].

The MOFs represent promising feature of a heterogeneous catalyst. They could dis-
play linker-mediated as well as cluster-mediated catalytic activity. Therefore, the MOFs
are considered the most promising heterogeneous catalyst for synthetic reactions and
degradation studies [5, 6]. As described earlier, the MOFs could be tuned with desirable
surface functionality and a porous environment. Thus, MOFs are attractive materials
for effective decontamination of emerging contaminants (ECs) and environmental



http://chemistry-chemists.com
1 Recent developments about metal-organic frameworks =— 3

Figure 1.2: A few known organic linkers for MOF preparation.

remediations. Over the last few years, they have become the promising choice for or-
ganic pollutant management due to their wide applications in adsorption and cataly-
sis. They develop hydrogen bonding, hydrophobic interactions, n—mn stacking, and
electrostatic interactions for the adsorption of different organic pollutants.

Over the last few decades, the photodegradation of ECs has received immense im-
portance because it eliminates pollutants in a simple and practical way. The MOFs are
also attractive for photocatalytic applications because they generate a charge-separated
state with a wide adsorption spectrum due to the presence of organic linkers. In recent
decades, heterogeneous photocatalytic degradation has received considerable attention
because of the economical and facile applications of the catalyst with high reusability.
In general, photocatalytic degradation proceeds through adsorption, surface reactions,
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and desorption of the products. The MOFs have a highly porous structure, tunable sur-
face functionalities, and wide adsorption spectrum and hence are capable of exhibiting
high photocatalytic activity [7, 8].

1.1.2 The stability of MOFs in water

Despite great options for diverse applications of MOFs, there are some serious chal-
lenges in their scope of applications due to water stability issues. In an aqueous
environment, they show structural destruction because water molecules could re-
place metal-coordinated linkers. Such stability issues limit their applications as het-
erogeneous catalysts in aqueous media. Great attempts have been made to prepare
water-stable MOFs using suitable constituents. The water-mediated decomposition
could be avoided using hydrophobic functionalities. The destruction of the MOF
framework has been avoided using bulky alkyl groups.

As a part of post-synthetic strategies, the modification of functional groups has
also been exploited to enhance the water stability of MOFs. Similarly, the reactivity
of metal clusters could be controlled by post-synthetic methods. As a new strategy,
MOFs are coated with protective layers to induce water and moisture stability. Very
recently, Ding et al. [9] introduced one-step surface polymerization as a new post-
synthetic modification strategy to increase the stability of MOFs in aqueous media.
Advantageously, the post-synthetic functionalization of MOFs for water stability
does not undermine their catalytic activity for various applications.

The subsequent sections of this chapter represent the applications of different
MOFs as heterogeneous catalyst in aqueous media for,

I. Synthetic reactions/chemical transformations
II. Degradation of organic pollutant including dyes, pesticides, and antibiotic
residuals

1.2 MOFs as heterogeneous catalysts
in organic synthesis

In organic synthesis, the incorporation of N-containing groups into the target mole-
cules is carried out through a promising methodology known as nitro-aldol conden-
sation. This powerful set of reactions involves the reactions of aldehydes and
nitroalkanes under acid/base-catalyzed conditions. Such C-C coupling reactions
are named as Henry reactions showing some serious drawbacks such as the use of
organic solvents, tedious work-up, non-recovery of base, and generation of salts in
stoichiometric amounts. Therefore, the application of a suitable catalyst is required
for efficient and eco-friendly Henry reactions. The MOFs are crystalline and porous
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solids that show a highly stable structure and composition. They show exceptional
catalytic applications owing to their high surface area and the possibility of the in-
troduction of a variety of active sites. Various fine chemicals and pharmaceutical
products are synthesized using MOFs as heterogeneous catalysts. They have also
been used as an efficient heterogeneous catalyst in Henry reactions due to the pres-
ence of open metal sides and O- or N-containing groups [10]. Over the last few
years, Henry’s reactions have become a model reaction to verify the catalytic effi-
ciency of MOFs. Different active sites such as basic functional groups and metal
nodes like Lewis acids act as a catalyst in this model reaction [11].

MOFs carrying lanthanides exhibit several promising structural features due to
flexible coordination geometries, high and variable coordination number, hard and ox-
ophilic in nature. Usually, the lanthanide coordination networks carry more solvent
molecules than d-block metal ions because lanthanides show a high coordination
number [12]. Porous solid MOFs with coordinated, unsaturated, and Lewis-acidic lan-
thanides could be prepared by removing solvent molecules. In 2016, Karmakar et al.
[13] used hydrothermal conditions to prepare a series of self-assembled lanthanide co-
ordination polymers. Different lanthanide salts were reacted with H,L; and H,L, fur-
nishing three-dimensional structures carrying trinuclear lanthanide nodes and L,
ligands (Figures 1.3-1.5). The other isostructural coordination polymers develop H-
bond interactions in 3D. In a variety of Henry reactions, different nitroalkanes and al-
dehydes were reacted using as prepared polymeric heterogeneous catalyst (Figure 1.6).
The nitroaldol reaction was run in water and the catalyst was reused several times
without any significant loss of its catalytic efficiency. In this study, the lanthanide-
carrying MOFs were used as heterogeneous catalysts for the first time. The higher
yields of the product were obtained with Sm MOF-3 among the five prepared MOFs.

COOH

T X
HoOC NH HOOC™ ™~ “NH
S0

H2L1 H,L2

Figure 1.3: Structure of H,L; and H,L,.

It has always been challenging to prepare novel MOFs as heterogeneous catalysts with
high reusability and efficiency under milder conditions. In 2016, Karmakar et al. [14]
used H,L, linkers for the preparation of multidimensional MOFs. The prepared MOFs
were employed as heterogeneous catalysts in Henry reactions and oxidation of alcohols
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Figure 1.4: Lanthanide-based MOF (1-3) (reproduced with permission from [13] copyright 2016
Royal Society of Chemistry).

(Figure 1.7). They used H,L; and Cd-, Zn-, and Cu- for the preparation of three dif-
ferent MOFs. The prepared Cu-MOF was found to be highly efficient in its catalytic
activity in the Henry reaction performed in aqueous media (Figure 1.8). Thus, sim-
ple nitro-alcohols were prepared using green catalyst under non-toxic, environ-
ment-friendly, and economically viable conditions. The resulting 2D and 3D polymeric
architectures acted as a solid catalyst and the dimetallic core acted as a SBU. The linker
was chosen to control the protonation of acidic group, development of H-bonding
sites, and introduction of various conformations.

Over the last few years, it has been highly desirable to develop monodispersed
nanosized MOFs for biomedicine and selective heterogeneous catalysis. In 2019, Ar-
yanejad et al. [15] used 4,4’-[benzene-1,4-diylbis (methylylidenenitrilo)] dibenzoic
acid (H,bdda) and cobalt acetate under ultrasound irradiation to prepare a novel
nanostructures Co,(bdda); s(OAc);.5H,0 (UoB-3) as Co-MOFs. The prepared UoB-3
was found as a highly stable and efficient heterogeneous nanocatalyst in Henry
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Figure 1.5: Lanthanide-based MOF (4 and 5) (reproduced with permission from [13] copyright 2016
Royal Society of Chemistry).

reactions in aqueous media (Figure 1.9). Further, the nanocatalyst exhibited higher
reusability and good antibacterial nature.

The organic linkers could be functionalized to control adsorbate MOF interac-
tions in advanced porous MOFs. Such tunable interactions are frequently used for the
separation and adsorption of various pollutants. Recently, Patel et al. [16] prepared
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Figure 1.6: Ln-MOF catalyzed Henry reactions.

Figure 1.7: Cu-, Zn-, and Cd-MOF as heterogeneous catalysts in aqueous media (reproduced with
permission from [14] Copyright 2016, American Chemical Society).

multifunctional MOFs as an efficient catalyst for Biginelli reactions and as adsorbents
for hazardous organic dyes.

Over the years, the covalent organic frameworks (COFs) have become attractive
functional materials with promising structural features like high chemical stability,
tunability, and permanent porosity. They have been used for the preparation of het-
erogeneous composites catalysts (M@COFs) after loading metallic NPs [17]. How-
ever, most of the reported M@COFs-catalyzed C-C coupling reactions require harsh
reaction conditions and toxic organic solvents. Therefore, it has been anticipated to
develop novel M@COFs as green and eco-friendly catalysts with high efficiency
under benign reaction conditions. Over the last few years, MOF-based phase trans-
fer catalysts (PTC) have been developed with high catalytic efficiency for synthetic
reactions in water [18].

Recently, Wang et al. [19] prepared COF decorated with Pd NPs Pd@COF-QA
from N,N-dimethyldodecyl ammonium bromide. The as-prepared composite acted as
an efficient PTC for Suzuki Miyaura coupling reaction in aqueous media (Figure 1.10).
The Pd@COF-QA catalysis was found to be source-saving, green and economical in
nature.
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Figure 1.8: (a) Preparation of MOFs and (b) MOF-mediated Henry reaction.
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Figure 1.9: The Co-MOF-mediated Henry reaction in aqueous media.

The scope of Pd-based catalysis has been widened by the introduction of MOFs
functionalized with Pd-NHC complexes. According to the post-synthetic approach,
the MOFs are modified by incorporating NHCs through synthetic methods and then
subsequent complexation with Pd. [20] The combination of metal ions with Pd-NHC-
functionalized spacers helps to furnish modified MOFs as a second ligand pre-
modification approach. In a recent effort, Niknam et al. [21] used MIL-101(Cr) for the
preparation of novel Pd-NHC functionalized MOF and subsequently used it as a
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Figure 1.10: The Pd@COF-QA catalyzed Suzuki Miyaura reaction.

heterogeneous catalyst in C-C reactions (Figures 1.11 and 1.12). The as-prepared mod-
ified MOF acted as a highly efficient catalyst and provided good to excellent yield of
products in short reaction time in aqueous media. The MOF-based catalyst exhibited
the same catalytic efficiency on being reused after several runs.

b
M
@™
ci
MIL-101(Cr)-CH,-

Pd-NHC-MIL-101(Cr)

Figure 1.11: Synthesis of novel Pd-NHC functionalized MOF (reproduced with permission from [21]
copyright 2020, John Wiley and Sons).
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Figure 1.12: Pd-NHC functionalized MOF for cross coupling reactions.

Over the last few decades, the C-H oxidation has become an interesting choice for
the preparation of various target molecules in synthetic chemistry. Various building
blocks like amides, esters, and cyclic ketones have been prepared from the oxidation
of benzylic methylene groups. The traditional C-H activation methodologies require
multivalent transition metals and higher amounts of strong oxidants producing hazard-
ous wastes at the end of the reaction. Therefore, MOFs were envisioned to act as highly
selective and efficient heterogeneous catalysts for C-H activations under green and
ecofriendly reactions. In 2018, Gao et al. [22] used hydrothermal conditions, ethyl diiso-
propylamine, and triethylamine as structure-directing agents for the preparation of two
Cu'-based MOFs 1 and 2 (Figures 1.13 and 1.14) [22]. Both of the prepared MOFs retain
their crystallinity in acidic and basic aqueous solutions (pH 1-13) and a range of or-
ganic solvents. Further, the C-H oxidation of aryl cycloalkanes was carried out in an
aqueous solution using Cu' sites of prepared MOFs (Figure 1.15). The controlled experi-
ments confirmed the excellent reusability, higher selectivity, and efficiency of the pre-
pared MOFs.

In 2018, Sharma et al. [23] used surface-modified CoFe,O, NPs as anchors to pre-
pare magnetically retrievable Cu-iso-phthalate-based MOFs. The monodisperse and
spherical CoFe,0, NPs were prepared through a facile and one-pot solvothermal pro-
cess and functionalized subsequently using 3-aminopropyltriethoxysilane. Then, cova-
lent immobilization methodology was employed to decorate 3D Cu-iso-phthalate MOF
with the prepared magnetic NPs. The CoFe,0,@SiO.@NH,@Cugs-NIPA) hybrid MOF
was employed as a heterogeneous catalyst in oxidative cross-coupling reaction for the
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Figure 1.13: Crystal structure of MOF 1 (reproduced with permission from [22] copyright 2019,
American Chemical Society).

Figure 1.14: Crystal structure of MOF 2 (reproduced with permission from [22] copyright 2019,
American Chemical Society).

preparation of a range of benzimidazoles (Figure 1.16). The prepared catalyst displayed
a broad substrate scope, high efficiency, and reusability after several cycles.

The carbonyl compounds and compounds with active methylene are frequently re-
acted to produce a variety of synthetic, bioactive, and functional molecules under the
approach called Knoevenagel condensation reaction. Accordingly, several catalysts in-
cluding zeolites, organometallic compounds, and mesoporous materials have been em-
ployed to increase the reaction efficiency. However, most of the reported reactions
required harsh reaction conditions including the use of toxic solvents, elevated temper-
ature, and high loading of non-recoverable catalysts of heavy metals. Therefore, there
is a great demand for the development of green and ecofriendly catalysts working
under benign reaction conditions. To this end, various MOFs have been explored as
heterogeneous catalysts in the Knoevenagel condensation reactions. However, the
MOFs were found to be unstable in water and the reaction required higher temperature
for a longer time. So, efforts are being made to develop highly stable and catalytically
efficient MOFs for eco-friendly Knoevenagel condensation reactions [24, 25]. In the last
few years, fluorinated-MOFs have been introduced as a novel class with higher
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Figure 1.15: Cu'-based MOFs for C-H oxidation reaction.
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selectivity, thermal stability, and catalytic efficiency. The fluorination bestowed
MOFs with excellent optoelectronic properties, high acidity, and hydrophobicity

[26, 27].

In 2018, Joharian et al. [28] used fluorinated dicarboxylate building block, diaza-
butadiene, and diaza-hexadiene for the preparation of two pillared 3D F-MOFs as het-
erogeneous catalysts with high stability and efficiency. Both of the prepared catalysts,
the TMU-55 and HTMU-55 were tested in Knoevenagel condensation reaction using
water as green solvent (Figure 1.17). The fluoro groups enhanced the catalytic efficiency
and stability, and both the catalysts did not lose their activity up to three repeated

uses.

\/E—\\J\lI
~ sy N N
N.__=

(4-bpdb)

[Zn2(hfipbb)2(4-bpdh)],.2DMF
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Figure 1.17: Novel 3D F-MOFs for Knoevenagel condensation reaction in water.
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1.3 MOFs as heterogeneous catalysts
for degradation of organic pollutants

Over the last decade, there has been an increasing public consciousness about the
presence of emerging organic contaminants (EOCs) in the environment. Hundreds
of EOCs make their way from industrial effluents and contaminate water resources
and environment around us. The EOCs include a variety of structurally different
compounds with a wide range of applications in industrial synthesis, veterinary
drugs, pesticides, and pharmaceutical products.

Over the last decade, great attention has been given to the elimination of EOCs
from water sources using several physio-chemical techniques including biodegrada-
tion, sonodegradation, chlorination, ozonization, and chemical degradation using
heterogeneous catalysis. In recent times, MOFs have also been evaluated for the deg-
radation of contaminants in water. The novel MOFs with a variety of organic linkers
and inorganic nodes have been well-explored for the catalytic degradation of organic
pollutants. The generally used chemical methods like chlorination produce hazard-
ous by-products like haloacetamides, halomethane, chlorite, and chlorate. The sul-
fate radical-mediated oxidations, Fenton reactions, and photocatalysis have attracted
great attention as advanced oxidation techniques for the degradation of EOCs over
the last few decades. The MOFs are used in combination with sulfate radicals and
H,0, for the catalytic degradation of pollutants without generating secondary toxins.
The MOFs catalyze the EOCs degradation due to its intrinsic catalytic activity or they
are modified by post-synthetic methods for this purpose (Figure 1.18).

The MOFs do act as heterogeneous catalysts in water with high efficiency and
reusability. The MOF-mediated photocatalysis have gained considerable attention
for the catalytic degradation of EOCs due to advantages like easy tunability and
high porosity. The adsorption of EOCs is enhanced due to availability of abundant
active sites which subsequently increase substrate-catalyst interactions and lead to
high catalytic degradations. The porosity and topological characters of MOFs are
modulated by controlling the size of metal clusters and length of linkers.

1.3.1 MOFs as heterogeneous catalysts for degradation
of organic dyes

Synthetic dyes in textile effluents have become major organic pollutants owing to
their stable chemical nature and inertness toward oxidizing agents, heat, and light.
Several physio-chemical methodologies like coagulation, chemical oxidation, and
biodegradation have been developed for their degradation and removal from water.
The highly efficient and facile dye removal is managed through the adsorption
method. Accordingly, the MOFs with their ultrahigh porous nature have become
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Figure 1.18: MOFs catalyzed degradation of organic contaminants.

attractive adsorbents for synthetic dyes and further catalytic degradation by the
metal nodes or organic linkers. In recent years, they have gained attention for pho-
tocatalytic degradation of dyes in aqueous media.

Liu et al. [29] prepared Cu (1) 3,5-diphenyltriazolate (CuTz-1) as a novel MOF for
photocatalytic degradation of organic dyes (Figures 1.19 and 1.20). The prepared hetero-
geneous catalyst was found chemically and thermally stable under acidic and basic
conditions. The as-prepared MOF exhibited high efficiency and superior performance
compared to other known composites and reported MOFs. During the catalytic activity,
the Cu(Il) produced from Cu(l) after the trapping of photogenerated holes behaved as
photocatalyst for Fenton-like reactions. The CuTz-1 MOF efficiently decolorized the mix-
ture of thodamine B, methylene blue, methyl blue, and methyl orange under natural
light. The study revealed the photocatalytic potential of CuTz-1 for the practical treat-
ment of textile effluents containing a mixture of structurally different synthetic dyes.

The MOFs as photocatalysts with desirable topological features, morphology, and
crystalline quality could be achieved through different MOF synthetic methodologies
such as ultrasonication, vapor diffusion, and solvothermal strategies. They further
allow the rational designing and fine-tuning of photocatalysis at the molecular level.
The chemical nature of organic linkers helps to control the photocatalytic activity of
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Figure 1.19: The CuTz-1 MOF-mediated photodegradation of dye [29] copyright Wiley-VCH Verlag
GmbH & Co.

novel MOFs. The 4,4-bipyridine has become as an attractive linker with high electron
transfer efficiency due to its conjugated and rigid structure. It has widely been used for
the preparation of several MOFs. However, none of them have been studied for photo-
catalytic applications.

In 2018, Zhang et al. [30] used 4,4-bipyridine in the hydrothermal method for the
preparation of [Cu(4,4-bipy)Cl],, (MOF-1), [Co(4,4’-bipy)e(HCOO),],, (MOF-2) as two 3D
MOFs. In controlled experiments, the methylene blue was efficiently degraded by both
of the prepared MOFs under visible light. The MOF-1 exhibited superior photocatalytic
performance with the addition of H,0,. The photocatalysis proceeded through ligand
to metal charge transfer mechanism and the catalytic efficiency remained unaffected
even after four cycles. The prepared MOFs were suggested for applications on large-
scale photodegradation of organic dyes in wastewater effluents.

The above mentioned studies have highlighted the potential of MOF for photocata-
Iytic degradation of toxic synthetic dyes. However, in most of the cases, the photocata-
Iytic efficiency of MOFs largely depends on the availability of cocatalyst like H,O, The
applications of such cocatalysts pose serious challenges for environment-friendly use
of MOFs for the degradation of organic pollutants. So, it is of great interest to develop
novel MOFs with high photocatalytic efficiency without using any cocatalyst or photo-
sensitizer. Attempts have been made to prepare efficient MOFs with desirable struc-
tures using a mixed ligand strategy. The 1,2-bis-(4-pyridyl) ethylene has emerged as a
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Figure 1.20: The 3D structure of prepared MOF (reproduced with permission from [29] copyright
Wiley-VCH Verlag GmbH & Co.

promising ligand with high electron transfer efficiency due to its conjugated nature. It
has been used for the preparation of different MOFs but no study revealed its photo-
catalytic applications.

Alamgir et al. [31] used solvothermal methods for the preparation of [Zn(bpe)
(fdc)].2DMF for photodegradation of rhodamine B and crystal violet dyes (Figure 1.21).
Under UV light, the prepared MOF acted as an efficient heterogeneous photocatalyst
for the photodegradation of crystal violet in the absence of cocatalyst. In controlled ex-
periments, the photocatalytic efficiency was examined by varying the dye concentra-
tion, amount of photocatalyst, and pH of the aqueous media. The prepared MOF was
projected as a green catalyst for energy-efficient and eco-friendly photodegradation of
organic pollutants.
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Figure 1.21: Crystal structure of mixed ligand MOF [31].

1.3.2 MOFs as heterogeneous catalysts for degradation
of antibiotic residues

Around the globe, the natural environment has been threatened by the gradual ac-
cumulation of antibiotics over the last few decades. The ever-increasing consump-
tion of antibiotics in humans, veterinary and aquaculture and have raised potential
risks to the healthy environment. The high residues of undigested antibiotics are
detected in water sources and waste effluents. The bacteria become resistant to
such antibiotics and ultimately pose serious threats to living organisms and eco-
logical components. There has been a huge success for the development of various
adsorption techniques for the removal of residual antibiotics from water sources.
Although most of the developed techniques are simple in operation, the disposal of
adsorbed antibiotics and regeneration of most adsorbents raise serious issues and
limit their efficiency. It is anticipated to develop novel multifunctional materials for
the effective removal of antibiotics from water sources to maintain the best possible
ecological standards.

As described earlier, the MOFs have become attractive materials for the adsorp-
tion and degradation of organic pollutants. However, some of the MOFs showed in-
efficient regeneration and poor water solubility. The preparation of MOFs using a
variety of structurally different linkers has helped to develop MOFs with high water
stability and catalytic efficiency. The porphyrin ligands have high stability and
biocompatibility and the MOFs prepared from it like PCN-224 show high water
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stability. Recently, Zong et al. [32] have used porphyrinic zirconium MOF, the PCN-
224 for photocatalytic degradation of ciprofloxacin and tetracycline. The MOFs were
prepared with different particle sizes. The best adsorption capacity and photocata-
lytic was exhibited by the prepared PCN-224 MOF with 300 nm particle size. The
adsorbates were adsorbed on MOF through electrostatic, m—mn, and hydrogen bond-
ing interactions. The photocatalysis helped in the regeneration of MOF under visi-
ble light. Further, it did not lose its photocatalytic activity significantly even after
several usages. The prepared MOFs were anticipated to have the potential for appli-
cation in the removal of residual antibiotics in water sources.

Over the last few decades, the Fe-based MILs have become promising MOFs
due to their economical availability in wide applications. They show high water
and chemical stabilities and are used as a catalyst. The presence of Fe-O clusters
makes such MOFs visible-light responsive. In 2016, Li et al. [33] used four different
kinds of Fe-based MILs for the degradation of acid orange dye. In another study,
the rhodamine B was photodegraded efficiently using Fe;0,-MIL-101 as a heteroge-
neous catalyst. Such studies represent Fe-based MILs as an efficient catalyst for the
degradation of organic pollutants. However, they have not been employed for the
removal of antibiotics from aqueous media.

In a recent study, Wang et al. [34] used Fe-based MOFs for the degradation of tetra-
cycline. They used Fe-MIL-53, Fe-MIL-100, and Fe-MIL-101 for the photocatalytic degra-
dation of tetracycline. The controlled experiments were performed to evaluate process
efficiency by varying concentrations of tetracycline, adsorption time, and MOF concen-
tration. The comparative study revealed Fe-MIL-101 as the best heterogeneous catalyst
for the degradation of tetracycline. Its photocatalytic efficiency increased with the in-
crease of time in the optimization study. Its economical synthesis and high catalytic
efficiency suggested it as a promising candidate for the photodegradation of residual
antibiotics in water sources (Figure 1.22).

Paula et al. [35] reported photodegradation of amoxicillin residuals using Zn-
containing two MOFs namely Zn (1,4-benzenedicarboxylate) (Zn-BDC) and zeolitici-
midazolate framework-8 (ZIF-8) (Figure 1.23). Both MOFs provided Zn as platforms
for the photocatalytic degradation of antibiotics. The photocatalytic degradation pro-
ceeded through the cleavage of the -lactam ring.

In 2020, Sohrabnezhad et al. [36] synthesized NH,-MIL-53(Al) on the Fe;0,@SiO,
NPs for the preparation of core@shell structure as Fe;0,@SiO.@MIL-53-NH, (Al)
nanocomposite (FeSi@MN NC). The preparation method used a salt linker and the
product was used for photocatalytic degradation of ampicillin in water. The prepared
heterogeneous catalyst was activated by visible light. The catalytic activity was sup-
ported by superparamagnetism and large surface area of MIL-53(Al). Such materials
generally show high thermal stability and simple structural morphology. The FeSi@M-
core@shell exhibited low photocatalytic efficiency compared to FeSi@MN core—shell.
In a recent report, Ren et al. [37] introduced a green and economical microwave-
assisted ball milling method for the economical preparation of Zn-MOF. They used
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Figure 1.22: Photocatalytic degradation of tetracycline (reproduced with permission from [34]
copyright 2018 Elsevier).

1,3,5-benzenetricarboxylic acid and Zn-acetate monohydrate in this novel preparation
method. The prepared Zn-MOF was employed as a heterogeneous photocatalyst for the
degradation of organic pollutants including Congo red and tetracycline in aqueous
media. The photocatalytic efficiency of the Zn-MOF increases significantly with the ad-
dition of H,0,. This novel method for the preparation of MOFs was proved to be fast,
facile, and economical for the removal of organic pollutants from wastewater effluents.

1.3.3 MOFs as heterogeneous catalysts for degradation
of pesticides

The fungicides, insecticides, and herbicides are the most commonly used pesticides
in croplands and their usage has increased to three million tons in a year. Over the
last few years, they have been recognized as EOCs due to their persistent nature.
They produced serious ecological concerns due to their toxic nature with highly sta-
ble chemical structures. The biotic and abiotic degradation of pesticides does not
meet full success and produces even more toxic intermediates. The removal and
degradation of pesticides are highly important for environmental safety and public
health because of their negative impacts on health that include damages to the en-
docrine and nervous system.

The generally used traditional wastewater treatments are unable to degrade
such pollutants. Over the last two decades, attention has been diverted to reduce
the toxicity of such agriculturally derived pollutants. The photocatalysis, Fenton-
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like reaction, and ozonation have emerged as advanced oxidation techniques for
the degradation and removal of pesticides. Among these, photocatalysis is regarded
as a green, energy-efficient, and cost-effective method for the degradation of or-
ganic pollutants including pesticides. As described earlier, the traditional photoca-
talyst shows low photodegradation efficiency due to solubility and dispersion
issues. The MOFs have emerged as alternative photocatalyst due to high surface
area and ultrahigh porous nature. The MOFs are associated with abundant active
sites for enhanced adsorption of pollutants. An increased substrate—catalyst inter-
action results in higher photocatalytic degradation. The size of the metal clusters
and the length of the organic linkers have been used to modulate the porosity, to-
pology, and morphology of MOFs for the desired catalytic efficiency.
Organophosphates are a major class of pesticides, widely used for pest control
around the globe. They are of serious ecological concern as they show their pres-
ence in water sources due to their persistent nature. Advanced oxidation processes
have been widely explored for the removal of organophosphates from wastewater
effluents. However, these techniques generally rely on inorganic minerals like Fe-
exchanged zeolites and clay-based Fe nanocomposites. The MOFs have become an
attractive class of photocatalyst with tunable functionality due to the selection of a
wide range of organic ligands. Li et al. [38] studied the degradation of organophos-
phates using a newly developed MOF-based heterogeneous photo-Fenton catalyst
(Figure 1.24). The degradation mechanism involved the hydroxylation and hydroly-
sis and subsequent oxidation that results in complete mineralization of the sub-
strate producing NO5, PO, >, and CO, (Figure 1.25). The reported heterogeneous
catalyst displayed high stability, efficiency, and reusability in optimization studies.
In recent times, the Zr-based MOFs have emerged as a special class with ultrahigh
structural stabilities and applications as heterogeneous catalysts for the degrada-
tion of organic pollutants, chemical warfare agents (CWAs), and organophosphates
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Figure 1.24: MOF as heterogeneous photo-Fenton catalyst (reproduced with permission from [38]
copyright 2017 Royal Society of Chemistry).
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Figure 1.26: Zr-MOF catalyzed degradation of organophosphate.

[39, 40]. In 2021, Nam et al. [41] used PCN-224 as a Zr-based MOF for catalytic degra-
dation of organophosphates like papaoxone, dichlorvos, and naled (Figure 1.26).
The PCN-224 with six connected Zr nodes did not lose its catalytic efficiency in a
continuous flow system even after several cycles. The Zr node connectivity and ge-
ometry were found to be vital for the catalytic efficiency of the Zr-based MOFs dur-
ing the degradation process of organophosphates.

The herbicides are usually sensitive to photodegradation because they could gen-
erate hydroxyl radicals with high energy and reactivity. Over the past few years, great
attention has been given for the development of new photocatalysts with high effi-
ciency to avoid the generation of toxic by-products [42]. The conventional photocata-
lysts are inefficient in aqueous media due to the broad bandgap and low surface area.
However, the Ag(l)-based photocatalysts fully utilize the energy of UV-light, visible
light, and sunlight due to the presence of an appropriate bandgap. The structural diver-
sity, morphological attributes, and wide range of applications of MOFs have made
them attractive as novel photocatalysts for the degradation of herbicides. Accordingly,
low-cost Ag-MOF has been explored as highly efficient heterogeneous catalyst for pho-
todegradation studies of organic pollutants [43, 44]. Hayati et al. [45] used sonochem-
ical and laying methods for an environmental-friendly preparation of [Ag(p-OH
-CgH4C0,)5(NO5)],, as Ag-MOF. The prepared compound performed a simultaneous pho-
tocatalytic degradation of widely used herbicides namely 2,4-dichlorophenoxyacetic
acid and 2-methyl-4-chlorophenoxyacetic acid in aqueous media. The excellent photo-
catalytic efficiency of the Ag-MOF was over 96% under natural light. Various controlled



http://chemistry-chemists.com
26 = Arruje Hameed et al.

experiments were performed for the optimization of reaction time, pH, temperature,
and reactant concentrations.

Owing to severe toxic nature, the CWAs pose severe threats to military person-
nel and civilian populations. Therefore, a proper detoxification of CWAs is of high
importance for the safety of precious lives. Over the last few decades, several new
high-tech materials have been explored for the catalytic degradation of CWAs.
Among those, the MOFs have become attractive choice due to highly porous nature
and large surface area. However, the powder form of MOFs is not recommended for
protective clothing and gas filters due to issues related to particle aggregation. In
2016, Zhao et al. [46] came up with an idea of MOF-nanofiber kebab as novel cata-
lysts for degradation of CWAs (Figure 1.27). The electrospun nanofibers exhibit high
mechanical strength and extremely large surface area. The polyamide-6 nanofibers
coated with TiO, were used for the preparation of Zr-MOF thin films UiO-66, UiO-67,
and UiO-66-NH,. The prepared MOF-functionalized nanofibers acted as highly ac-
tive catalysts for ultrafast degradation of CWAs (Figure 1.28).

Polyamide-6 Nanofiber TiO, Coated PA-6 Nanofiber MOF-Nanofiber Kebabs
PA-6 PA-6@TIO, PA-6@TIO,@MOF

Atomic Layer !
Deposition (ALD) {ALD TiO,

v, b 0

Figure 1.27: Preparation of Zr-based MOF nanofibers (reproduced with permission from [46]
copyright 2016 Wiley-VCH).
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Figure 1.28: Catalytic degradation of chemical warfare using MOF-based nanofibers.

1.4 Conclusions

Over the past decade, the MOFs have offered great opportunities for rational designing
of highly stable and efficient heterogeneous catalysts. The water stability of MOFs has
remained a challenge for their wide range of applications. However, several pre- and
post-functionalization methodologies have been developed that ensure their stability
and unprecedented catalytic efficiency in aqueous media. Herein, we have highlighted
the MOFs as efficient and reusable heterogeneous catalysts for organic synthesis or de-
toxification of organic pollutants in aqueous media. They present superiority in cataly-
sis owing to the availability of metal centers as well as organic linker as catalytic sites.
They have emerged as promising catalysts because of their highly tunable surface,
structural diversity, and uniform porous environment.
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2 Quantum dots as heterogeneous
photocatalysts

2.1 Introduction

Quantum dots (QDs) are semiconductor particles with small nanometric size. These
have distinct optical, chemical, mechanical, physical, and electronic properties
which are different from macroparticles. When QDs are illuminated by UV light, an
electron in the semiconducting QD can be excited to a state from the lower energy
(valence band) to higher energy (conductance band). The excited electron can
come back into the valence band and sidewise, releasing its energy in the form of
light emission. The color of emitted light depends on the energy difference (band
gap) between the conductance band and the valence band [1].

Uses of QDs are quite versatile such as photocatalyst, solar cells, laser, LEDs,
memory, photodetectors, photovoltaics, and quantum computers. It is anticipated
that QDs will occupy a prominent position in these fields in years to come.

Carbon, graphene, and other QDs can be prepared by both the top-down and bot-
tom-up methods. Synthesis of QDs has numerous advantages like simple operations,
low-cost, non-toxic raw materials, renewable resources, and expeditious reactions.

Photocatalysis deals with chemical reactions taking place in the presence of light
and a semiconductor (photocatalyst). Photocatalysis has a wide range of applications
such as deodorizing, air purifying, antifogging, antibacterial, self-cleaning, and water
purification. Photocatalysis is a green chemical pathway and is the need of the day.

When a photocatalyst is in a different phase from its reactants, it is called het-
erogeneous photocatalysis. It includes a variety of reactions: oxidations (partial or
total), hydrogen transfer, dehydrogenation, deposition of metal, removal of contam-
inants of water, removal of gaseous pollutants from air, and so on.

Transition metal chalcogenides are commonly used heterogeneous photocata-
lysts. These are semiconductors having unique characteristics. Semiconductors nor-
mally possess a void region of energy and there are no energy levels in this region as
compared to metals having a continuum of electronic states. There is no chance to
promote recombination of an electron and hole, which are produced by photoactiva-
tion in the solid. Such a void region is termed as band gap and it extends from the
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top of the highest occupied molecular orbital (valence band) to the bottom of the un-
occupied molecular orbitals (conduction band). When a photon with energy equal to
or greater than band gap of semiconductor is absorbed by any such material, then an
electron jumps from the valence band to the conduction band, which creates a posi-
tive hole in the valence band. This photogenerated pair of electron and hole is called
an exciton. Thus, any oxidation-reduction reaction can take place at the surface of
photocatalyst due to this electron-hole pair (Figure 2.1).

H+

CB { i Reduction
H,

0.

VB Oxidation
H,0

Figure 2.1: Principle of photocatalysis.

These excited electrons and holes recombine by releasing the energy in the form of
heat, which was gained in the form of light in the process of excitation of an electron.
This type of exciton recombination is not desired. The presence of higher levels leads
to a photocatalyst, which is inefficient. Therefore, efforts are made to develop photo-
catalysts with extended exciton lifetime, improved electron—hole separation, sensiti-
zation, use of cocatalyst, metal or non-metal doping, and so on. Thus, photocatalysts
are designed to assist reactions between oxidants and excited electrons to give re-
duced products. The second reaction possibility is between the reductants and holes
to give oxidized products. The positive holes may react with the water/hydroxyl ions
present on the surface to produce a hydroxyl radical (active oxidizing species). The
first step in the reaction is the generation of exciton (electron—hole pair) by photoin-
duced excitation in semiconducting (SC) as:

SC+hv —SC(h"+e™)
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Oxidation reactions may proceeds as;
h™ +OH™ — °OH
h* +H,0 — H'+°0OH
2H,0+2h* — H,0,+2H"
H,0, — 2°0OH
Reduction reactions may proceed as;
e +0, — 0,°°
H,0+0, *+H* — 0,+H,0,
H,0, — 2°0OH

As a result, hydroxyl radicals are generated through oxidation or reduction reac-
tions. These hydroxyl radicals are the strongest oxidizing agent next to fluorine and
are also non-selective in nature.

2.2 Wastewater treatment

Water is the basic necessity of plants, animals, and human beings. Demand for
pure water is increasing regularly due to increase in population. There is an urgent
need to develop alternate treatment technology to purify water. A number of pro-
cesses have been tried for this purpose, but photocatalysis is commonly used
in wastewater treatment [2].

QDs are zero dimensional in nature and these are much smaller in size, and
therefore, they have unique properties. The QDs can find different applications as
compared to their bulk counterparts due to size, composition, shape, and so on.
These semiconducting nanoparticles (NPs) are emerging as promising fluorescent
materials, environmental remediation, light emitting diodes, sensors, targeted drug
delivery system/vehicles, and so on. It is an attractive method to treat wastewater
through heterogeneous photocatalysis using QDs.

2.2.1 Degradation of dyes

Miao et al. [3] prepared carbon quantum dots (CQDs) (visible light responsive) em-
bedded in mesoporous TiO, materials via sol-gel method. It was reported that NPs
were randomly packed in mesopores and inverse surfactant micelles were formed
by interconnected intraparticles. The CQDs were introduced to make full utilization
of sunlight (>400 nm) without disturbing the mesopores. The photocatalytic activity
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of the CQDs/meso-Ti-450 was studied in degradation of methylene blue (MB). The
photocatalytic activity of the composite material was enhanced to a great extent in
the presence of visible light. It was reported that highest photocatalytic perfor-
mance could be achieved by 5% CQDs/meso-Ti-450 in 60 min. It was claimed that
MB was almost completely (98%) removed by 5% CQDs/meso-Ti-450, while com-
mercial P25 can remove only 10% dye under visible light conditions.

Nanophotocatalysts ZnS QDs were prepared by Mansur et al. [4] which were
functionalized with chitosan (ZnS—CHI) by an ecofriendly colloidal chemical method.
It was reported that chitosan can be used as an effective capping ligand for fabrica-
tion of water-soluble ZnS QDs. The average nanocrystal size was found to be 3.8 nm.
The dyes MB and methyl orange were effectively degraded/oxidized by ZnS/chitosan
nanostructured photocatalyst under UV irradiation.

A facile method of preparation of SnO, QDs was reported by Yousaf et al. [5],
which was decorated on 2D material g-CsN,. The photocatalytic performance of as-
prepared Sn0,/g-C3N, nanohybrids was used for degrading rhodamine-B. It was
suggested that enhanced activity may be due to synergetic effect between exfoliated
g-C3N, layers and SnO, QDs. However, it was reported that the ratio of g-CsN, to
SnO, significantly affect the photocatalytic activity. When the ratio was kept 1:2, the
highest performance was exhibited.

Sood et al. [6] reported use of simple sol-gel, template free method for the syn-
thesis of TiO, QDs. It was revealed that as-synthesized TiO, QDs possess well-
crystalline pure anatase phase and it exhibited good photoluminescent properties.
They also investigated the catalytic behavior of these QDs by photocatalytic degra-
dation of the dye indigo carmine under UV-light. The optimum dose of the catalyst
was found to be 0.75 g L™\, It was reported that low concentrations of dye and acidic
pH range favored this degradation.

Green aqueous based synthesis routes were selected by Rajabi and Farsi [7] for
synthesizing pure and transition metal ions doped ZnS QDs at room temperature.
These ZnS QDs were doped with three transition metal ions (Mn?*, Co**, and Ni**
ions). The average particle size of the QDs was found to be in the range of 1-3 nm.
They investigated photocatalytic activities of ZnS QDs in the removal of methyl vio-
let, a cationic dye. Effect of the different operational parameters on decolorization
efficiency was also studied such as dopant, amount of QDs, pH, irradiation time,
ionic strength, and dye concentration.

Palanisamy et al. [8] synthesized ZnS QDs, Bi/B-Bi,04, and ZnS/Bi/B-Bi,0, nano-
composites by precipitation, solvothermal, as well as wet impregnation method. It was
reported that combination of bare ZnS QDs with Bi/B-Bi,O, nanocomposite exhibited
very good photocatalytic activity against toxic pollutants such as MB and rhodamine
B. This nanocomposite was found to be three times more efficient as compared to pris-
tine ZnS QDs. The as-prepared composite exhibited good stability and there was no sig-
nificant loss of activity even after five cycles.
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Synthesis of iron oxide (Fe;0,) metal NPs (MNPs) and functionalized zinc sul-
fide QDs was carried out by Rajabi et al. [9] through a simple chemical precipitation
method. They used sodium dodecyl sulfate and 2-mercaptoethanol for surface mod-
ification and capping of ZnS QDs and Fe;0, MNPs, respectively. It was observed
that the mean particle size of ZnS QDs and Fe;0, MNPs were approximately 1-3 and
50-80 nm, respectively. Although, both of these methods can be considered as sim-
ple, green, and efficient strategies for the removal of organic dyes, but efficiency of
the QDs-based photodegradation for the removal of Victoria blue R (VBR) was
found to be higher than MNPs. It was reported that the maximum decolorization of
95% and 65% could be achieved for 30 mg L™* of VBR in 20 and 45 min at optimum
pH 10 and 7.5 in the presence of 8 and 10 mg of QDs and MNPs, respectively.

The ZnS QDs were biosynthesized from Zn tolerant Penicillium sp. by Jacob
et al. [10] under ambient reaction conditions. It was revealed that these ZnS QDs are
spherical particles with an average diameter of 11.08 nm. These biogenic ZnS QDs
were then used for the photodegradation of the MB dye, and good photocatalytic
activity was observed. The dye degradation efficiency was found to be enhanced on
increasing ZnS nanocatalyst/dye ratio and it reached to equilibrium in 6 h. These
ZnS nanohybrids have practical applicability in the removal of pollutants in textile,
paper, and dyeing industries.

Cui et al. [11] reported a photocatalyst that consists of Cu,0 QDs, which were
incorporated into flower-like BiOBr. These were synthesized using reduction chem-
istry and then used for decontaminating the waste water containing organic dyes
and phenol. It was reported that 3 wt% of the as-prepared QDs-Cu,0/BiOBr compo-
sites showed much higher activity for degrading MB in the presence of visible light.
This activity was about 1.4 times higher as compared to BiOBr, which indicated that
this composite has a great potential for application in the removal/degradation of
hazardous organic contaminants.

Sharma et al. [12] prepared monometallic Fe@CQDs, iron NPs (Fe NPs), and nano-
composite of Fe/Ag@CQDs through by simple reduction/coprecipitation method. Mono-
metallic nanocomposite photocatalytic activity of NPs, FeOCQs, and Fe/Ag@CQDs was
utilized for degradation of fast green dye from aqueous solution. The catalytic nature
was also evaluated for the esterification of acetic acid and oxidation of benzyl alcohol.
The Fe NPs gave maximum yield (87%) for oxidation of benzyl alcohol at 80 °C in pres-
ence of hydrogen peroxide. It was also reported that esterification of acetic acid with
different alcohols (ethyl, isopropyl, and butyl alcohol). It was observed that butyl alco-
hol gave maximum esterification, that is, 82%, 80%, and 84% with Fe NPs, Fe@CQDs,
and Fe/Ag@CQDs, respectively.

An environment friendly synthesis of SnO, QDs was investigated by Bhattachar-
jee and Ahmaruzzaman [13] via a microwave heating method. They used two amino
acids for this purpose, that is, aspartic and glutamic acids. It was reported that the
average diameter of Sn0O, QDs was ~1.6 nm when glutamic acid was used. It was
with smaller diameter (~2.6 nm) as compared to the QDs prepared using aspartic
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acid. The as-synthesized SnO, QDs were found to be effective photocatalyst in the
removal of eosin Y and rose Bengal in the presence of direct sunlight.

Stieve et al. [14] developed a method to increase photocatalytic activity of bis-
muth oxyhalides (BiOX), which involves canon QDs sensitization. They prepared
different sizes of carbon dots (CDs) using microwave-promoted synthesis under the
influence of citric acid with urea as the precursor. Then, a specific wt% of CDs were
introduced into different BiOX nanosheets using a surfactant in hydrothermal
method. The photocatalytic activity of BiOBr, BiOCl, and BiOI were compared with
their CD-integrated composite for degradation of rhodamine B. They followed this
activity order:

BiOI < BiOBr < BiOCl

It was revealed that BiOX nanosheets had enhanced photocatalytic activity on inte-
grating CDs.

Jat et al. [15] studied photocatalytic degradation of fast green in presence of vis-
ible light using Sn0O, TiO, QDs. They prepared this composite by hydrothermal
method using stannic chloride (hydrate) as precursor for SnO, QDs. It was reported
that the as-prepared composite had more photocatalytic activity than titania nano-
powder for degradation of fast green.

2.2.2 Degradation/reduction of nitro compounds

Liu et al. [16] prepared CQDs@Pd nanoclusters CQDs@Pd-SnS, with Pd NPs (<5 nm)
via in situ where CQDs reduced Pd(II). This composite is efficient in reducing aro-
matic nitro compounds in the presence of visible-light, NaBH,, and H,0 (Figure 2.2).
It was observed that the conversion rate of 4-nitrophenol (4-NP) could attain 99.7%
on this composite in the presence of visible light within 40 min. It was reported that
degradation was 586.5, 31.9, and 202.4 times faster than that observed in using the
SnS,, Pd-SnS,, and CQDs-SnS..

Mahto et al. [17] synthesized N, S co-doped CDs (NS CDs). Subsequantly they pre-
pared N, S-doped CDs-Au nanocomposites via solution method using these as reducing
and stabilizing agents. The catalytic activity of the as-synthesized nanocomposites was
observed for reduction of, 4-nitroaniline (4-NA), nitrobenzene (NB), and 4-NP. The ap-
parent rate constants (kapp) of reduction was determined as 5.35x107° s, 8.9x107?,
and 1.37x 107! for NB, 4-NA, and 4-NP, respectively. It was obtained that the rate of
reduction of 4-NP by NaBH, with these NS CDs-Au NCs was the highest.

The Sn0, QDs decorated on TiO, nanospheres have been synthesized by Bhatt
et al. [18]. They used these as photocatalyst in photodegradation of 2-nitrophenol
(2-NP). It was reported that the as-synthesized photocatalyst exhibited a more effec-
tive degradation of 2-NP as compared to pure TiO, nanospheres.
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Figure 2.2: The use of CQDs@Pd-SnS,IV ps for degradation of aromatic nitro compounds (adapted
from Liu et al., J. Colloid Interface Sci. 2019, 555, 423-430.).

Lv et al. [19] developed simple and green in-situ method for the preparation of Au
NPs on nitrogen-doped graphene QDs (NGQDs). They mixed NGQDs and HAuCl, - 4H,0
without using any surfactant and reductant for this purpose. The as-obtained Au
NPs-NGQDs showed high catalytic performance in degradation of 4-NP. These Au
NPs provided high catalytic activity because of its free catalytic surface, which has no
surfactant capping. Its turnover frequency was also determined to be 12 h™* reflecting
its high catalytic efficiency.

2.2.3 Degradation of phenols

Liang et al. [20] reported the preparation of CQDs-sensitized ZnO composites. They
also used these for photocatalytic degradation of phenol in the presence of visible
light. It was observed that this sensitization extended spectral response range of
this composite to the visible region that will enhance the utilization of sunlight. It
was also revealed that the photocatalytic activity of this composite sensitized by
CQDs was about 60% higher as compared to ZnO and that too with good reusability
(up to 10 cycles) and stability.

A one-pot solvothermal route was used by Kumar et al. [21] to prepare graphitic
carbon nitride QDs which were O and S co-doped (OSCNQDs). It was then hybridized
with Bi,MoOg (BMO) photocatalyst. These were utilized to degrade aqueous solution of
phenol from wastewater in the presence of visible light. It was observed that 98% pho-
todegradation of phenol was achieved in the presence of (OSCNQDs/BMO) nanohybrid
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under visible light. It was attributed to the effective formation and coupling of Z-
scheme heterostructure. Therefore, this nanohybrid exhibited prominent absorption
in visible region, superior photoactivity, and enhanced space charge isolation.

The reactivity of biopolymer-based nanocarbon dots (NCDs) was investigated
by Pirsaheb et al. [22]. They carried out the synthesis of NCDs via a simple hydro-
thermal carbonization method in the removal of phenol. They could achieve phenol
degradation (>99%) in the presence of 12 mmol H,0, in 20 min. The NCDs catalyst
exhibited good recyclability.

Martinez et al. [23] synthesized AgInS, (AIS) QDs (size 4.0 +1.6 nm) and then
loaded these onto ZnO nanopyramids (ZnONPy). It was revealed that the 1%AIS@ZnO
NPy composite exhibited the highest degradation of phenol in aqueous media (92%
in 1 h under light (A >350 nm). It was found to be 4 and 68 times than for bare
ZnONPy and AIS QDs, respectively.

Guo et al. [24] prepared carbon nitride QDs (CNQDs)/TiO, NP heterojunctions.
They mixed the as-prepared CNQDs and TiO, by mechanical stirring for this pur-
pose. The photocatalytic degradation of bisphenol A was observed under stimulated
sunlight (Figure 2.3). It was reported that the TiO, NP with CNQDs had an optical
band gap of 3.02 eV making it useful in visible light region. It was revealed that all
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Figure 2.3: The use of CNQDs/TiO, for degradation of bisphenol A (adapted from Guo et al., Int |
Hydrogen Energy 2020, 45(43), 22,534-22,544.).
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the CNQDs-x/TiO, composites exhibited higher photocatalytic activities than that of
the pure TiO, and it was about 25 times higher.

Bajorowicz et al. [25] decorated KNbO; with CdS QD to form a composite photo-
catalysts and thereafter comodified it with Bi,S; QDs. A combination of two meth-
ods was used for this purpose, hydrothermal a linker-assisted route of adsorption
thioglycolic acid and starch were used as capping agents. It was observed that QDs
were deposited on surface of the perovskite-type KNbOs. A stable heterostructure
was obtained with good dispersion. The as-obtained KNbOs-based composites ex-
hibited enhanced photocatalytic performance for the degrading phenol in the pres-
ence of visible light in aqueous solution. Ternary 30% CdS-5%Bi,S; QD-decorated
KNbO; composite exhibited highest photocatalytic activity with enhanced stability.
The catechol, benzoquinone, hydroquinone, and 1,2,4-benzenetriol were detected
as oxidation intermediates, which ultimately formed non-cyclic organic acids.

Hasija et al. [26] employed a green synthetic approach to prepare CQDs using
naturally occurring bamboo leaves. They used hydrothermal method for this pur-
pose. The as-prepared CQDs were used for fabrication of Z-scheme P-doped g-C5N,/
Agl/Zn0/CQDs (PGCN) heterojunction. The Agl/ZnO/CQD was immobilized on gra-
phitic carbon nitride (g-C3N,). It was used for degradation of 2,4-dinitrophenol
(DNP) in wastewater. Complete mineralization of DNP into CO,, H,0, and inorganic
ions was observed. An improvement in photocatalytic performance was due to the
electron sink behavior of CQDs, which was the result of integration of g-C3N, to
Agl/ZnO with CQDs. This photocatalyst exhibited significant recyclability (up to 10
cycles) and stability.

Ortega-Liebana et al. [27] studied the role of carbon nanodots (CNDs) in sensi-
tizing TiO, so as to make a photocatalyst, which is active in visible-light and not
only using solar energy efficiently, but is also durable, inexpensive, and environ-
mentally friendly. Stevia plant and Argentinean yerba mate were used as source of
carbon to produce a series of CNDs with varied levels of P and N doping. These
CNDs were assembled with TiO, to get heterogeneous photocatalysts and used for
photodegradation of 2,4-dichlorophenol in the presence of NIR and visible-light.

2.2.4 Degradation of drugs

Liu et al. [28] synthesized CQDs, which were modified with porous graphitic carbon
nitride (g-C3N,) via polymerization method. This CQDs modified g-C5N, exhibited
almost 15 times higher degradation of diclofenac (DCF) as compared to graphite car-
bon nitride. It was found that CQDs were anchored to g-CsN, surface forming C-O
bond, which provided channels for easy transfer of photoexcited electrons on DCF
to the conduction band of graphitic carbon nitride. It was revealed that superoxide
radical (O,°-) was the main oxidizing species in degrading of DCF. This degradation
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involves ring closure, ring hydroxylation, and C-N bond cleavage. Such a hybrid
photocatalysts exhibited appreciable reusability in five cycles.

Kumar et al. [29] reported synthesis of self-assembled CQDs (metal free) and
RGO layers modified S@g-C;N,/B@g-CsN, (CRSB) photocatalyst. They used it for
the degradation of chloramphenicol (CMP) (10 mg L) in the presence of visible ra-
diation and sunlight. It was observed that visible light absorption could be achieved
on modified reduced graphene oxide (rGO) with CQDs composite sample CRSB that
photodegraded 99.1% CMP in 90 min under visible light and retained its activity in
natural solar light (92.4% in 120 min). They also designed a stable heterojunction
using boron and sulfur doped g-C;5N,. They observed that degradation rate using
CRSB (0.0810 min™") was ten times than that observed with g-C5N,, (0.00802 min™).

A graphitic carbon nitride (g-C3N,) (tubular) was modified with CQDs by Zhao
et al. [30] and was used for the removal of carbamazepine (CBZ) in the presence of
visible light. It was reported that surface bonded CQDs did not affect the band gap
of g-C5N,, but it highly inhibited the recombination of charge and as a result, CBZ
degradation was increased more than fivefold on incorporating CQDs in g-C5N,.

Zhao et al. [31] prepared decorated phosphorus-doped g-CsN,nanosheets with
Co30, QDs via thermal polymerization. They used vitamin B;, (VB12) as the source
of cobalt and phosphorus mixed with melamine. It was found that a particular
amount of VB12 improved the photocatalytic activities, but an inhibition was ob-
served with higher amount of VB12. Sample containing weight ratio of VB12 (1%)
displayed maximum photocatalytic activity during degradation of metronidazole,
which was almost double than that observed with pure g-C3N,.

Liu et al. [32] prepared a CQD oxygen-rich titanium dioxide nanosheets compos-
ite via a modified two-step hydrothermal method. It was then used for photodegra-
dation of tetracycline (TC). It was reported that the as-prepared composite could
enhance the degradation of TC to 94.1% in 2 h under visible light. This rate of deg-
radation was found to be almost 2.3 times higher than that of titanium dioxide
nanosheets. The hole (h*) played a major role in the degradation of TC, but super-
oxide radical (0,"”) and Hydroxyl radical (*OH) also played some role in the cata-
Iytic reaction. It was interesting to note that the toxicity of TC solution first increased
in 10 min; thereafter decreased slowly to that of pure water.

Wei et al. [33] prepared ZnS QD nanomaterials using a hydrothermal method.
The photocatalytic properties of ZnS QDs were observed for degradation of antibi-
otic ciprofloxacin (CIP). It was revealed that the as-prepared ZnS QD exhibited good
photocatalytic property under UV irradiation and effectively degraded CIP, but its
activity is not high enough and its degradation efficiency was only 45.75% under
visible light.
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2.2.5 Degradation of other organics

The CD@Fe;0, photocatalysts were synthesized by Rong et al. [34] through a hy-
drothermal route. The Fe;0, was used as the core material to synthesize CD@Fe-
30 particles. The ethylene diamine and citric acid were used as a raw material.
These were observed as uniform, hemisphere and monodispersed particles with
size of almost 3 nm as evident from High-resolution transmission electron micros-
copy (HRTEM). It was revealed that the half-life of hexaconazole (an herbicide) in
CD@Fe;0, photocatalysts was almost 4 days with daylight lamp, which is much
lower than that without CD@Fe;0, photocatalysts (over 100 days).

Das and Dhar [35] synthesized tin dioxide QDs using Camellia sinensis shoots as
reducing agent and stabilizer. Crystalline nature of tin dioxide QDs and the size of the
particle was determined as 4.3 nm. These were having flake-like morphology, which
was capped by phenolic compounds of C. sinensis. These QDs were used for the photo-
catalytic degradation of thiamethoxam and it was reported that 57% degradation was
achieved within 45 min.

Some chalcogenide CdX (X = chalcogens) QDs/TiO, hybrids were prepared by
Hua et al. [36]. These were used for degradation of benzene in presence of visible
light. It was reported that the photocatalytic degradation of benzene was about
95%, 90%, and 86% on using CdS-TiO,, CdSe-TiO,, and CdTe-TiO,, respectively. Hy-
droxyl radical and h*™ were proposed as active oxidizing species in the photocata-
lytic degrading benzene over CdX-TiO,.

Tin oxide QDs were prepared by Liu et al. [37] through oxidation and simple
hydrolysis. It was reported that the as-prepared QDs had an average particle size of
2.23 nm. The fluorescence properties of these QDs were used in detection of heavy
metal ions such as Ni**, Fe**, Cd**, and Pb**, which quenched photoluminescence.
These QDs responded to the presence of ions in the range of 2.48 to 100 ppm Ni*".
These Sn0, QDs can be used to detect these heavy metal ions in all real samples,
the contaminated water, reclaimed water, as well as sea water. A linear correlation
was found between Ni** concentration (log) against fluorescence emission intensity.

2.3 Photogeneration of hydrogen

QDs have a number of parameters that may be adjusted to get the desired band gap
in photocatalyst. The enlargement of the band gap is a significant driving force for
the charge transfer and as a result, photocatalytic reactions were promoted. A
strong quantum-confinement effect was observed, which makes the transfer of
these charge carriers outside the boundary of QDs conveniently. In addition, more
photons (multiple) could be absorbed, generating multiple excitons per QDs [38].
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Li et al. [39] prepared monolayer MoS, QDs through laser ablation of bulk MoS,-
material in water. It was reported that the as-prepared MoS, QDs exhibited excellent
electrocatalytic activity for evolution of hydrogen, which was attributed to abundant
active edge sites, high specific surface area, and excellent electrical conductivity.

The MoS, QDs were obtained by Baldovi et al. [40] in colloidal suspensions by
laser ablation (532 nm) of commercial MoS, particles in acetonitrile. These MoS, QDs
obtained by laser ablation were constituted by 3-6 MoS, layers (1.8—-4 nm thick-
ness). It was reported that these QDs’ photocatalytic activity under UV-Vis irradia-
tion could be used for generation of H,. The CH;0H was used as sacrificial electron
donor, may be due to electron transfer kinetics and an increase in the reduction po-
tential of electrons in conduction band.

Chen et al. [41] fabricated ZnCdS QDs without carbon support by controlled anneal-
ing and ion-exchange procedure and sequential sulfidation. It was reported that photo-
catalytic activity of these QDs for generation of hydrogen can be enhanced through
adjustment of quantum sizes. An optimal production rate (3.70 mmol h™* g™) of H,-
could be achieved in the presence of visible light. The rate was found to be higher than
that with bulk ZnCdS.

Cao et al. [42] prepared CdS QDs grown in situ on graphitic carbon nitride nano-
sheets, which were well dispersed. It was observed that the resultant CdS—CsN,-
nanocomposites exhibited excellent photocatalytic evolution of hydrogen in the
presence of visible light in comparison to pure g-CsN,. Such an enhanced photoca-
talytic activity may be due to interfacial transfer of holes photogenerated and elec-
trons between CdS and g-CsN,.

Metallic Cu/Ag QDs were decorated on TiO, nanotubes (Cu/Ag@TNT) by Reddy
et al. [43] via photo deposition method. They observed generation of hydrogen in
the presence of Cu/Ag@TNT catalyst in aqueous glycerol suspension using natural
sun light. An enhanced photocatalytic evolution rate of H, was obtained with Cu/
Ag@TNT (CAT-2.0) as compared to TiO, nanotubes (TNT), monometallic Ag@TNT
(AT-2.0), and Cu@TNT (CT-2.0). This better photocatalytic H, evolution rate was at-
tributed to localized surface plasmon resonance (LSPR) effect due to Ag-injected
charge carriers into the TiO, catalyst (conduction band). The Cu cocatalyst also acts
as an electron acceptor from TiO, to reduce H" ions into H, gas.

The TiO, NPs were prepared modified as the cobalt sulfide QDs (CoSx QDs) by Yu
et al. [44] using precipitation—deposition method. They utilized TiO,, sodium sulfide,
and cobalt acetate as the precursors. These QDs act as effective cocatalyst, facilitating
the transfer of photogenerated electrons. They also served as the active site for the
reaction between water and electrons; as a result, separation of the e”/h* pairs and
the photocatalytic H, generation was also enhanced. It was reported that the amount
of CoSx exhibited an optimum value at about 5% TiO,, where production rates of H,
could achieve 838 yumol h™* g™, which was 35 times more than that of pure TiO-.
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Wang et al. [45] reported the fabrication of CuO/TiO, heterojunction as advanced
photocatalysts for water splitting. It was revealed that 5% content CuO modified TiO,
nanosheets exhibited much higher activity for H, evolution (~0.04 mmol h™). It was
also observed that its stability was good even after five cycles of 15 h.

Ma et al. [46] synthesized CdSe QDs/Ce0, (111) heterostructures via a wet chem-
istry method. They observed higher photocatalytic H, evolution (283.32 umol g 'h™)
and it was due to the enhanced higher separation, light absorbance intensity and
edge, and lower recombination, and relatively longer lifetime of the photogenerated
carriers.

Du et al. [47] fabricated BiVO,@ZnIn,S,/TisC, MXene QDs (QDs) photocatalyst
via in-situ growth, which was combined with solvothermal method. They reported
that TisC, MXene QDs can be used as cocatalysts for water splitting photo catalyti-
cally. These QDs could achieve effective splitting of water into H, and O, under visi-
ble light with rates of evolution up to 102.67 and 50.83 pmol g~* h™* (~1:2). These QDs
also exhibited higher photocatalytic degradation efficiency for bisphenol A ~ 96.4%.

A zero-dimensional/two-dimensional heterostructure binary Zn0O-SnO, QDs,
was deposited on the surface of g-C3N, nanosheets by Vattikuti et al. [48]. The
Sn0,-Zn0 QDs/g-C5N, hybrid was prepared through an in-situ copyrolysis. This
hybrid showed a higher rate of hydrogen production (13 673.61 pmol g™*). The pro-
duction rate is almost 2.27 and 1.06 times more than that with binary pristine g-
C3N, photocatalyst and ZnO/g-CsN, hybrid. An enhanced visible absorption and
reduced recombination was considered responsible for increased performance of
the as-synthesized zinc oxide-modified g-CsN, and tin oxide.

Xiao et al. [49] developed a dual-functional Ag,0 QD/ZnIn,S, nanosheet (AO/ZIS)
composite photocatalyst via an in-situ deposition process. It was reported that these
AO/ZIS hybrids exhibited higher photocatalytic performance for generation of hydro-
gen. They revealed that highest photocatalytic H, production rate (2334.19 pmol g™*)
was observed with AO/ZIS-2 which was 3.38 times more than that of ZnIn,S,. It was
suggested that an enhanced spectral absorption, increased surface area, and the for-
mation of p—n heterojunction were considered responsible for superior photocatalytic
activities.

2.4 Reduction of carbon dioxide

Carbon dioxide concentrations in the atmosphere are regularly increasing due to
combustion of fossil fuel resulting in global warming. The major barrier to this pro-
cess is the availability of an efficient and robust catalyst for reduction of CO,, partic-
ularly catalysts achieving products such as methanol, ethanol, or butanol [50].
Photocatalytic reduction of carbon dioxide to hydrocarbons is one of the most
sustainable and promising solutions for conversion of solar energy (light) to chemical
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energy in the form of high value-added products or chemicals and also decreasing an
ever-increasing environmental pollution.

QDs are promising candidates for harvesting visible light, but they normally ex-
hibited selectivity and low activity for photocatalytic reduction of carbon dioxide.
Metal complexes QDs may exhibit improved catalytic activity if these are functional-
ized but it was observed that such fabricated QDs still suffer from low stability and
selectivity in reducing CO,. There is an increasing demand to overcome these
problems.

The CsPbBr; QDs are potential candidates for reduction of CO, due to their high
molar extinction coefficient, excellent photoelectric properties, defect tolerance,
and low exciton binding energy. But the pristine CsPbBr; QDs exhibited poor photo-
catalytic performance because of rapid recombination of charge and less efficient
catalytic sites for adsorption/activation of CO..

Halide perovskite QDs (HP QDs) are widely used in the field of photocatalysis
due to their excellent performance, but there are certain limitations such as lead
toxicity and instability.

The CsPbBr; QDs/Bi,WO4 nanosheet (CPB/BWO) (heterojunction) photocatalysts
was fabricated by Wang et al. [51] and it was used for photocatalytic CO, reduction. It
was revealed that this photocatalyst achieved an excellent photocatalytic perfor-
mance with CH,/CO as 503 pmol g*, which is almost 9.5 times more than that with
pristine CsPbBrs. This heterojunction also exhibited an improved stability in photoca-
talytic reactions.

Guzman et al. [52] fabricated assemblies with polycations poly-(2-trimethylammo-
nium) ethyl methacrylate (PM), poly-diallyl dimethylammonium, and CdTe nanocrys-
tals. It was revealed that the modified surfaces were active in CO, reduction, with a
better activity from dark and irradiation conditions. They reported that major product
of reduction of CO, was CH;0H; however, some traces of HCOOH and CO were also
observed. It was suggested that PM modified electrodes with QDs (2.77 nm size) exhib-
ited a selective production of CH;0H.

Qin et al. [53] prepared g-C3N, photocatalyst, which was modified by NiS, QDs
(cocatalyst) through hydrothermal process. The as-prepared composite showed sta-
bility as well as superior activity in photocatalytic CO, reduction. They could obtain
highest CO evolution rate on NSQD/CN-25 catalyst (10.68 pmolh™' g™") and it was
almost 3.88 times higher as compared to g-CsN,. The apparent quantum efficiency
(AQE) was found to be 2.03%. It was indicated that some intermediate products
were also obtained (such as COO~, CO5%", and HCO;") in this process.

Wang et al. [54] reported a photocatalytic system, involving CsPbBr; QDs cou-
pled with covalent triazine frameworks (CTFs) and it can be used for reduction of
CO, under visible light. Here, the periodical pore structures of CTFs and triazine
rings helped in separation of charge in CsPbBr; and making these more effective
with strong CO, adsorption/activation capacity.
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The Bi,MoOg QDs (BM QDs) with the size of 5 nm in diameter were in situ grown
by Dai et al. [55] on reduced graphene oxide (rGO) layers. This sensitized graphene for
better visible light response and provides more activity for sun light-driven reduction
of CO.. It was reported that small-sized BM QDs will generate some active electrons
and donate these electrons to the rGO layers on irradiation. About 84.8 methanol and
57.5 pmol g™* of ethanol were obtained on BM QDs/rGO in 4 h due to transport and
higher electron extraction over the BM QDs/rGO interface. This total yield of alcohols
over BM/rGO (142.3 pmol ¢! was found to be 4.4 and 2.2 times than with flower-like
Bi,Mo0Os (32.2 pmol g*), and unmodified Bi,MoOg QDs (64.0 pmol g*), respectively.

Dai et al. [56] prepared WS, QDs (WS, QDs), which were doped with Bi,Ss-
nanotubes. They utilized WS, QDs as seeds for this purpose. It was reported that
the perfect junction interface was there between WS, and Bi,S;, which provides
lower resistance for rapid electron transfer on the interface efficient by separated
electron—hole pairs. The WS,@Bi,S; nanotubes exhibited more photocatalytic activ-
ity in reduction of CO, as compared to pristine Bi,S; nanotubes. The 38.2 and
27.8 pmol g~* of methanol and ethanol could be produced using WS, (4 wt% load-
ing) in presence of Vis-NIR light in 4 h. A low-resistance interface in heterojunction
and electron pathway through Bi,S; nanotubes were responsible for its higher pho-
tocatalytic activity.

The lead-free Cs,AgInClg perovskite QDs (CAIC QDs) were prepared by Chen
et al. [57] via the hot-injection method. Then, CAIC QDs@Ag composites were syn-
thesized with different Ag loading and adjustment of the Cl source. It was found
that the CAIC QDs@Ag composite has better carrier separation efficiency and fast
electron transport, which are very important for the improvement in reduction of
CO,. It was reported that CAIC QDs@Ag-2 composite could achieve the highest yield
of 26.4 and 28.9 pmol g™* for CO and CH,, respectively. It was also observed that
there is no significant decrease in photoreduction performance even after recycling
test for 9 h, which indicated that the CAIC QDs@Ag composite was stable during
photocatalysis process.

The CsPbBr; QDs/Ui0-66(NH,) nanocomposites were fabricated by Wan et al. [58]
by combining the advantages of UiO-66(NH,) and CsPbBr; QDs. It was reported that
these nanocomposites exhibited significantly enhanced photocatalytic activity for CO,
reduction. When CsPbBr; QDs content was kept 15 wt%, then 98.57 pmol - g~* CO was
produced. The increased photocatalytic performance was attributed to large accessi-
ble specific surface area improvement in electron extraction as well as transfer be-
tween CsPbBr; QDs and Ui0-66(NH,) and higher absorption capacity of visible light.

Li et al. [59] synthesized CQDs/Cu,0 heterostructure, and these can be used
for efficient photocatalytic reduction of CO, to methanol in presence of solar light.
It was revealed that CQDs/Cu,0 photocatalyst exhibited significant stability in
this process, and it was all due to the photoinduced electron-transfer properties of
these CQDs.
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Wang et al. [60] reported that doping of CdS QDs with transition-metals sites
can be helpful to overcome the limitations of low stability and selectivity. These
doped QDs gave highly selective photocatalytic reaction of CO, with H,0 (almost
100 % selectivity to CH, and CO was there). They reported that doping Ni sites into
the CdS lattice could be effective by trapping these photoexcited electrons on sur-
face catalytic sites, which suppresses H, evolution to a greater extent.

Shu et al. [61] fabricated a multiwalled carbon nanotube (MWCNT)/CsPbBr;-
perovskite QDs (QDs) nanocomposite. Here, the highly conducting MWCNT acts as
an electron acceptor, which can inhibit recombination of charge carrier in CsPbBr3-
QDs. It was reported that CsPbBr;/MWCNT exhibited the highest photocatalytic per-
formance, when the MWCNT content was kept at 4.0 wt%. The yields of CO and
CH, were found to be 3.14 and 2.13 times than that with pristine CsPbBr; QDs, respec-
tively. It was reported that a fast electron extraction and transfer to MWCNT from
CsPbBr; QDs, and better ability for visible light harvesting may be responsible for the
better photocatalytic performance.

2.5 Application in solar cells

Photoelectrochemical (PEC) cells have a potential for developing a solar energy con-
version system, which can resolve ever-increasing problems of energy crisis and de-
terioration of environment. However, the non-availability of stable and eco-friendly
electrodes limits their practical uses. QDs are one among promising materials,
which are considered for the development of third-generation photovoltaics. The
QDs have certain advantages such as tunable band gap of multiple exciton, easy
synthesis, generation, low cost, and high absorption coefficient. One of the poten-
tial solutions for increasing photoconversion efficiencies is to extend the absorption
range of QDs.

Zinc oxide can be used as electron-transporting layers (ETLs) in organic solar
cells. But it needs light-soaking process to achieve a high device performance in
these cells, because of mismatched energy bands and surface defects with the pho-
toactive layer.

CsPbl; all-inorganic perovskite QDs are effective as light absorbers in solar
cells. This is because of their thermal stability and suitable optical band gap. But
their phase transition from cubic to yellow orthorhombic is quite easy and it hin-
ders their further applications in stable photovoltaic devices. The CsPbBr; QDs is a
potential material for stable solar cells with ultrahigh voltage.

Wang et al. [62] carried out synthesis of N, S-doped CQDs (N,S-CQDs) via hydro-
thermal process. They used ammonium persulfate and ascorbic acid as reagents.
The as-synthesized CQDs were found to be 2-7 nm in size with a graphite-structured
core and amorphous carbon on the shell. It was confirmed that these CQDs are highly
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sulfur- and nitrogen-doped leading to a quantum yield of 33%. It was reported
that the improvement in performance and the elimination of light-soaking effect
for ZnO:N, S-CQDs cells were due to the ZnO surface defect passivation by N,S-
CQDs. The cells with N,S-CQDs-modified ZnO ETL exhibited a high power conver-
sion efficiency (9.31%), which is higher as compared to reference ZnO cells.

Kim et al. [63] reported the preparation of colloidal CulnTe,, and CulnTe,_,Se,-
alloyed QDs. They used a simple hot injection method. It was confirmed that the as-
synthesized QDs were cationic rich phase of Culn; sTe, 5 and Cug »Ing 36Teg 195€9 2. It
was also revealed that the gradient alloyed Cug »3Ing 36Teg 10S€0.5, QDs show much en-
hanced stability over Culn, sTe, 5 QDs. It was observed that such solar cell exhibited
17.4 mA cm™ 0.40 V of open circuit voltage (V,.), short circuit current density (J5.), at
100 mWcm 2 under AM 1.5 G illumination.

Nong et al. [64] fabricated an eco-friendly photoanode with higher PEC cells
performance, where AgInS, QDs (QDs) were embedded into three-dimensional
(3D) graphene nanowalls (GNWSs). These AgInS, QDs were synthesized through
hydrothermal method and then these were deposited on GNWs by a method
which is catalyst-free. Here, electron acceptor is GNWs, which can transport the
photogenerated carriers of AgInS, QDs due to its interconnected 3D conductive
network. The AgInS,/GNWs photoanodes exhibited fast photoresponse upon exci-
tation by light with short decay-time and rise-time of 0.41 and 0.23 s, respectively.
They reported that a photocurrent density of 145 pA cm™ could be achieved.

Three-dimensional ZnO spheres were prepared by Lin et al. [65] through a hydro-
thermal method. Later, they used these QDs in dye-sensitized solar cells (DSSCs). It
was reported that ZnS layer was deposited on the surface of CdS/ZnO photoanodes
when the desired thickness was obtained of sensitized CdS QDs for ZnO spheres. It
can improve the photoelectric properties further. They deposited CdS QDs and ZnS
over layer by successive ionic layer adsorption and reaction (SILAR) method. It was
also revealed that the power conversion efficiency was increased from 0.60% to
1.43% on treatment of CdS/ZnO photoanodes by ZnS overlayer.

Zhang et al. [66] developed a simple and efficient post-treatment approach
using guanidinium thiocyanate (GASCN). It can exchange the capping ligands of
CsPbBr; QDs, which can improve the carrier transport properties through increased
electrical coupling between QDs. These QD-based solar cells exhibited highest effi-
ciency of more than 5% along with an ultrahigh V,. of 1.65 V.

Kumar et al. [67] obtained SnSe QDs on theTiO, mesoporous layers. They used
SILAR method for this purpose. The major advantages of this method include high
loading rate as well as better coverage of the surface of TiO, matrix by the QDs. The
as-prepared device shows a photoconversion efficiency of 0.78%, which is the more
than other SnSe QD-based solar cells.

The SnS QDs (8 nm) were synthesized by Li et al. [68] via in situ reaction at room
temperature. They used stannous chloride as precursor of Sn and it was coated on
the TiO, photoanodes to form a solid precursor film. Then, (NH,),S was dissolved in
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ethanol. The SnS QDs were generated by immersing this Sn-coated TiO,photoanode
into this solution. It was found that the SnS/TiO, solar cell exhibited the best photovol-
taic performance after 20 deposition cycles. It had open-circuit voltage V. of 510 mV, a
short-circuit current density Js. of 2.41 mA cm™, and a fill factor FF of 0.49 with a
power conversion efficiency of 0.61% on AM 1.5 illumination. The performance was
doped on further deposition due to agglomeration of QDs increased by charge transfer
resistance.

Shen et al. [69] introduced CdS/Cu,S QDs as sensitizers in QD sensitized solar
cells (QDSSCs). Here, CdS photoanode was immersed in cupric chloride methanol
solution to replace cadmium ion by copper ions. They used p-type Cu,S layer as
hole-transport material on the surface of the CdS QDs. As a result, light harvesting
of photoanode was increased apart from charge separation on photoexcitation. It
was revealed that power conversion efficiency and electron collection efficiency of
this solar cell were improved from 1.21% to 2.78% and from 80% to 92%, respectively.

Li et al. [70] reported that dye-sensitized ZnO solar cells performed better with a
facile surface-treatment approach via chemical-bath deposition onto surface of ZnO
NPs decorated with QDs of Zn,SnO,. It was observed that open-circuit photovoltage
was increased, may be due to increased conduction-band edge of ZnO and inhibi-
tion of interfacial charge recombination. A decrease in adsorption amounts of N719
dye was observed on deposition of Zn,SnO, but aggregates of Zn,Sn0O, acted as
light-scattering layer in a better way. It resulted in an enhanced short-circuit photo-
current. It was revealed that a higher efficiency of 4.38 % could be achieved under
AM 1.5 illumination, when it is cosensitized by 10 pm-thick ZnO film with D131 and
N719 dyes.

Peng et al. [71] used simultaneous nucleation and growth approach for the syn-
thesis of Cu-In-Ga-Se (CIGSe) QDs, which can harvest light in range around
1,000 nm. These were used as sensitizers to construct QDSSCs. It was revealed that
intrinsic recombination in CIGSe QDSSCs was suppressed well as compared to that
in CISeQDSSCS. It was reported that CIGSe based QDsSSCSCs using titanium mesh
supported mesoporous carbon counter electrode exhibited greater efficiency of
11.49% Jo. =25.01 mA cm™2, Vo.=0.740 V, and FF = 0.621) under the irradiation of
AM 1.5 as compared to 9.46% for CISeQDsCs.

AlGhamdi et al. [72] fabricated DSSCs, where TiO, photoanode was cosensitized
by CdSe-QDs and N719 organic dye. It was reported that photovoltaic performance
of cosensitized cell with an optimum concentration of CdSe-QDs was much better
than the cell sensitized by N719 dye. It was attributed to selective transfer of photo-
generated electrons from energy state of N719 dye to its conduction band, and bet-
ter absorbance in the visible range. It was observed that photovoltaic conversion
efficiency of this cell was 7.09%, which was cosensitized by CdSe-QDs at ethanol
concentration (1 mg 15 mL™) and N719 dye. It indicated 37% increase in photovol-
taic efficiency as compared to the cell, which was sensitized by N719 dye only.
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Yu and Li [73] fabricated Zn,Cd;.,Se@ZnO hollow spheres (HS) based on
ZnO HS using ion-exchange process and used in QDSSCs. It was reported that
sizes of the Zn,Cd,,Se@ZnO HS could be easily tuned from ~300 to ~800 nm
using ZnO HS. It was observed that a better performance was achieved with
Zn,Cd,.,Se@Zn0O HS with an average size ~500 nm as-compared to QDSSCs
based on other sizes of Zn,Cd; ,Se@ZnO HS. The power conversion efficiency
can be improved further by using the mixture of Zn,Cd, ,Se@ZnO HS with vari-
ous sizes. This was attributed to light-scattering effect of size hollow spheres
and also gradient structure composition of Zn,Cd,.,Se@ZnO HS.

2.6 Conclusion

Photocatalysis has emerged as a promising field of research these days, which in-
cludes waste water treatment, generation of hydrogen, reduction of carbon dioxide,
solar cells, and so on. Recently, QDs have found numerous applications in these
fields with higher efficiency in some cases as compared to their micro- and macro-
counterparts. It is all due to their size, morphology, quantum confinement effect,
unique optical and electrical properties, and so on. Apart from it, QDs are now com-
monly used in biomedical imaging, targeted drug delivery, and cancer diagnosis
and therapy to quote some interesting examples. This chapter presents a review of
the subject and it is anticipated that QDs will occupy a prominent position in solv-
ing some of these problems in years to come.
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3 Ultrasound-assisted heterogeneous
catalysis in aqueous medium

3.1 Introduction

To protect Mother Nature from ever-increasing chemical pollution, sustainable or-
ganic transformations are in high demand to produce various organic scaffolds, espe-
cially fine chemicals, agrochemicals, pharmaceutically promising agents, paints,
agrochemicals, and many others [1-4]. The scientists of the twenty-first century are
constantly trying to make their protocols eco-friendly by using mild reaction condi-
tions, safer chemicals, non-toxic or less toxic solvents, reusable catalysts, and so on
[5-8]. Along with many other modifications, the involvement of ultrasonic wave has
a huge impact on sustainable developments. In our recent reviews, we have compiled
a vast literature establishing the fact that ultrasound-assisted protocols are much
more advantageous over conventional stirring methods in terms of reaction rates and
product yields [9-15]. In many occasions, organic transformations were carried out in
the absence of any catalyst under the influence of ultrasonic irradiation [9]. Under
ultrasonic-irradiated conditions, many organic reactions were accomplished in water
[12]. It was proposed that under ultrasonic irradiated conditions, a large number of
cavitation bubbles grow up rapidly in the reaction mixture and subsequent collapse
of these bubbles result in the formation of microjets that can produce fine emulsions
between the reactants and can increase the local temperature within the reaction
mixture, which eventually helps to cross the activation energy barrier [16—20].

Under these environmental conscious days, catalysts play a significant role in de-
signing sustainable procedures [21]. During the last two decades, scientists focused
much on heterogeneous catalysts as it can be recovered easily and reused several
times for further reactions. Various nanosized reusable heterogeneous catalysts are
also found efficient, economical, and much more effective than the traditional commer-
cially available homogeneous catalysts due to their high absorbing ability and most
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importantly large surface to volume ratio [22-26]. By applying an external magnet,
magnetic nanocatalysts are usually separated/recovered easily which provides an extra
advantage by reducing the cost of the protocol [27-35].

On the other hand, undoubtedly, water is regarded as the best solvent for sustain-
able developments because of its plentiful availability, cheapness, environmental
friendliness, and non-flammability [36, 37]. On many occasions, water as a solvent ac-
tivates the functional groups by making hydrogen bonds with them. Due to the hydro-
phobic nature organic reactants in aqueous medium generally form aggregates to
reduce the exposed organic surface area, thereby increasing the reaction rate [38-40].

Thus, after realizing the individual advantages in terms of sustainability, scien-
tists are trying to design improved protocols by employing heterogeneous catalysts
under ultrasonic irradiated conditions in water. As a result, in the recent past, there
were immense applications of heterogeneous catalysts under ultrasound irradiated
conditions in water for the synthesis of diverse organic scaffolds. The present chap-
ter summarizes the literature related to the latest developments on ultrasound-
assisted heterogeneous catalysis in water.

3.2 Ultrasound-assisted organic transformations
by using heterogeneous catalysts in water

3.2.1 Ultrasound-assisted synthesis of N-heterocycles by using
heterogeneous catalyst in water

3.2.1.1 Synthesis of 2-aryl-benzimidazoles

Benzimidazole skeleton is common in many marketed drugs (Figure 3.1) [41]. 2-Aryl-
substituted benzimidazoles showed significant biological efficacies including antibac-
terial [42], antiviral [43], antiprotozoal [44], antimalarial [45], anti-inflammatory
[46], and anticancer [47] activities. Because of these significant bioactivities, a
number of homogeneous as well as heterogeneous catalysts such as Fe(HSO,); [48],
MgCL.6H,0 [49], camphor sulfonic acid [41], nano-In,05 [50], nano-MnFe,0, [51],
Zn?**-K10-clay [52], TiCl;.OTf [53], and NaY-zeolite [54] were used for the synthesis of
2-arylbenzimidazoles under various reaction conditions. Chakraborti et al. addressed
the potential issue on selectivity of the formation of 2-substitute versus 1,2-
disubstituted benzimidazoles using solid supported catalysts [55] and hydrogen-
bond assisted catalytic influence of fluorinated alcohols [56]. Chakraborti et al.
further addressed the selectivity issue in developing novel “all water” chemistries
for tandem N-alkylation-reduction-condensation routes to access N-arylmethyl-2-
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substituted benzimidazoles [57] and N-aryl-2-substituted benzimidazoles [56] in
regiospecific manner.

In view of the importance of benzimidazoles, efforts in developing new catalytic
procedures remained unabated and the use of alternative source of energy drew the
attention. In this regard, the use of visible light has been found to be useful for devel-
oping a new tandem dehydrogenation-deaminative cyclocondensation route to 2-aryl
benzimidazole by Chakraborti et al. [58]. In the quest for utilizing the advantages of the
alternative source of energy in the preparation of this important class of heterocycles,
the use of heterogeneous catalyst in aqueous medium under ultrasound irradiation
gained popularity. Sapkal et al. [59] synthesized a series of 2-aryl-1H-benzimidazoles
(3) from the reactions of various aromatic aldehydes (1) and o-phenylenediamines (2)
in the presence of a catalytic amount of nano-BiOCl in water under ultrasonic irradia-
tion at ambient temperature (Figure 3.2). In the absence of ultrasound, the same cata-
lyst afforded lower yield. After the reaction, the heterogeneous nanocatalyst was
recovered and reused further for seven successive runs with almost equal efficiency.
Under these developed conditions, aldehydes having electron donating or withdrawing
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Figure 3.1: Commercially available drug molecules containing benzimidazole skeleton.
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substituents afforded the desired products with excellent yields. However, heteroaryl
aldehydes produced the products in moderate yields. Mild reaction conditions, short
reaction times, use of water as solvent, and environmental friendliness are some of the
notable advantages of this protocol.
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Figure 3.2: Ultrasound-assisted synthesis of 2-aryl-1H-benzimidazoles using nano-BiOCl as an
efficient heterogeneous catalyst.

3.2.1.2 Synthesis of quinoxaline and related scaffolds

Many commercially available drug molecules such as the quinox, sulfaquinoxaline,
chloroquinoxaline sulfonamide, quinacilin, and olaquindox possess quinoxaline as
the main structural unit (Figure 3.3) [60]. Moreover, quinoxaline skeleton is also very
common in naturally occurring bioactive compounds such as echinomycin and trio-
stin A [61]. Recently, fused heterocycles particularly dibenzo[a,c]phenazines and ace-
naphtho[1,2-b]quinoxalines have gained considerable attention. Synthesis of dibenzo
[a,c]phenazines was carried out from the reactions of o-phenylenediamines (2) and
phenanthrene-9,10-dione (4) under various reaction conditions using a number of
metal containing homogeneous or heterogeneous catalysts such as MgS0,.7H,0 [62],
PbCl, [63], silica-bonded S-sulfonic acid [64], tungstate sulfuric acid [65], molyb-
date sulfuric acid [66], and nano-TiO, [67]. All these reported protocols suffer from
a common demerit, that is, longer reaction time. The application of surfactant mi-
celles as microreactors has been demonstrated by Chakraborti et al. during the
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synthesis of quinoxalines in aqueous medium in the presence several neutral,
cationic, and anionic surfactants [68]. Further, they adopted the “all water” chemis-
try of “tandem-alkylation-reduction-cyclocondensation” to develop a regiocontrolled
synthesis of 2-aryl quinoxalines [69]. The potential of quinoxalines for various thera-
peutic applications led synthetic organic/medicinal chemists to continue to delve
into the development of newer protocols for quinoxaline synthesis integrating the ad-
vantages of aqueous medium, heterogeneous catalysis and ultrasound energy.
Toward this objectives, Dandia et al. [70] synthesized dibenzo[a,c]phenazine
(6) in 95% yield within 20 min under ultrasound-assisted conditions using nano-
CuFe,0, as a magnetically separable heterogeneous catalyst in aqueous medium
at ambient temperature (Figure 3.4). Other catalysts such as L-proline, sulfamic
acid and p-toluenesulfonic acid afforded lower yields of 6 even after 1 h of sonica-
tion. Organic solvents such as ethanol, methanol, toluene, and acetonitrile gener-
ated moderate yields (74-82%) of 6. Synthesis of dibenzol[f,h]pyrido[2,3-b]quinoxaline
(7) was accomplished in excellent yield from the reactions of pyridine-2,3-diamine (5)
and phenanthrene-9,10-dione (4). They were also able to synthesize a series of struc-
turally diverse quinoxaline analogs (10,11,12) under the same optimized reactions
conditions from the reactions of benzil (8) and various 1,2-diamine derivatives (2,5,9)
(Figure 3.5). A 10 mol% nano-CuFe,0, was able to catalyze the reaction of acenaph-
thylene-1,2-dione (13) and o-phenylenediamines (2) which afforded the corresponding
acenaphtho[1,2-b]quinoxaline in excellent yield (Figure 3.6).

4
s, NHy o H o o
il | (Y |
N w e o ff 7 N AL s " N AL~ o
B ]/ =N S5 [ | NS = H
N = : & \I/] N0 ¥ L‘.uoﬂo/)_ ~ v W
' TN cooH 1
; ’ ’ Chioroquinaraline o
Thegquinos: Suifaquinoxaline sulfanamide iinaatin Sacniraion

Figure 3.3: Commercially available drug molecules containing quinoxaline skeleton.

3.2.1.3 Synthesis of spiropolyhydroquinoline derivatives

Dandia et al. [71] developed another ultrasound-assisted facile protocol for the syn-
thesis of biologically promising spiropolyhydroquinoline derivatives (21) via one-
pot four component reactions of various cyclic ketones (15,16,17), dimedone (18),
meldrum’s acid (19), and aryl or aliphatic amines (20) in the presence of a catalytic
amount of nano-ZnS in water (Figure 3.7). Plausible mechanism of this transforma-
tion is depicted in Figure 3.8. When the other conditions remained same, solvents
like acetonitrile, toluene, methanol, and ethanol were found to be less effective for
this transformation compared to water. During optimizations, it was found that
under ultrasonic irradiated conditions, the other catalysts such as ceric ammonium
nitrate, p-TSA, sulfamic acid, and L-proline afforded lower yield of the product
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Figure 3.4: Ultrasound-assisted nano-CuFe,0, catalyzed synthesis of quinoxalines in water.

(21e) in water. Under refluxed condition, the same catalyst produced only 64%
yield of the product 21e even after 4 h of sonication. In the absence of any catalyst,
moderate yield was obtained by using only ultrasound. After completion of the re-
action, the products were extracted with ethyl acetate and the catalyst containing
aqueous part was recycled for three successive runs.

3.2.1.4 Synthesis of triazolo[1,2-a] indazoletriones

Because of its wide biological applicability, triazolo[1,2-alindazoletriones were synthe-
sized by using a number of homogeneous as well as heterogeneous catalysts such as
sulfamic acid [72], sulfonated polyethylene glycol [73], p-toluene sulfonic acid [74],
camphor-10-sulfonic acid [75], glycerol [76], ZrOCl,.8H,0 [77], silica nanoparticles using
rice husk [78], melamine trisulfonic acid [79], quinuclidine-stabilized FeNi; nanopar-
ticles [80], and tungstosilicic acid [81] as catalysts. These reported methods definitely
have some merits but majority of them were carried out for prolonged heating under
solvent-free conditions. Therefore, tedious work-up procedure was required to isolate
the synthesized products. Non-reusability of the catalyst, longer reaction times, and
the use of sulfonated catalysts are the common drawbacks of some of these reported
methods. In 2017, Verma et al. [82] developed a simple ultrasound-assisted water-
mediated environmentally benign protocol for the synthesis of triazolo[1,2-alindazole-
triones (23) from one-pot three-component reactions of substituted benzaldehydes (1),
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Figure 3.6: Ultrasound-assisted nano-CuFe,0, catalyzed synthesis of acenaphthol[1,2-b]
quinoxaline in water.

dimedone (18), 4-phenylurazole (22) using SiO,-coated ZnO nanoparticles (ZnO@SiO,
NPs) as an efficient heterogeneous nanocatalyst at 60 °C (Figure 3.9). After first run,
the nanocatalyst was recovered and recycled for further six successive runs without
any significant loss in its catalytic activity. All the products were isolated in good to
excellent yields by just simple filtration. Reusability of the catalyst, simple work-up
procedure, short reaction times, and aqueous medium are some of the notable advan-
tages of this protocol.



http://chemistry-chemists.com
62 =—— Anu Priyaetal.

o o o o/ “fn
: A o . )
1 * HiC— t o HC - * Ny —— H4C Lo ge
: {} o o A ZnS NPs, H0 s g )
15, n=1
16:n=2
; 18 19 20
17;n=3 a
o [ 2 {) e L)
- 1
7 L 7& [ @ 2 ()
S ] —
Weo TR e o™ -
] NS0 NS0
He-l I L Ha N8 HiC HC HoC \I
HAC o ] )W HC g
Me s 2 Me
Ve c F
21a; 26 min, 92% 21b; 25 min, 91% 21c; 27 min, 89% 21d; 29 min, 87% 21e; 23 min, 94%

o )
N™ 0

o ( 2 /\J g E{ 9{__\ ‘/_
"scfjf{o “;C;fﬁ% ”*Cv[:l HsCﬁio ”;“'g(u«fi
¢ . \ X

HAC N A HiC N HC i
I Y
o @ . c .
Me cl F Me F

21£; 22 min, 93% 21g; 25 min, 91% 21h; 27 min, 89% 21i; 29 min, 93% 21j; 31 min, 88%

Figure 3.7: Ultrasound-assisted nano-ZnS catalyzed synthesis of spiropolyhydroquinolines.
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Figure 3.8: Plausible mechanism for the synthesis of spiropolyhydroquinolines.

3.2.1.5 Synthesis of pyrido[2,3-d:6,5-d]dipyrimidines

Naeimi and Didar [83] prepared CuFe,0, via coprecipitation of Cu(NOs), and FeCl;
in basic solution, 95 °C. The nanoparticles synthesized were characterized by using
field-emission scanning electron microscope and X-ray diffraction studies. By using
this synthesized nanomaterial as an efficient reusable heterogeneous catalyst, they
were able to prepare a series of pyrido[2,3-d:6,5-d]dipyrimidines (26) in excellent
yields by using one-pot reaction protocol between substituted benzaldehydes (1), 2-
thiobarbituric acid (24) and ammonium acetate (25) in water at ambient temperature
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Figure 3.9: Ultrasound-assisted synthesis of triazolo[1,2-a] indazoletriones using a catalytic
amount of silica supported nano-ZnO as catalyst in water.

under ultrasound-assisted conditions (Figure 3.10). All the reactions were completed
within a few minutes. It was reported that, under conventional stirring conditions,
the formation of the compound 26a required longer time. The nanocatalyst was re-
covered easily by applying an external magnet and recycled four times without any
significant loss in the product formation. Under the same optimized conditions,
synthesis of 5,5-(1,4-phenylene)bis(2,8-dithioxo-2,3,7,8,9,10-hexahydropyrido[2,3-
d:6,5-d’]dipyrimidine-4,6 (1H,5H)-dione) (26g) was also accomplished by using ter-
ephthaldehyde instead of monoaldehydes whereas 2-hydroxybenzaldehyde and 4-(N,
N-dimethylamino)benzaldehyde were unable to form the desired products (26h,26i).
Uses of water as solvent, easily separable and reusable nanocatalyst, and short reac-
tion times are some of the major advantages of this protocol.
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Figure 3.10: Ultrasound-assisted synthesis of pyrido[2,3-d:6,5-d’]dipyrimidine derivatives using
nano-CuFe,0, as catalyst in water.

3.2.2 Ultrasound-assisted synthesis of O-heterocycles by using
heterogeneous catalyst in water

3.2.2.1 Synthesis of 2-amino-3-cyano-pyran and pyran-annulated heterocycles

Pyran and related compounds generally possess a wide range of biological activities
[84-86]. Recently, various synthetic 2-amino-3-cyano-pyran-annulated heterocyclic
scaffolds have also been evaluated to for various biological activities such as anti-
cancer, antibacterial, and antirheumatic, antifungal (Figure 3.11) [87-94].
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Figure 3.11: Synthetic 2-amino-3-cyano-pyran-annulated heterocyclic scaffolds with potent
biological activities.

Esmaeilpour et al. [95] prepared magnetically separable iron oxide functional-
ized silica immobilized per molybdic acid nanoparticles (Fe;0,@SiO,-imid-H;PMo-
12040 nanoparticles). They characterized the synthesized materials by using various
techniques such as scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), Fourier transform infrared (FT-IR), dynamic light scattering, and
vibrating sample magnetometer. Using these well-characterized magnetically sepa-
rable nanomaterials as catalyst, a series of 2-amino-3-cyano-tetrahydro-4H-benzo[b]
pyrans (28) were synthesized by one-pot three-component reactions of substituted
benzaldehydes (1), malononitrile (27), and dimedone (18) under ultrasonic irradia-
tion in water at room temperature (Figure 3.12). Aldehydes having either electron
donating or withdrawing substituent afforded the desired products in excellent
yields. All the reactions were also carried out under conventional heating (refluxed)
conditions in water. It was observed that under conventional heating, the reactions
required longer times and afforded lower yields. After completion of the reaction,
the catalyst was recovered easily and reused for further eight successive runs without
any notable loss in product yield. Under the same optimized reactions conditions, 2-
amino-3-cyano-3,4-dihydropyrano|c]chromenes (30) were also synthesized in excel-
lent yields from the reactions of various aromatic aldehydes (1), malononitrile (27),
and 4-hydroxycoumarin (29) (Figure 3.13). Uses of magnetically separable/reus-
able catalyst, aqueous medium, short reaction times, excellent yields, and easy
work-up procedure are some of the major advantages of this developed protocol.
Under ultrasound-assisted conditions, Saha et al. [96] also synthesized another series
of 2-amino-3-cyano-tetrahydro-4H-benzo[b]pyran (28) as well as 2-amino-3-cyano
-3,4-dihydropyrano[c]chromenes (30) by using nickel nanoparticles as an efficient
reusable heterogeneous catalyst in water at room temperature (Figure 3.14). By
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Figure 3.12: Ultrasound-assisted Fe30,@Si0,-imid-H3PMo4,0, nanoparticles catalyzed synthesis
of 2-amino-3-cyano-tetrahydro-4H-benzo[b]pyran in water.
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Figure 3.13: Ultrasound-assisted Fe;0,@Si0,-imid-HsPMo,,0,, catalyzed synthesis of 2-amino-3-
cyano-3,4-dihydropyrano[c]chromenes in water.
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Figure 3.14: Ultrasound-assisted synthesis of 2-amino-3-cyano-pyran annulated heterocycles using
nickel nanoparticles as catalyst in water.

following a reported microemulsion method, they prepared nickel nanoparticles
by the reduction of NiCl,.6H,0 with hydrazine hydride [97]. After reaction, the
nickel nanoparticles were recovered quantitatively and reused further for four suc-
cessive runs. In 2015, Safari and Javadian [98] successfully immobilized chitosan on
Fe;0, nanoparticles. They employed this heterogeneous magnetically separable cata-
lyst for the synthesis of 2-amino-3-cyano-4H-chromenes (32) via three-component reac-
tions of various aldehydes (1), malononitrile (27), and resorcinol (31) under ultrasound-
assisted conditions in water at 50 °C (Figure 3.15). All the reactions were completed
within 25 min. Along with various substituted benzaldehydes, a number of aliphatic
aldehydes also underwent reaction smoothly and afforded the desired products with

OH ]
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CN o M), Hy0, 50 °C, 15-25 min 6 07 NH,
18 enteries, 95-99%
1 27 n 32
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2.6-diCI-CgH,, 3,5-diOMe-CgH;, 2-naphthyl, 2-furyl, 2-thienyl, 5-Me-2-furyl, Et, Pr, hepthyl, 4-CHOCH,

Figure 3.15: Ultrasound-assisted synthesis of 2-amino-3-cyano-4H-chromenes using chitosan
immobilized Fes0, nanoparticles as catalyst in water.
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good yields. The magnetic catalyst was recovered easily by using a bar magnet and
recycled for four successive runs without any significant loss in its catalytic efficiency.
In the absence of ultrasound, the same reaction required longer times.

3.2.2.2 Synthesis of 1,8-dioxo-octahydroxanthenes

Recent studies revealed the promising anticancer activity of some synthetic 1,8-
dioxo-octahydroxanthenes (Figure 3.16) [99]. Several methods were reported for ef-
ficient synthesis of 1,8-dioxo-octahydroxanthene derivatives (33) using various ho-
mogeneous as well as heterogeneous catalysts such as FeCl;.6H,0 [100], NH,Cl
[101], InCl5.4H,0 [102], BiCl;5 [103], and amberlyst-15 [104]. Longer reaction times
and high heating are some of the common demerits of these reported protocols. In
2010, Rostamizadeh et al. [105] developed a simple, efficient, and ultrasound-
assisted protocol for the rapid synthesis of 1,8-dioxo-octahydroxanthenes (33) via
pseudo three-component reactions between one equivalent of aromatic aldehydes
(1) and two equivalents of dimedone (18) using nanosized MCM-41-SOsH as an effi-
cient mesoporous heterogeneous catalyst in water at 60 °C (Figure 3.17). The same
amount of catalyst afforded lower yields under conventional heating conditions at
90 °C. Stirring at 60 °C, the same failed to synthesize the desired products. Some
other homogeneous catalysts such as ZrOCl,, ZrOCl,/K10, NaHSO,, and NaHSO,/
Si0, were also afforded very poor yields of the desired products.

= OH —
® d \_7 @/O;'
Z" 5 0 0

J '
H3C-._)\/ﬂ mCHs HsC “l‘o | CH,
H,C o CHjy CHg

R =F, Cl, NO;, OCH, i
anticancer [53] anticancer [53] anticancer [53]

Figure 3.16: A few 1,8-dioxo-octahydroxanthenes having anticancer activity.

3.2.2.3 Synthesis of aryl-14H-dibenzol[a,j]xanthenes

Mahdavinia et al. [106] synthesized a series of aryl-14H-dibenzo[a,jlxanthenes (35)
via one-pot pseudo three-component reactions between one equivalent of alde-
hydes (1) and two equivalents of B-naphthol (34) in the presence of a catalytic
amount of silica supported ammonium dihydrogen phosphate (NH,H,PO,/SiO,) as
a heterogeneous reusable catalyst under ultrasound-assisted conditions in aqueous
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Figure 3.17: Ultrasound-assisted MCM-41-SOsH catalyzed synthesis of 1,8-dioxo-
octahydroxanthenes in water.

medium at 40 °C (Figure 3.18). The heterogeneous catalyst was recovered and reused
for five successive runs with almost equal efficiency. Without catalyst, the reaction
did not occur. Under conventional stirring conditions, 100 mg of this catalyst af-
forded only 20% vyield of the 14-(4-bromophenyl)-14H-dibenzo[a,jlxanthenes after 2h.
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Figure 3.18: Ultrasound-assisted NH,H,P0,/SiO, catalyzed synthesis of aryl-14H-dibenzo[a,j]
xanthenes in water.

3.2.3 Ultrasound-assisted synthesis of N,0-heterocycles
by using heterogeneous catalyst in water

3.2.3.1 Synthesis of pyranopyrazoles

In 2015, Dam et al. [107] prepared dopamine functionalized magnetic nanoparticles
supported L-proline catalyst (nano-FDP). The synthesized nanomaterials were charac-
terized by using FT-IR, EDX, TEM, and SEM analysis. Using catalytic amount of this
synthesized nanomaterial, a series of pyrano-pyrazole derivatives (38a-h) were also
synthesized via one-pot four component reactions of ethyl acetoacetate (36), phenyl
hydrazine (37), aromatic aldehydes (1), and malononitrile (27) in water at room temper-
ature (Figure 3.19). Under ultrasound-assisted conditions, a catalytic amount of nickel
nanoparticles (10 mol%) was also capable of promoting the formation of another series
of pyrano-pyrazole derivatives (38) in excellent yields via one-pot three-component re-
actions between substituted benzaldehydes (1), malononitrile (27), and 3-methyl-1-
phenyl-1H-pyrazol-5(4H)-one (39) in aqueous medium (Figure 3.20) [90].

3.2.3.2 Synthesis of spiro[indoline-3,4’-pyrano[2,3-c]pyrazoles]

Under ultrasound-assisted conditions, Dandia et al. [108] synthesized a series of
structurally diverse spiro[indoline-3,4’-pyrano[2,3-c]pyrazoles] (41a-1) via one-pot
three-component reactions of isatins (40), malononitrile (27) or ethyl-2-cynoacetate
(27a), and 3-methyl-1-phenyl-2-pyrazolin-5-one (39) using a catalytic amount of
zinc sulfide nanoparticles in water at room temperature (Figure 3.21). All the reac-
tions were completed within 15 min and afforded the desired products in excellent
yields. The catalyst containing aqueous medium was reused for three further runs
without any significant loss in product yields.
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Figure 3.19: Ultrasound-assisted four component synthesis of pyrano-pyrazoles using dopamine
functionalized magnetic nanoparticles supported L-proline as catalyst in water.
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Figure 3.20: Ultrasound-assisted three-component synthesis of pyrano-pyrazoles using nickel
nanoparticles as catalyst in water.

3.2.3.3 Synthesis of spiro[chromene-4,3’-indolines]

Under ultrasound-assisted conditions, a series of spiro[chromene-4,3’-indolines]
(42a-1) was also synthesized by using zinc sulfide nanoparticles as catalyst from the
reactions of isatins (40), malononitrile (27) or ethyl-2-cynoacetate (27a), and dime-
done (18) in water at ambient temperature (Figure 3.22) [108]. Under ultrasound-
irradiated conditions, a catalytic amount (10 mol%) of nickel nanoparticles in water
was also able to promote the synthesis of the compound 42a in 89% yield within
10 min [96].
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Figure 3.21: Ultrasound-assisted three-component synthesis of spiro[indoline-3,4’-pyrano[2,3-c]
pyrazoles] using ZnS nanoparticles as catalyst in water.

3.2.3.4 Synthesis of spiro[indoline-3,4’-pyrano[3,2-c]Jchromene]

Under ultrasound-assisted conditions, synthesis of 2’-amino-2,5’-dioxo-5’H-spiro[indo-
line-3,4’-pyrano|3,2-c]chromene]-3’-carbonitrile (43) was achieved via one-pot three-
component reactions of isatin (40), malononitrile (27), and 4-hydroxycoumarin (29)
in the presence of a catalytic amount of nickel nanoparticles in water (Figure 3.23)
[96]. Under this condition, the compound 43 was obtained in 88% within 10 min.
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Figure 3.22: Ultrasound-assisted three-component synthesis of spiro[chromene-4,3’-indolines]
using ZnS nanoparticles as catalyst in water.

3.2.4 Ultrasound assisted synthesis of N,S-heterocycles
by using heterogeneous catalyst in water

3.2.4.1 Synthesis of spiro[indole-pyrido[3,2-e]thiazine]

Arya et al. [109] successfully immobilized Brgnsted acidic ionic liquids in the meso-
porous channels of a porous ZSM-5 zeolite. By employing this synthesized materials
as catalyst, they prepared a series of structurally diverse spiro[indole-pyrido[3,2-e]
thiazine] derivatives (45) from the reactions of isatins (40), substituted anilines
(20), and 2-mercaptonicotinic acid (44) under ultrasound-assisted conditions in
water at 95 °C (Figure 3.24). Using the same amount of catalyst, they also carried
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Figure 3.23: Ultrasound-assisted three-component synthesis of spiro[indoline-3,4’-pyrano[3,2-c]
chromene] using nickel nanoparticles as catalyst in water.
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Figure 3.24: Ultrasound-assisted three-component synthesis of spiro[indole-pyrido[3,2-e]thiazine]
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out the reaction under microwave-irradiated and under refluxed conditions. Inter-
estingly, little bit of lower yields was obtained under microwave-assisted condi-
tions. Very poor yields were recorded under conventional refluxed conditions. The
catalyst was recycled five times with almost equal efficiency.

3.2.5 Ultrasound assisted Knoevenagel condensation by using
heterogeneous catalyst in water

Amine functionalized silica-coated Fe;0, nanoparticles (SiO,@ Fe;0,@NH,) were syn-
thesized by Ying et al. [110] (Figure 3.25). After characterization of the prepared materi-
als, they employed the same as an efficient, heterogeneous, magnetically separable
nanocatalyst for the reactions of substituted benzaldehydes (1) and 2-(benzo[d]thiazol-
2-yl)acetonitrile (46) in water under ultrasound-assisted conditions at ambient temper-
ature. The reactions afforded the corresponding Knoevenagel condensed products (47)
in good to excellent yields (Figure 3.26). In absence of the catalyst, the reaction could
not produce the desired product even under ultrasonic irradiated conditions. By using
conventional stirring method, the same reactions required longer times and afforded
lower yields at 60 °C. The nanocatalyst was recovered easily and reused for eight suc-
cessive runs with almost equal efficiency.

S EOMSTN W SN
T tetraethoxysilane Vi {7 A o, _
(Fealy) 5 [ (Feso)) | - F [ (Fes0s) 0=8""NH,
S~ foe s o toluene, reflux, 24 h \ NS S -0

- NH,OH \—/ . d Ry

Mg Si0,@Fe304 SI0,@Fe:0,@NH,

Figure 3.25: Functionalization of amine on silica coated Fe;0, nanoparticles.

3.2.6 Ultrasound-assisted Heck reaction by using heterogeneous
catalyst in water

Ultrasound-assisted Heck reaction between phenyl iodides (48) and methyl acrylate
(49) was carried out in the presence of a catalytic amount of in-situ generated Pd(0)
nanoparticles in water at 25 °C (Figure 3.27) [111]. Addition of tetrabutylammonium
bromide (TBAB) as a phase transfer catalyst in basic medium improved the yield of
the desired products (50). It was assumed that methyl acrylate (49) may have acted
as a reducing agent to form the in-situ generated Pd(0) nanoparticles from palla-
dium chloride. On the other hand, it was proposed that the acoustic cavitation
formed by sonication may also accelerate the formation of Pd(0) nanoparticles in-
situ. The phenyl iodides having electron-donating substituent at para position
showed excellent regioselectivity.
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Figure 3.26: Ultrasound-assisted SiO,@Fe3;0,@NH, catalyzed Knoevenagel condensation in water.

3.2.7 Ultrasound-assisted Suzuki reaction by using
heterogeneous catalyst in water

Zhang et al. [112] demonstrated a simple and efficient ultrasound accelerated Suzuki
coupling reaction of phenylboronic acid (51) with phenyl iodide (48) in the pres-
ence of TBAB and cyclopalladated ferrocenylimines as an efficient heterogeneous
catalyst in water (Figure 3.28). It was found that ultrasonic irradiation accelerated
the reaction drastically compared to the conventional heating conditions.

3.2.8 Ultrasound-assisted miscellaneous reactions by using
heterogeneous catalyst in water

3.2.8.1 Synthesis of 2-aryl-2,3-dihydro-1H-3-pyrazolones

Ziarati et al. [113] developed a facile and ultrasound-assisted one-pot four-component
reaction protocol for efficient synthesis of 2-aryl-2,3-dihydro-1H-3-pyrazolones (53)
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Figure 3.27: Ultrasound-assisted aqueous-mediated Heck reaction by using in-situ generated
Pd(0) nanoparticles.
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Figure 3.28: Ultrasound-assisted Suzuki reaction using cyclopalladated ferrocenylimines as
catalyst in water.

starting from phenyl hydrazine (37), ethyl acetoacetate (36), substituted benzalde-
hydes (1), and B-naphthol (34) using nanocopper iodide as a heterogeneous catalyst
in water at room temperature (Figure 3.29). All the reactions were completed within
45 min and afforded excellent yields. The same reaction when carried out under re-
flux conditions using conventional heating produced lesser yields even after a few
hours. The used catalyst was recovered and recycled for five successive runs with al-
most equal efficiency. Short reaction times, simple purification procedure, high prod-
uct yields, reusability of the catalyst, and use of water as solvent are the salient
features of this protocol.
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Figure 3.29: Ultrasound-assisted aqueous-mediated nano-Cul-catalyzed synthesis of 2-aryl-2,3-
dihydro-1H-3-pyrazolones.

3.2.8.2 Synthesis of 2,2’-arylmethylene bis(3-hydroxy-5,5-dimethyl-2-
cyclohexene-1-ones)

A series of 2,2-arylmethylene bis-(3-hydroxy-5,5-dimethyl-2-cyclohexene-1-one) de-
rivatives (54) were synthesized via pseudo-three component reactions of one equiv-
alent of substituted benzaldehydes (1) and two equivalents of dimedone (18) under

0 o A O
nano-BiOCI
Ar-CHO + HaC CH,
HSCQ M), H:0, 35 °C, 12-17 min s o
He & 3 OH OH 3
83-95%, 13 entries
1; 1 mmol 18; 2 mmol 8i

Ar = CgHs, 4-OCH;-CgHy, 4-NO-CgHa, 3-NO,-CgHy, 2-NO,-CgHa, 4-Cl-CgHy, 3-Cl-CgHy, 2-CI-CgH,,
4-0H-CgH,, 4-OH,3-CH3-CgHg, 3-Br-CgHj, 4-CH3-CgH,

Figure 3.30: Ultrasound-assisted BiOCl nanoparticles-catalyzed synthesis of 2,2’-arylmethylene
bis(3-hydroxy-5,5-dimethyl-2-cyclohexene-1-ones) in water.
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ultrasound-assisted conditions using a catalytic amount of nano-BiOCl in water at
35 °C (Figure 3.30) [59].

3.3 Conclusions

Ultrasound-assisted reactions were found to be much more advantageous than the
conventional stirring at room temperature. Moreover, heterogeneous catalysts are
becoming more attractive due to their ease of recovery and reusable nature. On the
other hand, there will be no doubt to accept that water is the safest solvent to carry
out organic transformation. The present chapter deals with the literature related to
the latest developments on ultrasound-assisted heterogeneous catalysis in water.
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4 Applications of nanomaterials in aqueous-
mediated heterogeneous catalysis

4.1 Introduction
4.1.1 Role of water in heterogeneous catalysis

Over the last few decades, there has been a great focus on exploring the role of

water as reactant, intermediate, impurity, and solvent in several organic reactions.

Water/moisture has established its worth in the designing of new reaction proce-

dures and methodologies due to its inhibitory or promotional effects in chemical re-

actions [1]. Recent studies have especially explored the important advantages of

water in heterogeneous catalysis. On the surface of a catalyst, the water may exist

in a molecular state or dissociate to form OH™ and H*. Water could mediate a pro-

motional role in chemical reactions under heterogeneous catalysis through three

main aspects.

a) The molecular water could play a promotional role through H,O-mediated H-
transfer or through solvation-like effects.

b) The promotional role of H* and OH™ species

¢) By blocking of active sites or surface reconstruction

These three aspects of water interaction could influence the selectivity and reac-
tion rate. Depending on the thermodynamic conditions and surface types, water
can exist in its three physical states [2]. The dissociated products of water, molec-
ular water, and water clusters have been observed on metal surfaces during differ-
ent chemical reactions. In the case of metal oxide surfaces, the oxygen anions and
metal cations could absorb water or dissociate to generate two OH™ groups. The
presence of OH™ groups influences thermal stability, wetting behavior, and cata-
lytic activities. In liquid—solid phase or gas—solid phase heterogeneous reactions
in aqueous media, the water exhibits a strong execrating effect while acting as a
solvent-like polar spectator. Water electrochemistry is vital for controlling chemi-
cal reactions because the dissociated OH™ and H* can exchange electrons with the
substrate. It has been well established that molecular water could mediate H*-
transfer or act as a solvent and usually does not participate directly in chemical
reactions [3].
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4.1.2 Designing and preparation of nanocatalysts

Chemical industries and chemical biology do heavily rely on heterogeneous cataly-
sis; which has emerged at the forefront chemical science over the last few decades.
Under the current scenario of environmental change and green chemistry concepts,
it has been desirous to design and develop active and robust catalytic processes
with zero emissions and minimal wastage. The anthropogenic CO, emissions and
ever-increasing demands of chemical products and energy implicate the idea of ur-
gent rational designing of efficient catalysts for water splitting, CO, reduction, and
upgrading of biomass. Ideally, materials designed with self-regenerating active
sites at the atomic level could serve the purpose [4, 5]. Over the last few decades,
catalysis has been merged as a promising chemical domain involved in a number of
synthetic conversions and basic at the industrial level. The catalysis makes chemi-
cal reactions eco-friendly and economical because they control waste production,
lessen reaction temperatures, and enhance reaction selectivity, thus result in prod-
uct formation in lesser time. In fact, catalysis controls the reaction mechanisms for
a green and sustainable process for the formation of pure products. The creation of
perfect catalysis has been a focused area of research in synthetic chemistry over the
last many years. To this end, heterogeneous, homogeneous, and enzyme-based ca-
talysis have been well explored for a number of chemical conversions with varying
degrees of success. The catalysis process utilizing heterogeneous and homogeneous
catalysis have shown a number of merits and demerits related to their structural
chemistry. Therefore, there has always been a requirement of a synergist framework
with high recoverability like heterogeneous catalysis and dynamic like homoge-
neous catalysis. Both of these concepts of interest have been well joined in the
structuring of nanocatalysis [6].

The development of efficient catalysts reduces energy consumptions and ele-
vates hazardous effects on the environment. The designing of new catalytic pro-
cesses relies on a strong understanding of surface reactions, experimental and
theoretical methodology. The theoretical modeling helps to design efficient cata-
lysts from new materials with controlled size, shape, and morphological properties.
Both heterogeneous and homogeneous catalyses have a few limitations and draw-
backs which persuade the development of new model catalyst having only the com-
bined advantages of the two. Such model catalysts are expected to be highly
selective, energy-efficient, easily recoverable, and reusable. Fortunately, these
qualities have been displayed by many tailored nanostructures reported over the
last two decades (Figure 4.1).

The nanosized catalyst offers a significantly high number of active sites providing
efficient contact with reactants thus increase the catalytic rate much higher compared
to the bulk catalyst. Good adsorption properties and variable oxidation states of tran-
sition metals (Cu, Ag, Au, Pd, and Pt) have made them attractive for heterogeneous
and homogeneous catalysis in a number of chemical transformations. Generally,
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Figure 4.1: From catalysis to nanocatalysis.

transition metals or their compounds are coated on the surface of the catalyst to find
highly active sites in heterogeneous catalysts. Thus, heterogeneous catalysis involves
catalysts that are in different phase with respect to reactants. The conventional het-
erogeneous catalysts are increasingly substituted with metallic nanoparticles (NPs)
which have a higher number of available active sites due to high surface area. They
show higher catalytic efficiency due to the high number of contacts with reactants.
This increased selective efficiency marks them as homogeneous catalysts. At the same
time, they resemble heterogeneous catalysts because they are easy to separate from the
reaction mixture. Thus, nanocatalysts are applied in heterogeneous catalysis with
properties of homogeneous catalysts. A change in the size of NPs affects the adsorption
capacity, electronic state, and coordination environment of the surface atom. The size-
dependent electronic environment confers unique properties in NPs that are entirely
different from their bulk counterparts. The structural composition of nanocatalysts af-
fect their catalytic efficiency; in this regard, the concept of bimetallic NPs was intro-
duced to achieve synergistic catalytic properties from different parent component
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metals. The variation of amounts of component metals changes the composition and
modifies the electronic structures resulting in the change of catalytic efficiency. Thus,
the optimum ratios display composition-dependent catalytic efficiency. NPs tend to ag-
glomerate due to high surface energies. The functionalizing agents such as stabilizers,
polymers, and surfactants are used to retain the catalytic efficiency of NPs by avoiding
their aggregation. Such surface tailoring affects the electronic structure and influences
the catalytic efficiency [7].

Nanocatalysis involves the use of nanomaterials as catalyst for a broad spec-
trum of chemical transformations. Nanocatalysts execute chemical conversions
with high selectivity, simplicity, and ease of catalysis separations at the end of a
process. At the nanoscale, the contacts between reacting molecules and catalysis
increase remarkably as just in the case of homogeneous catalysis. However, insolu-
bility in reaction media confers the benefits of heterogeneous catalysis. Nanocataly-
sis influences the reactions due to structure, size, and shape-dependent properties.
The designing and preparation of nanocatalysts are controlled by the use of stabiliz-
ing agents like polymers, surfactants, and ligands. Thus, control of composition,
surface structure, and morphology impacts the reactivity and selectivity of nanoca-
talysts (Figures 4.2 and 4.3).

The key superiorities of nanocatalysis are expected to be
1. Low consumption of energy, enhanced selectivity, high reactivity, and reusability
2. Avoidance of use of heavy metals in bulk

The abovementioned characteristics could be achieved by controlling the elec-
tronic, structural and thermal properties of the nanocomponents. Over the last few
years, a large variety of nanomaterials like NPs, nanocomposites, nanocrystals, and
carbon dots (CDs) have been well exploited for their unprecedented capacity to act
as nanocatalysts. For the preparation of nanocatalysts, the methodologies are ap-
plied to control structures of NPs, non-support, and their assembly. In fact, the de-
velopment of complex and stable nanostructures has always been a challenging
task for nanotechnology [8].

4.2 Nanoparticles as nanocatalysts
4.2.1 Nanoparticles as nanocatalysts in catalytic degradation

The synthesis of stable NPs is one of the growing areas of nanotechnology due to their
enormous scope of applications. Accordingly, a number of synthetic methodologies
like hydrothermal, chemical co-precipitation, micro-emulsion, and sol-gel methods
have been developed for the preparation of NPs with controlled size, shape, and sur-
face properties. In nanocatalysis, the size and shape of NPs is well controlled by
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Figure 4.2: Designing and preparation of nanocatalysts.

employing a bottom-up strategy. This technique relies on stabilizing agents to control
the size of NPs. The molecular approach helps to develop nanocatalysts with high se-
lectivity. The catalytic performance of NPs could be tailored by using capping agents.
The nature of the capping agents influences the growth and surface morphologies of
NPs in terms of crystal structure and size. Metallic NPs have shown the promising role
of heterogeneous nanocatalysts due to their higher thermal and mechanical stability.
Such exciting salient features have prompted the use of NPs as heterogeneous catalysts
across a number of scientific domains. Metal NPs have shown a number of promising
applications in different fields like bioimaging, drug delivery, biomedical, agrochemi-
cals, and catalysis. Different types of NPs could be prepared for their use as catalysts
[9, 10].
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Over the years, silver NPs have been prepared using phytochemicals, chemical
reduction, and hydrothermal techniques for their application as catalysts. The spe-
cific surface area and special electronic properties of nanosized silver NPs made
them an attractive choice as heterogeneous catalysis [11, 12]. 4-Nitrophenol is a
toxic chemical with wide applications in pharmaceuticals and dyes industries. 4-
Nitophenol is converted into 4-aminophenol through chemical reduction for further
applications in the pharmaceutical industry. In 2016, Kalantari et al. [13] prepared
silver NPs through an ecofriendly green and facile approach. They used tapioca
starch under alkaline conditions for the preparation of silver NPs. The prepared
nanocatalyst efficiently reduced 4-nitrophenol in aqueous media within 15 min.
Further, the heterogeneous nanocatalyst exhibited significant antioxidant activity.
Thus, the prepared silver NPs were economical, biocompatible, and heterogeneous
catalyst for expected biomedical and commercial applications.

Living beings are posed to severe ecotoxicological threats due to the discharge of
wastewater effluents from industries like paper, leather, cement, and textiles. Among
all, textile industries are the real threat due to the discharge of carcinogenic dyes,
toxic auxiliary compounds, and heavy amounts of salts. Over the last two decades,
textile industries have been compelled for wastewater treatments to control organic
pollutants. The azodyes or one of the frequently used synthetic compounds and their
removal from effluents is generally challenging due to their water solubility and
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stable chemical structure. Accordingly, a number of physical, chemical, and biologi-
cal procedures have been developed for their removal from wastewater [14, 15].

However, none of the methods completely degrade and remove azodyes. Thus,
the severity of the environmental issues remains the same. Over the last few years,
as an alternative strategy, nanosized zero-valent Fe has successfully been used for
the degradation of organic pollutants and dye molecules in wastewater. Catalytic
efficiency of this efficient and low-cost nanocatalyst reduces due to its surface cor-
rosion issues. Many efforts were made to increase the reusability of nanosized zero-
valent Fe by using partial coverage of other metals such as Ag, Cu, Ni, and Pd. Such
bimetallic nanosystems were found efficient for the degradation of organic pollu-
tants but they are also showed issues with their stability.

Considering such instability issues in mind, Kgatle and his research group [16]
came up with an idea of highly efficient trimetallic nanocatalysts. Very recently they
developed a trimetallic nanocatalyst using Fe/Cu/Ag for laboratory-scale study. For
the development of trimetallic nanocatalyst with desired shape and structure, iron
was coupled with silver and copper using NaBH, reduction method. The prepared tri-
metallic nanocatalyst very efficiently degraded 100% of methyl orange dye within
1 min in acidic conditions (Figure 4.4). Further, the solution pH, dye concentration,
and concentration of nanocatalyst were varied to establish the optimum conditions
for the best efficiency of prepared NPs. High dosage of NPs, low concentration of dye,
and lower pH are favored by the catalyst for maximum catalytic activity. The pre-
pared nanocatalyst proved as an efficient alternative for wastewater remediation.
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Figure 4.4: Degradation of methyl orange using trimetallic nanocatalyst.
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Vanadium(V) has unique physiochemical properties and is widely used in the
chemical industry and metallurgy. It is also frequently distributed in the natural envi-
ronments and biological systems. Benzotriazole has been extensively been used as a
corrosion and rust inhibitor. Its high water solubility, bioaccumulative capacity, and
persistent nature make it toxic for the environment. Its removal from wastewater be-
comes hard using conditional, biological, and physicochemical methods. Last year, Liu
and his team [17] employed hydrothermal method for the preparation of Cu (II)-doped
V,05 NPs. The prepared nanocatalyst was characterized using surface-sensitive techni-
ques and subsequently used as heterogeneous catalyst for persulfate activation. The
prepared samples degraded benzotriazoles with persulfate with much higher efficiency
than pure V.05 (Figure 4.5). For optimization studies, pH, persulfate concentration,
doping content, and amount of nanocatalyst were varied systematically. The benzotria-
zole degradation was more than 80% even after three cycles of Cu—V,05 catalytic activ-
ity through persulfate activation. The study revealed that persulfate radical was mainly
responsible for benzotriazole degradation while the other free radicals such as O, and
OH"™ were also involved in catalytic oxidation.
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Figure 4.5: Cu(ll)-doped V,05-NPs for catalytic degradation of benzotriazoles.
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The hazardous contaminants in water and air are continuously posing serious
threats to living beings. The undegradable, toxic, and water-soluble nature of organic
contaminants exposes them as endocrine-disrupting chemicals. Different physio-
chemical, photodegradation, filtration, and electrooxidation techniques are applied
for wastewater treatments, especially for the removal of organic dyes. However, all
these wastewater treatment techniques failed to produce desired results. In this regard,
nanomaterial-mediated catalytic reduction of organic contaminants has emerged as a
facile and economical method. In a recent study, Veisi et al. [18] prepared Au-NPs-
decorated biguanidine-modified mesoporous silica KIT-5 as a nanocatalyst (Figure 4.6).
The biguanidine ligand acted as a stabilizer for Au-NPs. The prepared nanocatalyst effi-
ciently degraded organic water contaminants like rhodamine B, methyl orange, and
methylene blue at room temperature (Figure 4.7). The dye reduction efficiency of the
nanocatalyst increased with higher catalyst load.
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Figure 4.6: Preparation of KIT-5-biguanidine-Au(0) as nanocatalyst [18].

In the recent past, mesoporous silica materials have shown a variety of applications as
heterogeneous catalysts in the field of environmental remediation, energy storage,
chemical synthesis, and biomedicines. Accordingly, a number of methodologies have
been developed for the preparation of Si-based porous materials of different structures
and morphologies. In recent years, great efforts have been made for the preparation of
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Figure 4.7: Application of KIT-5-biguanidine-Au(0) for degradation of organic dyes [18].

mesoporous silica nanospheres with polymer/surfactant-mediated controlled pore size
and morphology. In one of the studies, the hydrothermal method has been employed
for the preparation of novel dendritic fibrous silica nanospheres (DFNS) was prepared
with large pore size and high surface area. Owing to the functional ability of fibers, the
DFNS have widely been utilized as solid support materials for homogeneous and het-
erogeneous catalysts. Various organic transformations including Suzuki cross-coupling
reactions have been managed using a catalyst prepared from metal NPs immobilized
on amine-supported DFNS. However, it has been observed that the guest molecules do
not get desirous excess to the functional moieties due to the non-uniform pore size of
Si nanospheres. Such morphological shortcomings limit their much-anticipated appli-
cations in heterogeneous catalysis. In a very recent study, Shabir et al. [19] reported a
successful synthesis of dendritic fibrous core—shell silicon NPs. The prepared DFNS
have a uniform and vertical nanochannels with cubic morphology. The prepared DNFS
have a high core diameter and surface area and were subsequently loaded with silver
NPs and the fibers were functionalized with amines. The resultant nanostructure was
used as a reusable catalyst for the reductive degradation of the organic dyes, nitro, and
toxic aromatics compounds. The fibrous morphology facilitated the Ag-NPs to interact
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properly with the organic pollutants and resulted in the higher catalytic activity of pre-
pared materials.

4.2.2 NPs as nanocatalysts in organic synthesis

1,2,3-Triazoles generated from 1,3-dipolar cycloaddition of azides and alkynes are
important heterocycles with a broad range of applications. The classical Huisgen
methodology provides a mixture of 1,4- and 1,5-regioisomers of 1,2,3-triazoles under
harsh conditions. In 2002, a Cu-catalyzed approach was introduced for regioselec-
tive synthesis of 1,4-disubsitiuted 1,2,3-triazoles under mild conditions. This highly
efficient, versatile, and facile reaction met some issues due to the involvement of
stabilizing agents, reducing agents, and recyclability of catalysts. Thus, it is highly
desirable to develop a sustainable and environmentally benign Cu catalyst for such
a versatile reaction. Considering the concept of nanocatalysis as a sustainable alter-
native for various organic synthetic reactions, Chetia et al. [20] introduced the use
of copper NPs as a green catalyst for the preparation of 1,2,3-triazoles (Figure 4.8).
They reported Cu-NPs supported on nanocellulose as a green and efficient catalyst
for ecofriendly preparation of 1,2,3-triazoles. The as-prepared nanocatalyst provided
excellent product yield without losing catalytic efficiency even after five cycles.
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Figure 4.8: Cu-NPs supported on nanocellulose for synthesis of 1,2,3-triazoles.

Over the last few years, great attention has been focused on the development of mag-
netic heterogeneous metal catalysts for a variety of synthetic reactions due to ease of
separation, high reusability, and stability. Very recently, Rajabi-Moghaddam et al. [21]
prepared Cu-coated magnetic core—shell NPs (Fe;0,@Si0,) as a novel and efficient het-
erogeneous nanocatalyst for the preparation of 1,2,3-triazoles (Figures 4.9 and 4.10).
During the reaction, the prepared Cu(Il) MNPs provided Cu(l) for the execution of the
cycloaddition reaction. This highly efficient heterogeneous nanocatalyst showed supe-
rior catalytic activity up to six consecutive runs in an aqueous environment.
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Considering the application of heterogeneous nanocatalysis, the importance of
triazoles, and the use of environmentally benign reaction media, Paplal et al. [22]
prepared Bi,WO¢ NPs as a novel catalyst for the preparation of 1,2,3-triazoles from
chalcones and B-nitrostyrenes in water (Figure 4.11). Further, the combined applica-
tions of Bi,WO¢ NPs and click conditions furnished functionalized 1,4-disubsitiuted
triazoles in very short reaction times.
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Figure 4.11: Bi,WO¢4 NPs-assisted preparation of 1,2,3-triazoles.

Generally, metallic NPs are prepared under the concept of wet chemistry which in-
volved the applications of different chemical reductants under harsh conditions. The
chemical-mediated synthesis of NPs involved stabilizers, reducing agents, and poten-
tially hazardous solvents. There has been a growing interest in the development of fac-
ile and ecofriendly approaches for the synthesis of NPs by avoiding the use of toxic
chemicals. Accordingly, various environment-friendly approaches have been devel-
oped for the preparation of metallic NPs. One such alternative green approach involves
bioreductants for the preparation of NPs in aqueous media. In one such effort, Khan
et al. [23] employed aqueous extract of Salvadora persica L. as bioreductants for eco-
friendly synthesis of Pd-NPs (Figure 4.12). The aqueous extract not only facilitated the
synthesis of Pd-NPs but also functionalized their surface. The prepared NPs displayed
higher catalytic activity in Suzuki cross-coupling reactions in aqueous media. This Pd-
based nanocatalyst was found highly efficient with superior reusability under aerobic
conditions. Previously, few reports have described the application of Pd NPs in cross-
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coupling reactions. However, in most cases, Pd nanocatalysts were synthesized using
various toxic chemicals.

OH
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Figure 4.12: Pd NPs-mediated cross-coupling reactions.

Over the last few years, attention has been diverted on the development of highly effi-
cient Pd-based heterogeneous nanocatalysts with superior reusability. To this end,
highly efficient Pd-based bimetallic NPs were prepared using Ni, Au, Pt, and Co. The
CuO supports are preferred for the development of Pd-based nanocatalysts to prevent
agglomeration of NPs. In 2018, Elazeb et al. reported a green and highly reliable proce-
dure for the preparation of Pd-NPs supported on CuO (Figure 4.13). The preparation
involved microwave-assisted reduction of Pd and Cu salts in aqueous media. The as-
prepared NPs exhibited high catalytic activity in cross-coupling reaction under ligand-
free conditions. The bimetallic nanocatalyst executed chemical reactions in a shorter
time without losing catalytic activity even after five cycles. The bimetallic catalyst was
stable, efficient, and reusable compared to unsupported NPs.
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Figure 4.13: Pd—CuO nanocatalyst for Suzuki cross-coupling reactions.

Over the last few years, bio-based nanomaterials have received considerable atten-
tion in heterogeneous catalysis due to their unique morphological, structural, and
sustainable properties. Cellulose nanocrystals can stabilize highly dispersive metal
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NPs because of their diversely functional and highly soluble nature. Such heteroge-
neous structures could act as catalysts for a variety of synthetic reactions. Very re-
cent studies have reported the preparation of highly active catalysts by stabilizing
highly disperse Au on the surface of bio-based nanocrystals for coupling reactions.
Very recently, Jin et al. [24] prepared heterogeneous catalysts using chitosan and
chitin nanocrystals as supports for Pd-NPs (Figure 4.14). The Pd salt was reduced
and directly deposited on nanocrystals in one-pot reaction. This bio-based nanoca-
talyst showed superior catalytic activity in HECK coupling reactions (Figure 4.15).
The efficient heterogeneous catalyst was prepared by immobilizing Pd-NPs on sus-
tainable biomaterial supports.
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Figure 4.14: Preparation of nanocatalyst by depositing Pd-NPs on biomaterials [24].
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Figure 4.15: Bio-based nanocatalyst for HECK coupling reactions.

4.3 Nanocomposites as nanocatalysts
4.3.1 Nanocomposites as nanocatalysts in catalytic degradation

The sustainability of aquatic ecosystems faces severe threats due to oxygen desola-
tion and sunlight penetration issues caused by wastewater organic pollution. Such
organic pollutants are heavily discharged by the plastic, textile, paper, and phar-
maceutical industries. As described earlier, the discharge waste must be treated
properly to reserve water resources and to avoid negative impacts of the environ-
ment [25]. Accordingly, a number of physiochemical methods and techniques have
been developed with limited to high success over the last few decades.

With the recent advancements in nanotechnology, nanocomposites have gained
much attention as a heterogeneous catalysts for catalytic degradation of hazardous
pollutants in industrial effluents [26]. A variety of nanocomposites for degradation of
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organic pollutants have been prepared using conventional methods such as rapid so-
lidification process, grafting melt intercalation, electrospinning, and high energy ball
milling. All these methods are non-ecofriendly due to the involvement of hazardous
chemicals thus, have limited applications in environmental remediation. In recent
years, nanocomposite preparation through green and sustainable methods have
gained considerable attention especially for the degradation of organic pollutants.
Researchers have been exploiting a variety of phytochemicals as reducing and stabi-
lizing agents for environmental friendly preparation of nanocomposites [27, 28].
Last year, Maham et al. used Ageratum conyzoides L., extract for the biosynthesis of
Ag-7r0, nanocomposite through an in-situ green method [29]. This facile method in-
volved a reduction of Ag* and the prepared Ag-NPs were subsequently dispersed on
the surface of ZrO,. The prepared nanocomposite was highly stable because the phy-
tochemical avoided the aggregation of silver NPs. the prepared nanocatalyst exhib-
ited high catalytic efficiency for the reduction of pollutants like congored, negrosin,
4-nitrophenol, and 2,4-dinitrophenyl hydrazine in aqueous media (Figure 4.16). This
heterogeneous catalyst did not lose its catalytic efficiency seriously even after multi-
ple runs due to synergistic interaction between Ag-NPs and the support.

HN/NHZ HN,NH2
NO Ag/Zr0, nanocatalyst
2 NaBH, NH,
H,0, r.t
NO, NH,

Figure 4.16: Catalytic reduction of pollutants.

Rhodamine B is a widely used cationic fluorescent dye. It is a neurotoxin and carcino-
genic and can cause gene mutations and damage to respiratory tract, eyes, and skin. It
is frequently found in effluents of pharmaceutical, foodstuff and textile industries.
Over the years, the adsorption process has been regarded as the economical and simple
approach for the removal of organic dyes from wastewater. Owing to the abundantly
present negatively charged oxygenated groups, the graphene oxide (GO) could develop
strong interactions with cationic rhodamine B. The GO also show high solution disper-
sibility, water stability, and hydrophilic character. Furthermore, the physiochemical
properties of GO could be tailored using a number of available chemical modifications.
The metal-organic frameworks (MOFs) are highly ordered class of adsorbents with high
catalytic activity, excellent adsorbability, high porosity, and surface area. Hence, the
MOFs could be combined with GO to prepare composite materials with improved ad-
sorptive properties. Very recently, Kumar and his group employed one-pot process for
the preparation of MOF-5@GO nanocomposites (Figure 4.17) [30]. Initially, the GO was
prepared from hummer’s method and the salvo-thermal process produced MOF-5. This
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prepared nanocomposite was found to be reusable, economical, and highly efficient
for the removal of rhodamine B in an aqueous solution (Figure 4.18). Further, the cat-
alytic efficiency was optimized by varying dye concentration, time and pH of the
solution.
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Figure 4.17: Preparation of MOF-5@GO nanocomposites (reproduced with permission [30],
https://pubs.acs.org/doi/abs/10.1021/acsomega.1c00143).
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Figure 4.18: Adsorption of organic dye on MOF-5@GO nanocomposites (reproduced with
permission [30], https://pubs.acs.org/doi/abs/10.1021/acsomega.1c00143).
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In 2021, Jinendra et al. [31] described the application of reduced graphene
oxide—nickel (RGO-Ni) nanocomposites for the efficient removal of rhodamine B
from aqueous solution (Figure 4.19). The prepared nanocomposite was used for
the removal of organic dye at different pH, adsorbent dosage, dye concentration,
and contact time. The nanocomposite was found highly efficient with repeated
useable capacity.
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Figure 4.19: Interaction between RGO-Ni Nanocomposite and organic dye [31].

The remains of pharmaceutical products in wastewater effluents threaten the envi-
ronment due to their water solubility and persistent nature. Metronidazole is a
highly recommended antibiotic and it poses serious threats to the environment due
to its high mutagenic, carcinogenic, and toxic nature. It shows low biological degra-
dation and high water solubility; producing an urgent need to develop methods for
its effective degradation. Therefore, multifunctional and efficient processes are re-
quired for cost-effective removal and degradation of such organic compounds. The
currently used physiochemical processes like chlorination, membrane filtration,
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and adsorption techniques have many disadvantages [32, 33]. Nanotechnology is at
the forefront for environmental remediation and producing solutions to various
challenges related to the conventional wastewater treatment techniques. Nanoma-
terials have gained exceptional attraction as catalysts for the degradation of organic
pollutants including medical waste. Nasseh et al., in 2018, developed a heteroge-
neous FeNi;/Si0O, magnetic nanocomposite for the catalytic degradation of metroni-
dazole in the presence of H,0, [34]. The Fenton-like catalytic process was studied
by varying concentrations of H,0,, pH, the concentration of metronidazole, and
nanocomposite. The highly efficient nanocomposite lost its catalytic activity only
8% even after six periodic cycles.

As described earlier, the frequently used antibiotics have become major envi-
ronmental issues due to their water solubility and stable chemical structures. The
large-scale production and economic availability of tetracycline (TC) have increased
its application in veterinary, agriculture, and human health management. Such
huge administration of TC increases the risks of its discharge into the environment.
Its release damages the ecosystem and creates toxic effects on human and aquatic
life. Thus, it is highly desirable to develop an efficient, productive, and economical
method for the removal of TC from polluted bodies. In general, the removal of TC is
managed through adsorption methods due to their efficient nature and lack of by-
product formation. Although, other techniques like advanced oxidation, photolysis,
and biological processes are frequently used with significant success [35, 36].

As discussed earlier, the GO has unique physiochemical properties due to oxy-
gen-containing functional groups, making it an attractive adsorbent for organic pol-
lutants including antibiotics. Further, magnetic separation technology has gained
attention in the field of environmental remediation, analytical chemistry, and medi-
cine. GO has been coupled with quite a few magnetic materials for the induction of
magnetic properties in the adsorbent [37, 38]. Likewise, in 2017, Hu et al. [39] pre-
pared magnetically separable Fe;0, @GO by directly coupling Fe;0,-MNPs with
GO. The prepared nanocomposite was used for the removal of TC from wastewater
by varying temperature, TC concentration, humic acid, and pH. The prepared nano-
composites exhibited high adsorption capacity at low pH. The affinity of TC to
nanocomposite was influenced by the presence of humic acid. The as-prepared
nanocomposite exhibited high reusability and good regeneration in the treatment
of antibiotic wastewater.

Various NP systems have also been used for the degradation of contaminants
like antibiotics through an advanced oxidation processes. The NPs show high suit-
ability for the oxidation process because of their economic availability, high stability,
and photocatalytic activity in aqueous solutions. Over the last few years, the concepts
of biosorption have gain interest in the field of wastewater treatment due to some
main attributes like high efficiency, increased selectivity, and rapid adsorption rate.
The biosorbents like yeast, algae, fungi, and bacteria have become attractive alterna-
tives for the replacement of in-use carbon-based adsorption techniques [40-42].
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A couple of years ago, Gupal et al. [43] used bionanocomposites for the ad-
sorption and degradation of TC in wastewater (Figure 4.20). Initially, chemical
precipitation for the preparation of iron oxide, then TiO, was prepared. Finally,
the bionanocomposite was prepared by mixing dead biomass of Acinetobacter sp.
The prepared nanobiocomposite efficiently adsorbs and degrades the TC in waste-
water. The degradation reaction conditions for TC degradation were optimized by
varying pH, TC, and bionanocomposite concentration. The as-prepared nanobio-
composite exhibited excellent catalytic activity due to photocatalytic potential of
nanomaterial and sorption capacity of antibiotic-resistant bacterial biomass.
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Figure 4.20: Adsorption and degradation of tetracycline using bionanocomposite (reproduced with
permission from [43], https://pubs.acs.org/doi/10.1021/acsomega.9b02339).

4.3.2 Nanocomposites as nanocatalysts in organic synthesis

The preparation of industrially important amino aromatics from nitro compounds
do rely on catalytic hydrogenation. For the highly efficient reduction process, the
efforts have always been diverted for the development of next-generation green and
economical catalysts. Over the last decade, the efficiency of catalytic systems has
greatly improved by the introduction of metallic NPs and nanocomposites as het-
erogeneous catalysts [44, 45]. Generally, the heterogeneous catalysts are prepared
from expensive metals like Ru, Pt, and Pd. Hence, they are not used on large scale in
chemical industries due to cost-related issues. Therefore, there is a great emphasis
for the preparation of greener and economical nanocatalysts with a broader scope of
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application. To this end, hybrid nanocomposites offer improved catalytic properties
due to the synergistic effects of NPs and support [46].

As discussed earlier, graphene can act as green support for NPs in a heteroge-
neous catalyst. Highly active hybrid nanocomposites show a synergistic effect due
to the exceptional conductivity of graphene and highly stable NPs. In reaction
media, graphene promotes the donation of reductant’s electrons and enhances re-
duction capacity of nanocatalyst. Keeping this in view, Zhang et al. [47] used a
facile hydrothermal self-assembly process for the preparation of CuO/GO hybrid
nanocomposite. The prepared nanocomposite was employed as a catalyst for the
reduction of a variety of nitro-aromatics (Figure 4.21). The nanocatalyst exhibited
excellent catalytic activity due to the synergetic effect of GO and NPs in the pres-
ence of NaBH, in aqueous media. The heterogeneous catalyst could be recycled
six times without losing selectivity and reduction performance. The as-prepared
nanocatalyst was suggested as a suitable candidate for industrial reduction pro-
cesses due to simple and low-cost preparation.
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Figure 4.21: Reduction of nitro-aromatics using CuO/GO hybrid nanocomposite.

To tackle the cost-related issues with the production of heterogeneous catalysts, ef-
forts have been made to prepared nanostructures using known novel metals like iron
for large-scale applications. The high abundance, non-toxic, and ecofriendly nature
represent it as an attractive element for the preparation of heterogeneous nanocata-
lysts. The magnetic properties of iron NPs enable them to be easily separated from
the reaction media by the use of an external magnet [48, 49]. Further, water tolerant
property is exhibited by Fe,03 NPs enable them to be used as a catalyst in aqueous
media. A number of hydrocarbons are prepared using Fe-based nanocatalysts. Sup-
ported Fe,03; NPs have efficiently acted as nanocatalysts in a number of chemical pro-
cesses like hydrogenation, oxidation, cross-coupling, and acid-catalyzed reactions
[50, 51]. Considering the importance and industrial applications of amino-aromatics,
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Sohail et al. [52] reported the economical preparation of Fe-based nanostructures with
high catalytic efficiency for selective conversion of nitro-aromatics to corresponding
amines (Figure 4.22). The preparation of FeoTiO;s@TiO, was managed using a sim-
ple sol-gel method employing THF, titanium isopropoxide, and ferrocene as pre-
cursors. The nano-TiO, acted as a support for Fe-Ti bimetallic NPs in this as
prepared nanocomposite. The reported methodology efficiently controlled the
morphology of NPs and the composition of nanocomposites. A number of structur-
ally different nitro-aromatics were reduced to corresponding anilines using this
nanomaterial as a selective, efficient, and sustainable heterogeneous catalyst.
The economical production and high catalytic efficiency suggested the industrial
application of this novel nanocatalyst because the resulting anilines are highly
important for the chemical industry, dye industry and life sciences.
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Figure 4.22: Fe-based highly efficient nanostructures for the reduction reaction.
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As described earlier, 1,2,3-triazollic moiety has a wide range of applications in
a number of scientific domains including drug delivery in biological and medici-
nal chemistry. Accordingly, a number of heterogeneous and homogeneous copper
catalysts have successfully been prepared for the regioselective synthesis of 1,4-
disubstituted 1,2,3-triazoles [53]. In addition to the conventionally used copper
catalyst, a number of NPs-based nanocatalytic structures have been developed.
Recently, the Ni-catalyzed preparation of 1,2,3-triazoles has emerged as an alter-
native methodology to avoid the issues of Cu contamination, especially in biologi-
cal systems [54].

However, the Ni-based variant of cycloaddition reaction is less efficient because
it produces a mixture of both regeoisomers. A Ni-catalyst supported on rGO-furnished
poor yield of triazole however, its catalytic performance was better in cross-coupling
reactions. At the same time, microporous zeolites have emerged as versatile host ma-
terials for the preparation of a novel catalyst. They show high hydrothermal stability,
surface area, and intrinsic nanosized pore cavities for mass transport. A novel Ni-
zeolite nanocatalyst provided only 52% maximum yield when employed as a catalyst
for cycloaddition reactions. Considering these facts, Choudhury et al. [55] envisioned
that rGO-zeolite hybrid could act as better support for Ni-NPs for high catalytic per-
formance. They prepared a recyclable, robust and efficient heterogeneous catalyst
Ni-rGO-zeolite nanocomposite. Initially, they performed protonation of Na—Y-zeolite
for the preparation of GO-zeolite hybrid. Afterward, Ni-acetate was added under re-
ducing conditions. Subsequently, the GO was converted to rGO along with the for-
mation of Ni (0). The as-prepared nanocomposite was employed as heterogeneous
catalyst for regioselective preparation of 1,2,3-triazoles (Figure 4.23). The nanocompo-
site was found to be highly efficient in aqueous media.

As described earlier, the preparation of novel nanocatalysts by incorporating
metal NPs on a support has become a focused research area in nanotechnology.
The development of new methods for the preparation and recyclization of catalysts
has become hot research area for environmental remediation and chemical synthe-
sis [56, 57]. In a recent report, Daraie et al. [58] disclosed a novel heterogeneous
nanocomposite efficiently catalyzing KA? and A® coupling reactions and cycloaddi-
tion reactions. They used Fe;0,/g-C3N,/alginate as substrate immobilized Ag-NPs
for the preparation of novel nanocomposite (Figure 4.24). The as-prepared nano-
structure efficiently catalyzed the cycloaddition reactions. Further, it also efficiently
catalyzed KA%and A> coupling reactions in reagent-free aqueous conditions. No loss
of catalytic activity was observed even after several runs, suggesting the nanocom-
posite as an efficient, highly selective, and ecofriendly nanocatalyst.
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Figure 4.23: Ni-rGO-zeolite-mediated synthesis of triazoles.

4.4 Quantum dots as heterogeneous nanocatalysts
4.4.1 Quantum dots as nanocatalysts in catalytic degradation

As described earlier, a number of organic pollutants including synthetic dye in
wastewaterare photocatalytically degraded using various types of metallic NPs. The
photocatalytic degradation process is controlled by the band-gap of semiconduct-
ing metal oxides. However, generally the metal oxide NPs have low water solubility
and are carcinogenic in nature. They lose their photocatalytic efficiency after sev-
eral cycles and their remains become toxic for aquatic organisms. Other demerits
include expensive precursors and high energy-consuming methods for their pro-
duction. The research area of environmental pollution remediation has been revo-
lutionized with the introduction of heterogeneous semiconductor photocatalysis.
This approach efficiently degrade organic pollutants without causing the produc-
tion of secondary pollutants [59, 60].

The semiconductor quantum dots (QDs) exhibit exceptionally catalytic potential
due to high surface area, small size and quantum confinement effects. In recent years,
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Figure 4.24: Preparation of Ag incorporated nanocomposite [58].

the graphene quantum dots (GQDs) have shown promising application in drug deliv-
ery, bioimaging and electrochemical sensing, and so on due to its zero-dimensional
surface and biocompatible nature. The GQDs have emerged as a new type of nanoma-
terials with photo-luminescence properties [61]. Mandal et al. [62] used pyrocatechol
for the preparation of GQDs at different pH. The prepared GQDs were used for the pho-
tocatalytic degradation of methyl orange and methyl blue under visible light radiation
(Figure 4.25). The dye degradation process was optimized by varying GQDs dosage, re-
action time, and pH of the GQDs. At pH 10, the successfully prepared GQDs were 8 nm
in size and spherical in shape. Thus, the GQDs exhibited photocatalytic degradation of
dyes and future applications for wastewater treatment.

The photoexcitation generates electron—hole pairs which provide the unique
catalytic potential to transition metal sulfides such as zinc sulfide (ZnS). ZnS shows
a high negative reduction potential compared to TiO, and ZnO. The easy excess of
electron-hole pair in sulfide nanomaterials highlights their superior photocatalytic
activity. The higher conduction band position in photocatalyst causes high negative
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Figure 4.25: Photocatalytic action of GQDs [62].

reduction potential in aqueous solution [63]. The photocatalytic activities, mechani-
cal stability, and morphology of nanostructures could easily be tuned through func-
tionalization with different chemical agents. Efforts have been made to control the
optoelectronic properties without the involvement of hazardous chemical capping
agents.

Sood et al. [64] used a simple sol-gel method for chemical-free preparation of
TiO, QDs. The as-prepared QDs were around 8 nm in size and highly crystalline in
nature. Under UV irradiation, the QDs displayed excellent photocatalytic degradation
of indigo carmine dye in aqueous media. The maximum catalytic activity was ob-
served under acidic conditions with pseudo first-order kinetic. Very recently, Rafiq
et al. [65] used simple and fast co-precipitation methods for the preparation of ZnS-
QDs using 2-mercaptoethanol as a capping agent. The prepared ZnS-QDs were 4.2 nm
with rhombohedral cubic structure. However, the capped ZnS were nanorod shaped.
The Fourier-transform infrared spectroscopy (FTIR) analysis confirmed strong chemi-
cal bonding and functional group on the surface of prepared QDs. The prepared ZnS-
QDs were suggested to show effective degradation of organic pollutants of leather,
textile and chemical industries. The reported procedure provided guidelines for the
preparation of ZnS-QDs with controlled band gap and structural morphology.

Due to some unique properties like high water soluhbility, photoluminescence activ-
ity, easy surface functionalization, and non-toxic nature the CDs have become attrac-
tive entities over the last decade. Therefore, CDs have found wide applications in
bioimaging, drug delivery, and photocatalysis. They are prepared using the bottom-up
approach which relies on CD synthesis from smaller units while the top-down ap-
proach means breaking of big structures into NPs (Figure 4.26). They have been em-
ployed as photocatalysts after doping with certain metal ions (Cu, Pi, and Zn) and
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heteroatoms (N, P, and S). The doping promotes redox reactions on CDs surface
which infect improve the electron acceptance and donation capacity (Figure 4.27)
[66, 67]. Owing to such properties, the CDs are frequently used in hydrogen genera-
tion and industrial effluent treatments. The CDs-mediated photodegradation could be
classified as (a) CDs as up-conversion materials, (b) CDs as electron accepter/media-
tors, (c) CDs as photo sensitizers, and (d) CDs as photocatalysts (Figure 4.28).
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Figure 4.26: Synthetic methods for the preparation of carbon dots [66].
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Figure 4.27: CDs with electron acceptance and donation capacity.

The bare CDs are not generally used for the photodegradation of organic pollu-
tants and only the hybrids of CDs are utilized for this purpose. Sharma et al. [68]
performed photodegradation of antibiotic and synthetic dye pollutants using
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Figure 4.28: Mechanistic approaches for CD-based photocatalysis [66].

trimetallic hybrids of CDs using visible light. The CDs mediated photocatalytic
degradationremoved malachite green dye (75%) and ampicillin antibiotic (45%) in
just 4 h. During light absorbing event, semiconductors produce and donate photo-
generated electrons to CDs causing an effective charge separation. The charge sep-
aration directly boast the photodegradation capacity of photocatalyst. Di et al., in
2015 [69], used Bi,WO, and its hybrid with CDs for photocatalytic degradation of anti-
biotics such as TC and ciprofloxacin, and organic pollutants like bis-phenol a and b
and rhodamine dye under visible light. The CDs/Bi,WO,, hybrid was found highly effi-
cient photocatalyst for the photo degradation of organic dye and antibiotics in aque-
ous solution.

In another study, CDs/Zn hybrids were used for photocatalytic degradation of
organic pollutants including ciprofloxacin, rhodamine B and methylene blue
under visible light irradiation [70]. Here again, the enhanced charge separation
and role of CDs in light absorption was reported as a major factor for photodegra-
dation of organic molecules. The CDs absorb visible light and emit it in the form
of shorter wavelength which is subsequently absorbed by semi-conductor where
electron-hole pairs are generated. This phenomenon enhances the photocatalytic
degradation of organic pollutants. Nanostructures of ZnS have become attractive
semi-conductors for photocatalytic applications owing to their high stability, non-
toxic nature, and wide band gaps. They show high redox potential because they
rapidly produce maximum photo-generated electron—hole pairs under visible
light [71, 72]. Thus, they can act as heterogeneous catalysts for photodegradation
of organic effluents. Keeping these facts in mind, Wei et al. [73] used the hydro-
thermal method for the preparation of ZnS-QDs. The prepared QDs were used as



http://chemistry-chemists.com
4 Applications of nanomaterials in aqueous-mediated heterogeneous catalysis —— 115

photocatalysts for the degradation ciprofloxacin under UV radiation, the prepared
QDs efficiently degraded organic pollutants however its catalytic activity was only
45% under visible light. Thus the prepared QDs were suggested as efficient photo-
catalysts for the degradation of antibiotics in wastewater effluents. Rajabi et al.
[74] disclosed a water-based preparation of ZnS-QDs using a sono-assisted chemi-
cal precipitation method. The successfully prepared pure and doped ZnS-QDs
using 1-cysteine as a capping agent. The sono-assisted preparation methods pro-
ceeded efficiently in a short reaction time at room temperature. The as-prepared
QDs were further employed as catalysts for the photodegradation of synthetic dye
contaminants (Vitoria blue R). Under UV radiation, the maximum photocatalytic
degradation of dye was observed at 10.5 pH with the minimum QDs amount. The
photodegradation properties of the QDs were retained with a low percentage of
dopants.

4.4.2 QDs as nanocatalysts in organic synthesis

Over the last few decades, the phenomenal advancements in photo redox catalysis
have revolutionized the synthetic chemistry. This important tool has given excess
to different complex molecules through simpler and greener new routes. To this
end, semiconductor QDs have become interesting candidates due to broader ab-
sorption spectra, long-lived excited states, and high photostability [75, 76]. The con-
trolled morphology could help to the tune redox potential of QDs even for single
specific photochemical reactions. As described earlier, the readily available ele-
ments like S, Se, Zn, and Cd could easily be used for the preparation of QDs which
could subsequently be functionalized differently [77]. However, the QDs remain un-
explored for application in C-C bond forming redox reactions. Caputo et al., in 2017
(78), explored the C-C bond forming reactions using low loading of CdSe QDs as
redox photocatalyst. The prepared QDs serve as metal free, robust, and efficient
photoredox catalysts for at least five photo-assisted redox reactions namely decar-
boxylative radical formation, amine arylation, dehalogenation, f-amino alkylation,
and B-alkylation. The single-sized tested QDs advantageously replaced frequently
used Ru- and Ir-based photoredox catalysts for the aforementioned organic reac-
tions. The quinazolinones have become promising motifs in a variety of biopotent
molecules displaying a range of bioactivities like antimicrobial, antiviral, and anti-
cancer [79, 80]. Classically, they are prepared using hazardous oxidants and chemi-
cally unstable aldehydes as precursors. As an alternative strategy, a two-step oxidation
pathway has been developed which requires a highly selective and efficient catalyst.
The high yielding approach lost its efficacy due to the involvement of precious metal-
based catalyst, complex workup, hazardous waste, and organic solvents [81, 82].
Therefore, great attention has been diverted for developing greener and sustain-
able methods. So, it is highly desirous to prepare economical, stable, and recyclable
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heterogeneous catalysts for organic synthesis in an aqueous media. Majumdar et al.,
in 2018 [83], reported Fe,03-CD nanocomposites as a magnetically recoverable and
biocompatible catalyst for the preparation of quinazolinones in an aqueous medium.
The CDs were used as stabilizing agents for Fe,03-NPs and the nanosystems acted as
heterogeneous catalysts in cyclooxidative tandem reactions. The high yields of the
quinazolinones under control experiments confirmed the synergistic role of CDs in
the catalytic activity of the nanocomposites. Further, the catalyst was used over sev-
eral cycles and recovered efficiently due to its inherent magnetic nature.

The nanosized and tunable phase behavior have been made as CDs for promising
materials as support or catalyst. They have emerged as an alternative to conventional
heterogeneous supports due to their thermostable nature, high surface area, and tun-
able functionalities. So, they could act as economical and ecofriendly supports for
metal-based catalysts. The CDs as sub-nanometric carbonaceous supports could
add advantages of both homogeneous and heterogeneous catalysis [84]. Very re-
cently, Rezaei et al., in 2021 [85], performed selective oxidative cleavage of al-
kenes for the preparation of aldehydes using tungstate-decorated amphiphilic
CDs as pseudo-homogeneous catalyst (Figures 4.29 and 4.30). This amphiphilic
nanocatalyst was prepared through one-step hydrothermal method. The oxidative
organic transformation was executed using H,0, and water as green oxidant, and
the novel catalyst exhibited high recycle ability.
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Figure 4.29: Preparation of amphiphilic CDs as pseudo-homogeneous nanocatalyst [85].
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Figure 4.30: Oxidative cleavage of alkenes.

Over the last few decades, arylboronates have become promising building blocks
in medicinal chemistry, material science, and synthetic organic chemistry. Their
preparation through classical approaches requires highly anhydrous conditions and
produces higher amounts of metal-containing wastes. The other highly robust and
efficient alternative methods require heavy metal-based catalysts. Thus, it has been
desirous to develop economical, scalable, and greener methods for the preparation of
arylboronates [86]. As described earlier, the outlook of synthetic chemistry has
greatly been influenced by the photoredox catalysis. The QDs have become superior
next-generation photocatalysts for a variety of organic reactions. Chandrashekar
et al. [87] successfully performed borylation of diazonium salts using water-soluble 3-
mercaptopropionic acid capped CdSe-QDs in aqueous media (Figure 4.31). The cata-
lyst exhibited high catalytic activity, reusability, and high photostability.
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Figure 4.31: CdSe-QDs-mediated borylation reactions.
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4.5 Conclusions

The ever-increasing potential of nanoscience has facilitated the economical and
ecofriendly development of highly efficient nanocatalysts for synthetic chemistry
and pollutant remediation applications. Various synthetic approaches have been
developed to calibrate the size, shape, and intrinsic properties of nanostructures for
selective applications. Herein, NPs, nanocomposites, and QD have been presented
as efficient heterogeneous catalysts in aqueous-mediated cross-coupling, cycloaddi-
tion reactions, and photocatalytic degradation of organic pollutants. The latest ex-
amples regarding the facile preparation of nanocatalysts and case studies about
their applications as heterogeneous catalysts validate the revolutionary concept of
nanocatalysis in synthesis and water purification studies.
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5 Metal-composite-catalyzed C-C coupling
reactions in water

5.1 Introduction

Carbon-carbon (C-C) bond formation reactions are the essence of the synthesis in
organic chemistry. Kolbe’s fundamental laboratory-based C-C bond formation in
1845 for his well-known acetic acid synthesis played an important role in shaping
chemical synthesis [1]. The enzymatic processes must take place in an aqueous envi-
ronment in nature, but water has been avoided as a reaction medium in common or-
ganic synthesis. Since the historic study of Breslow for Diels—Alder reactions [2], the
recognition of water as a solvent in C—C coupling reactions has been increased and
proved to be advantageous over organic solvents [3]. Generally, protection and depro-
tection processes under aqueous solvent in organic synthesis can be simplified and
there has already been great advance to understand the organic reaction in water at
high temperatures, and its broad scopes vary from the source of life to energy and
fuels to chemical synthesis [4]. In the twentieth century, carbon—carbon bond forma-
tion reactions have shown a new paradigm that has amplified the effectiveness of or-
ganic chemists appreciably in synthesizing complex molecular frameworks, which
has substituted our thinking completely about organic synthesis. Based on transition
metal catalysis, the C—C bond formation reactions joining functionalized and sensi-
tive substrates are fundamental for organic molecule synthesis and provide new op-
portunities in medicinal chemistry as well as nanotechnology. In organic chemistry,
the C-C coupling reaction is a general term for a wide variety of organic reactions,
where in the presence of metal catalysts, two fragments are combined together. Gen-
erally, two types of coupling reactions have been identified: homocoupling and het-
erocoupling reactions. Homocoupling reaction occurs when two identical chemical
species are joined together to afford a single product. Heterocoupling reaction (also
known as cross-coupling) occurs when two dissimilar chemical species are combined
to form a single product. Among the homocoupling reactions, the Wurtz reaction [5],
Pinacol coupling reaction [6], Glaser coupling [7], and Ullmann reaction [8] are im-
portant. On the other hand, some important hetero C-C cross-coupling reactions in-
clude Cadiot-Chodkiewicz coupling [9], Castro—Stephens coupling [10], Corey—House
synthesis [11], Kumada coupling [12], Heck reaction [13], Sonogashira coupling [14],

*Corresponding author: Pranab Ghosh, Department of Chemistry, University of North Bengal,
Dist-Darjeeling, West Bengal, India, e-mail: pizyl2@yahoo.com

Puja Basak, Department of Chemistry, University of North Bengal, Dist-Darjeeling, West Bengal,
India.

https://doi.org/10.1515/9783110733846-005


mailto:pizy12@yahoo.com
https://doi.org/10.1515/9783110733846-005

http://chemistry-chemists.com
124 — Puja Basak, Pranab Ghosh

Negishi coupling [15], Stille cross-coupling [16], Suzuki reaction [17], Murahashi cou-
pling [18], Hiyama coupling [19], Fukuyama coupling [20], and Liebeskind-Srogl cou-
pling [21]. Over the past 30 years, the development of C—C cross-coupling reactions
catalyzed by transition metals has profoundly revolutionized the protocols for the syn-
thesis of natural products, organic materials, and polymers (building blocks for su-
pramolecular chemistry), and medicinal chemistry from simpler moieties. In 2010,
E. Negishi, R. Heck, and A. Suzuki were awarded the Nobel Prize in chemistry for de-
veloping direct bond formation between carbon atoms (palladium-catalyzed C-C
cross-coupling reaction). However, the growth of highly active catalysts has drawn
much consideration for the development of efficient, green, and cost-effective synthe-
sis in organic chemistry. Metal-nanoparticle (NP)-based catalysts can be assumed as
an intermediate between homogeneous and heterogeneous catalysts, and they are
considered half-heterogeneous catalysts [22]. Due to the small size of metal-NPs,
they are not easily removed from the reaction mixture and this problem is usually
solved by binding NPs with structural support. Therefore, there is a need for hetero-
geneous catalysts via immobilization of metal NPs on solid supports to achieve high
catalytic activity, high mechanical and thermal stability, easy regeneration, and sepa-
ration procedures [23-26]. Metal-NPs on structural support or metal-composite cata-
lysts (composite materials are combinations of two or more materials having different
phases) are being investigated as a new dimension of catalysis [27-29]. Normally,
composites are composed of two types of different materials, one is called a binder or
matrix, which binds the fragments together or fibers of the other materials and is
termed reinforcement. If one of the combining elements of the composite is in the
nanometer dimension, then it is called a nanocomposite [30]. As the subject is very
vast, in this chapter, we have shown the application of different nanostructured ma-
terials as host elements for the heterogeneous PANP-catalyzed Suzuki, Heck, and So-
nogashira coupling reactions. This chapter generally covers the Pd chemistry of
cross-coupling performed in water as the sole reaction medium or solvent.

5.2 General outline of C-C cross-coupling reaction
mechanism

The mechanism of the C-C cross-coupling reaction generally comprises three im-
portant steps:

1. Oxidative addition

2. Transmetalation

3. Reductive elimination

The oxidative addition and reductive elimination are generally multistep pro-
cesses as they involve ligand association and dissociation processes, respectively.
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On the other hand, the transmetalation process involves ligand exchange between
two metal centers.

5.2.1 Suzuki coupling

The Suzuki coupling is categorized as a C-C cross-coupling reaction, where two dis-
similar fragments such as boronic acid and organohalide or triflate are combined to
yield substituted biphenyls in the presence of palladium(0) complex catalyst [31]. The
relative reactivity order of halides and triflate is R-I>R-OTf > R-Br >> R-Cl. Since its
discovery in 1979, this reaction becomes utmost acceptable process for the carbon
framework expansion in organic molecules. Suzuki—Miyaura coupling reaction is ex-
tremely helpful for the assembly of a conjugated diene, polyene systems, and biaryl
systems with high sterecisomeric purity. Suzuki-Miyaura coupling using inactivated
alkyl halides to form C (sp®)-C (sp®) and even C (sp>)-C (sp>) bonds has made incredi-
ble progress in the field of coupling reaction [32, 33]. The first step of the Suzuki cou-
pling mechanism (Figure 5.1) is the oxidative addition of Pd(0) to the aryl halide (1)
to form the organopalladium species (2). After that, intermediate (3) is formed by the
reaction with a base, which again forms the organopalladium species via transmeta-
lation (4) with the complex (boronate complex) formed by the reaction of boronic
acid (5) with base. The last step is reductive elimination, which yields the biaryl

Biaryl product R—R;

8
Reductive | — Rg=X
elimination o PO / 1
\ Oxidative addition
[ \
! !
® R,-Pd!-R, R,-Pd'-X
+ 2 .
N g i 2 t
& 45 ' NaO'Bu
OBU'-l?"O‘Bu \
Y
6
_pdl. ot
Transmetalation R.-Pd"-0'Bu l,"
®| 3 \
R, e NaX
é\ — RILF;"—OtBu
Y Y Y
4 5

Figure 5.1: Suzuki coupling reaction mechanism.
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product (8) and brings back the original Pd(0) catalyst. The Suzuki coupling reaction
occurs in the presence of the base and the base has three roles in this coupling reac-
tion: formation of the palladium complex, formation of trialkyl borate, and accelera-
tion of the reductive elimination by the reaction with Pd complex.

5.2.2 Heck reaction

The Heck reaction is the cross-coupling reaction (also known as Mizoroki—Heck re-
action), where halides or triflates with unsaturation are joined with an alkene to
form substituted alkene in the presence of a base and a palladium (Pd®) catalyst (or
palladium nanomaterial-based catalyst) [34]. Tsutomu Mizoroki (1971) described the
synthesis of stilbene (11) from iodobenzene (9) and styrene (10) in the presence of
potassium acetate as base and PdCl, as catalyst at 120 °C (Figure 5.2).

QX . /_@ 0.1 eq PdCl, \_/ /

1.2 eq CH;COOK 1
CH40OH, 120 °C, 2hrs

X=1, Br 90 % vyield

Figure 5.2: Mizoroki—Heck C-C cross-coupling reaction.

In 1972, Heck appreciated the Mizoroki publication and discovered the same reac-
tion independently with different conditions (palladium acetate as catalyst, catalyst
loading 0.01 equivalent, a hindered amine as base, and in the absence of solvent)
[34]. The mechanism of the Heck reaction involves several steps. At first, palladium
(I1) acetate [Pd(OAc),] is reduced by triphenylphosphine (PPhs) to bis(triphenyl-
phosphine)palladium (0). Step 1 of the coupling reaction involves the insertion of
Pd(0) into the aryl halide bond (9) (Figure 5.3). In step 2, alkene (12) and Pd form a
C-Pd bond (13) in a syn-addition fashion. In step 3, a Pd—alkene 1t complex (14) is
generated through B-hydride elimination. The Pd(0) compound is then reformed by
the reductive elimination of Pd(II) complex with the help of a base in the final step
of the coupling reaction.

5.2.3 Sonogashira coupling

The Sonogashira cross-coupling reaction utilizes a Pd catalyst along with copper
(Cu) cocatalyst to form a C-C bond between (Figure 5.4) a terminal alkyne (16) and
an aryl halide (15) or vinyl halide [35]. The reaction is carried out normally under
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Figure 5.3: Pd-catalyzed Heck coupling reaction mechanism.

mild reaction conditions as in aqueous media, at room temperature, and using a
mild base to form the disubstituted alkyne (17). This coupling reaction has been en-
gaged in pharmaceuticals, natural products, and organic material synthesis. The
synthesis of tazarotene [35] is used for the treatment of psoriasis and acne, and the
synthesis of SIB-1508Y (known as Altinicline) [36], a nicotinic receptor agonist, in-
volves the Sonogashira coupling reaction.

Pd catalyst, Cu catalyst
R‘._x + H—= R2 ) YSR —— RQ
15 16 base, rt 17
Rq=aryl
Rz= aryl or vinyl
X =, Br, Cl or OTf

Figure 5.4: Sonogashira cross-coupling reaction.
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The Pd precatalyst is activated to form a reactive Pd® under the coupling reac-
tion condition (Figure 5.5). The Pd® catalyst then undergoes an oxidative coupling
reaction with aryl or vinyl halide to form a Pd" complex. This complex reacts with
Cu acetylide and is converted into a new complex through the transmetalation step.
In this final complex, reductive elimination occurs and the desired substituted al-
kyne is generated along with the regeneration of the Pd species. Although the Cu
cycle is not discussed appropriately, it is proposed that m-alkyne complex (19) is
formed using a base from terminal alkyne and Cu salt (18) and results in the forma-
tion of Cu acetylide (20) due to the increased acidity of terminal alkyne. This Cu
acetylide then participates in transmetalation with the Pd intermediate.

Pd-precatalyst

Ri——=R, i

L,Pd® Ry-X
Reductive
elimination o
Oxidative
addition
Pd cycle
Ry
o R,
PdL,—R» PdLn’\ 1
X

Pd intermidiate

Cu cycle Cu accetylide
CuX Cu——R
18 I 20 I 2]n
base HX
H—=-R, CuX /(/
: base
H——R,
19

Figure 5.5: Sonogashira coupling reaction mechanism.
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5.3 Background of heterogeneous metal-composite
catalyst for cross-coupling

Heck, Suzuki, and Sonogashira cross-coupling reactions are typically catalyzed by Pd-
based homogeneous systems (in Sonogashira coupling Cu cocatalyst is needed) that
involve ligands (phosphine or N-heterocyclic) to design active catalytic systems. As a
consequence, the separation of the homogeneous catalyst after the reaction is the big-
gest problem in the field of catalyst. Accordingly, the catalyst may be incorporated in
the final product, thus resulting in the loss of the catalyst in the reaction, and a deval-
ued product is formed from a pharmaceutical point of view. The main challenge is to
develop heterogeneous catalytic systems for C-C cross-coupling reactions and estab-
lish the nature of the active catalyst species. The literature of the coupling reaction
with homogeneous catalytic systems is well developed, but the same remained inade-
quate for heterogeneous systems [37]. Some researchers claim to develop solid
precatalyst of soluble catalytically active Pd species [38-40], while others recog-
nize absolutely heterogeneous systems, where catalysis takes place on the surface
of Pd-based solid heterogeneous catalyst [41, 42]. The effectiveness of a good cata-
lytic system is generally decided by the activity, selectivity, and lifetime of the
prepared catalyst [43]. The activity of the catalyst is measured by the percentage
of reactants converted into a product; however, the selectivity is measured by the
percentage of reactants that are transformed into the desired final products, and
the lifetime of the catalyst is the time when the catalyst attains its activity and
selectivity to the expected level.

PdNPs have become attractive forms of heterogeneous catalyst due to their size
and shape dependence and efficient catalytic activity in C-C cross-coupling reaction
[37, 44]. Nevertheless, their use as a catalyst has been restricted because of scantiness
of efficient separation procedures, and techniques like centrifugation and filtration
are not much effective to recover the NPs completely. Moreover, due to the agglomer-
ation and sintering properties of NPs upon heating, they are leached to form the insol-
uble noncatalytic Pd black [37]. Supported Pd catalyst has drawn profound interest
due to their easy reusability in the C—C cross-coupling reaction. Most often, PANPs
immobilized on solid support become less catalytically active, and better understand-
ing of the activity of PANPs leads to design more effective heterogeneous catalysts in
the cross-coupling reaction. Supported metal catalyst or metal-composite catalyst can
be categorized as inorganic, organic, and inorganic—organic materials.
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5.3.1 Inorganic support
5.3.1.1 PdNPs on carbonaceous supports

In C-C cross-coupling reaction, the use of carbonaceous nanomaterial-supported
PdNPs opened up a new paradigm in the field of heterogeneous catalysis [45-47].
Among them, due to the commercial availability of activated charcoal, often Pd/C, is
used as a heterogeneous catalyst. In addition, different solid supports like alumina
and silica possess lower surface area than the charcoal support [47]. From literature,
it is observed that Pd/C is stable in air, water, acid, and bases and does not require
any inert atmospheric condition to be performed [47, 48]. Xu and his coworkers de-
veloped a pathway for the reaction between water-soluble bromoarenes (21) with so-
dium tetraphenylborate (22) to synthesize substituted biphenyl (23) (Figure 5.6) in
the presence of 0.0025 mol% of Pd/C under reflux in water (reaction time varied from
1to 7 h) [49]. The comparison between inorganic bases showed that sodium bases are
more effective than potassium bases in this reaction. The catalyst was recycled up to
five cycles with a gradual loss of reactivity.

3 5% Pd/C
i 4 Na,COs (2 equiv.
A Br |' '| 2C03 (2 equiv.} RE 2
BR . * A ) H,0, 100 °C, 1h ~
NaB" /4
21 22 23
R= 4-COOH, 3-COOH, 4-OH, 4-OMe, Yield (74-99)%

4-COCH,CH,;COOH etc.

Figure 5.6: Suzuki—Miyaura reaction by Xu and coworkers.

Previous reports showed that surfactants are used as an additive to increase the sol-
ubility of the reactant aryl halides (24). Kohler and his coworkers performed the
coupling reaction of aryl chlorides with aryl boronic acids (25) (Figure 5.7) in the
presence of ligand-less Pd/C catalyst in water [50]. All reactions were carried out
under an ambient condition to minimize the chance of homocoupling, although a
lower Pd concentration (0.2-0.5 mol%) is required for activated aryl chlorides and
higher Pd concentration (2 mol%) is needed for deactivated chloroarenes. The addi-
tion of surfactant tetrabutylammonium bromide (TBAB) as an additive and applica-
tion of NaOH among the inorganic bases have a profound role in this reaction. Not
only the aryl boronic acids but the boronate esters (26) and potassium trifluorobo-
rates (27) are equally effective under this optimized reaction condition. The reacti-
vation of the catalyst [Pd(0) to Pd(II)] using iodine as an oxidizing agent was
carried out to recycle the catalyst in successive runs.
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L AN l/\ B(OH), é ‘:-- BEK 5 % Pd(ll)C _ R@ &
/\/ 2 | =707 or O TBAB(0.5 equiv.)

¥ = NaOH or KF for R= CN, CO,Me 23

2 (100-140°C), H,0, 2-6h

N

(56-99)%
X=1 Br, Cl
R=4-COMe, 4-CN, 2-CN, 4-COOMe, 2-COOMe
4-F, H, 4-Me, 2-Me, 4-OMe, 4-OH, 4-NH,

Figure 5.7: Suzuki coupling reaction by Kohler and coworkers.

Among the nanomaterials, graphene is solely able to stand out far ahead of all
other nanomaterials because of its unique structure and exclusive characteristics
[51]. Graphene and its derivatives have been widely used as a catalyst support due
to their high flexibility and strength like solid substrates. They exhibit a high sur-
face area and are homogeneously embedded into metal matrices which make gra-
phene and its derivatives a viable candidate to be used as a catalyst support. Due to
the immobilization of metal NPs on the surface of graphene and its derivatives, the
surface area of the composite material increases, thereby increasing the distance
between the sheets. The catalytic activity of these metal composite materials suc-
cessfully enhances the productivity of the most studied C-C cross-coupling reac-
tions [52-57]. Zhang et al. reported graphene-modified PANPs by reducing Pd(OAc),
(Figure 5.8) using a surfactant sodium dodecyl sulfate (SDS) [58]. The use of SDS
can be shown as a surfactant as well as a reducing agent. The prepared catalyst
was highly efficient under aqueous as well as in aerobic conditions and exerted the
product within 5 min. The recovery of the catalyst was done by filtration process

I
Pd-graphene (1.1 mol%) K;P0,(399 mqg)
31
28 25

SDS (0.5 mmol), H,0, 100 °C, 5min

100 %
Br
Pd-graphene (1.1 mol%) K3P0,(399 mg)
& .
@ @B(OH}Z SDS (0.5 mmol), H,0, 100 °C, 5min 5
29 25 29.5 %
=
Pd-graphene (1.1 mol%) K3PO4(399 mg)
P B(OH), -
= SDS (0.5 mmol), H,0, 100 °C, 5min
30 25
32
6.5 %

Figure 5.8: Pd—graphene composite-catalyzed synthetic approach by Zhang and coworkers.
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and reused up to ten consecutive cycles. Allyl iodides (30) and bromobenzene (29)
were also employed in this coupling reaction but resulted in a lower yield of allyl-
benzene (32) and biphenyl (31).

Shendage and his coworkers electrochemically deposited PANPs on nafion-
graphene support (Pd/Nf-G) which showed the eminent catalytic activity for the Su-
zuki coupling reaction to produce substituted biphenyls (34) from substituted aryl
boronic acids (33) (Figure 5.9) under ethanol/water mixture at 80 °C [59]. Under the
reaction temperature, Nafion is chemically and thermally stable. It is used to disperse
and stabilize graphene on the electrode surface. The electrochemical process is gen-
erally heterogeneous in nature and allows easy recovery of the desired product. Be-
sides this, no side product formation, short time of reaction, simple operation, and
high purity of the desired product make this process advantageous than conventional
processes.

X B(OH),
/C[/ + /@ PAINF-G (0.3 mol% Pd), K,CO5 = =
R Ry R\ /7 /™

Ethanol/H;0, 80 °C. 1-4 h

24 33 34
R= CHj, OCH3, NO,, COCH34, OH, H Yield (88-94%)
RQ: CH3. OCH::;. ClLH
X=1, Br

Figure 5.9: The Suzuki coupling reaction using Pd/Nf-G catalyst.

The formation of PANPs on Nf-G support was confirmed by scanning electron micros-
copy with energy-dispersive X-ray analysis, X-ray diffraction analysis, transmission
electron microscopy, and thermogravimetric analysis. The reaction between different
aryl iodides and arylboronic acid was studied using a Pd/Nf-G catalyst. The electron-
donating and electron-withdrawing aryl iodides afforded the product with excellent
yield; however, aryl bromides require longer reaction time. Gémez-Martinez et al.
used boron-derived nucleophiles like potassium aryltrifluoroborates or boronic acid
esters as reactants and aryl halide (35) to afford biaryls (36) for Suzuki coupling reac-
tion using PANPs (6% Pd w/w) supported on graphene (PdNPs-G) and reduced gra-
phene oxide (PANPs-rGO). They prepared three types of catalysts (Figure 5.10).
Catalyst 1 is PANPs immobilized on rGO sheets functionalized with octadecylamine

D

1: Pd-rGO/ODA 2: Pd-G 3: Pd-rGO

Figure 5.10: Pd(0) NP-supported catalyst employed in Suzuki coupling.
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(PANPs-rGO/ODA), where 13 nm average size Pd(0) NPs have been immobilized. Cat-
alyst 1 disperses better in organic solvents due to the presence of amino-functional
groups. Catalyst 2 is (PANPs—G) where 5 nm average size Pd(0) NPs are distributed on
the sheets of graphene oxide, while catalyst 3 (PdANPs-rGO) contains Pd(0) NPs with
an average size of 6.9 nm. Catalysts 2 and 3 are well dispersed in an aqueous me-
dium. Due to the better dispersibility in water, both catalysts 2 (PANPs—G) and 3
(PANPs-1GO) are highly active in this process with a solvent ratio (MeOH/H,0:3/1)
(Figure 5.11). Under the microwave irradiation, catalyst 2 was reused up to eight con-
secutive cycles without the loss of its catalytic activity. However, the catalytic activity
dropped significantly under the conventional heating reaction conditions after five
consecutive cycles.

PANPs-G (0.1 mol% Pd)
PhBF K (1.2 equiv.)

Ar—X Ar—Ph
K,CO;, MeOH/H,0: 3:1
35 80°C, 20 h 36
Ar-X= 4-MeOCgzH4Br, 2-MeCgH,Br, Yield (5-94%)

1,3-(Me),CgH3-2-Br, 4-4-MeCOC4zH,4Br
1-Br-napthalene, 2-Br-pyridine, 2-Br-thiophene,
4-MeQCgH,l, PhOTf, 4-MeCOCgH,CI

Figure 5.11: Suzuki coupling catalyzed by Pd(0) NPs supported GO and rGO.

5.3.1.2 Zeolite support (inorganic support)

Among the catalyst support, zeolites having an anionic framework provide high
surface area and it is conducive to the high dispersion and adsorption of metal spe-
cies [60, 61]. As crystalline nanoporous materials, zeolite can trap or recover heavy
metals including Pd from industrial wastewater due to its well-distributed micropo-
rous space [62]. Wang et al. prepared the zeolite-supported Pd(II) catalysts by plac-
ing Pd(II) species on the solid surface of zeolite with an anion framework based on
the charge balance principle (Figure 5.12). They developed a highly efficient zeolite-
supported Pd catalyst (0.84% Pd@zeolite USY) for “in water” C—C cross-coupling
reaction using tetrapropylammonium hydroxide as base (Figure 5.13) [63]. This cat-
alyst was successfully employed to produce substituted alkynes (38) and biaryl (39)
from terminal alkynes (37) and aryl boronic acids (33).

The interaction between metal and support may be varied due to the interaction
between metal reactant and the form of the metal [64]. In an aqueous system, the Pd
species migrate in the catalytic process and the Pd(II) intermediate undergoes ion ex-
change with cations (Na*, K*, etc.) present in an aqueous medium and easily escapes
from the zeolite support. Therefore, it is quite necessary for the metal species to get
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Pd@usy Activated Pd@USY
‘

\ Activated in situ
_ in a catalytic reaction
\\'“-\-..\_

Figure 5.12: The migration of Pd during the activation in catalysis.

0.84%Pd@USY (0.158 mol%Pd)
EtOH/H;0(1:3), TritonX-100

Ar—X + Ar—— - Ar————Ar'
35 37 TPAOH (2equiv), 100 °C 38

Ar= Ph, 3-NO,CgH,4 Yield (88-99%)

Ar'= Ph

0.84%Pd@USY (0.158 mol%Pd)
H,0, TritonX-100

Ar—X + Ar'—B(OH), - Ar—Ar
35 33 TPACH (2equiv), 100 °C 39
Ar= 4-0CH;CgH, Yield (97-100%)

Ar'= CgHs, 4-OCH,C4H,, napthyl

Figure 5.13: Pd@zeolite USY-catalyzed Sonogashira and Suzuki coupling reaction.

stabilized on the catalytic support during the reaction. They observed that in some
alkaline aqueous systems, Pd(II) intermediate species uses zeolites (with an anionic
framework) as a sink for coupling reaction; therefore, the position of Pd on the sur-
face of zeolites can be controlled by release/capture capability of metal ions [65].

5.3.2 PdNPs on organic—inorganic support

Basak et al. developed a ligand-free low Pd(0)-loaded GO-polymer composite to cat-
alyze Suzuki and Heck C-C cross-coupling reaction efficiently in water medium
(Figure 5.14) [66]. Poly(methyl methacrylate) (PMMA) is a nonconductive polymer
and it makes a thermally stable composite with GO. Their work involves the forma-
tion of GO-PMMA through in situ polymerization of methyl methacrylate (MMA) and
deposition of Pd (0) NPs on the composite surface successively (Figure 5.15) [67].
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Y

R= 4-OMe, 3-NO,, 4-COMe Yield (79-90%)
X=1, Br
Y= COOMe, COOEt, COOBu, Ph

Figure 5.14: GO-PMMA-Pd(0) composite-catalyzed Suzuki and Heck reaction.

Several substituted aryl halides and aryl bromides (24) were coupled successfully
with aryl boronic acids (33) in the presence of GO-PMMA-Pd catalyst (0.3 mol% Pd),
K,COs as base, and TBAB as surfactant in aqueous medium at 90 °C. In the case of Heck
reaction, aryl halides efficiently reacted with methyl/ethyl acrylates (40) in the presence
of GO-PMMA-Pd catalyst (0.2 mol% Pd), TBAB as the surfactant, and K,COs as base at
100 °C to yield substituted alkene (41).

o]
. 1. BZP, 90 °C
Graphene oxide | J
P ¥ Y‘O’CHf’ —»  GO-PMMA-Pd
2. Pd(OAc),
MMA 3. HCOOH

Figure 5.15: The schematic representation of the synthesis of GO-PMMA-Pd(0) catalyst.

5.3.3 Organic support

Among various polymeric supports, the natural polysaccharide of chitosan (CS) is
cheap, nontoxic, and has excellent complexation capability with transition metal
due to the presence of polar functional groups. Moreover, CS is very easy to process
into different forms, such as microspheres, films, and fibers. Cotugno et al. devel-
oped an efficient protocol for Suzuki cross-coupling reaction using Pd(0) CS com-
posite catalyst [68]. Excellent yield and selectivity were achieved using this catalyst at
a relatively short reaction time (5 h). They carried out the reaction between different
aryl halides and aryl boronic acids using K,CO; as a base, PANPs@CS (0.1 mol%o)
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catalyst, molten TBAB at 70-90 °C under aqueous medium (Figure 5.16). To obtain the
catalyst, in the presence of TBAB, Pd(OAc), was reduced electrochemically on the sur-
face of CS. Subsequently, the PANPs metallic core is stabilized by tetrabutylammo-
nium cations mixed with Br" and [PdBr,]”, and the core-shell nanostructured catalyst
is further chemically absorbed on CS surface (Figure 5.17).

— N PdNPs@chitosan (0.1 mol% Pd) — —
\ X + \ B(OH - \ ’
R1//‘\:/>_ Rz//\:/>' et RiC 7/ \_JR,
24

TBAB, 70-90 °C, H,0, 5h
33 34

Yield 77-98%
R;=H, CHj3, NO,, OCH3, COCH4

RZ: H, OCHS.CH:;
X=1, Br

Figure 5.16: Suzuki cross-coupling reaction catalyzed by PANPs@chitosan.

Br~ R4N*

RyN* RaN*

Br- Br-
R4N+ R,N*

-:Br‘ . Br
RHN OHO
wo%o Figure 5.17: The core-shell structure of Pd nanoparticles
0 0] HO is chemisorbed on chitosan in tetraalkylammonium-

CH,OH NHR  /n

based ionic liquids (ILs).

Mondal and his coworkers synthesized PANPs grafted mesoporous organic poly-
mer catalyst by reacting (Figure 5.18) Pd(OAc), and poly-triallylamine (MPTA-1) in
methanol [69]. The mesoporous materials generally exhibit high surface area, and
the active metal centers are distributed on this large surface to run organic trans-
formation effectively [70]. These materials act as an ideal tethering agent to bind
the active metals strongly at their surface. Cross-linking polymers minimize the
chance of metal leaching from its surface and extensively stabilizes the metal in
long term and hence are extensively used as long-term stabilization of the metals,
which minimizes the possibility of leaching of metals under reaction conditions
[71]. They observed the Heck coupling reaction between different aryl and hetero-
aryl halides (35) with substituted alkenes (40) to form disubstituted alkene (42)
using this heterogeneous Pd-MPTA-1 catalyst in a water. Substituted chloroben-
zenes underwent this C-C coupling reaction but took a longer reaction time along
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Ar—X + R Pd-MPTA-1 catalsyt (10 mg) R
A K,CO4/Cs,CO3, H,0, Reflux Ar~
35 40 4-14h 42

Yield 55-95%
Ar = CgHs, 4-OCH3CgHy, 4-CH3CgH,, 4-NO,CgH,,
3-FCgH,4, 4-CHOCgH,, 3-pyridyl, Thienyl
R = Ph, COOH, COOnBu,

Figure 5.18: Heck reaction catalyzed by Pd-MPTA-1 catalyst in water media.

with a lower yield of the product compared to the corresponding bromobenzene
and iodobenzene.

Lee et al. synthesized PANPs immobilized on poly(N-isopropylacrylamide-co
-4-vinylpyridine) [poly(NIPAM-co-4-VP)] copolymer hydrogel for Suzuki, Heck,
and Sonogashira cross-coupling reactions in water (Figure 5.19) [72]. Poly(N-
isopropylacrylamide) (PNIPAM) is an example of temperature-responsive poly-
mer which shows a phase transition from coil to globule in an aqueous solution
at 32 °C which is the lower critical solution temperature (LCST) [73]. The swelling
of PNIPAM polymer hydrogels is due to changes in the H-bonding of the PNIPAM
polymer with water molecules [74]. At temperature above the LCST of PNIPAM, some
H-bonds are dissociated and hydrophobic interactions are dominant among the PNI-
PAM network. Therefore, it is possible to carry out Suzuki coupling reaction with hy-
drophobic substrates in the absence of surfactants and organic solvents. Moreover,
PNIPAM can be easily recovered from an aqueous medium by simple filtration above
its LCST. Due to the versatile properties of PNIPAM, PANPs immobilized on it have
been utilized as recyclable heterogeneous catalysts [75, 76]. They observed that the
PNIPAM matrix could not be restored after recycle, and leaching of Pd occurred. To
resolve this difficulty they used temperature-responsive poly(N-isopropylacrylamide-
co-4-vinylpyridine) [poly(NIPAM-co-4-VP)] copolymers [77] as the PANPs support
(Figure 5.20). The poly(NIPAM-co-4-VP) copolymer-stabilized PANPs were prepared
by reducing the Pd(II) precursor on the copolymer surface using NaBH, as reducing
agent in MeOH. This Pd-grafted poly(NIPAM-co-4-VP) catalyst was equally capable to
synthesize biaryls (34) from aryl bromide (43), butyl cinnamates (46), and 1,2-
disubstituted alkynes (48) from aryl iodides (44).
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m-Cl, o-Cl, F, Br, napthyl, COCHj3, CO,CH3, NO;
R,=H, NH;, OCHj, Br, CF;4

Figure 5.19: Suzuki, Heck, and Sonogashira coupling reactions catalyzed by Pd(0) [poly(NIPAM-co
-4-VP)] catalyst.

PNIPAM hydrogel Pd(ll) precursor

Pd(II) precursor

Figure 5.20: Pd(0) grafted on poly(N-isopropylacrylamide-co-4-vinylpyridine) [poly(NIPAM-co-4-VP)]
copolymer hydrogel.

5.4 Conclusions

The Suzuki, Heck, and Sonogashira cross-coupling reactions have been widely ex-
ploited for decades for the expeditious C-C, C=C, C = C bond formation which is
used for the development of organic compounds, polymers, and natural products in
drug discovery. From the industrial point of view, Pd-catalyzed coupling reactions
in greener way using alternative reaction media are the current area of interest.
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Among the green solvents, the utmost choice is water due to its environmental ben-
efits, safeties, and cost. The use of homogeneous Pd catalyst is not appropriate in
industrial purposes due to their lower stability, higher cost of synthesis, problem in
their separation procedure, and difficulty in reusability. To overcome the draw-
backs of a homogeneous catalyst, the concept of PANPs immobilized on a solid sup-
port has attracted much interest to merge all the advantages of homogeneous and
heterogeneous catalysts. The PANP-immobilized nanostructured catalysts having
high surface to volume ratio, low cost of processibility, good mechanical and ther-
mal stability, and high reusability, and hence have been used in long-lasting, cost-
effective cross-coupling reaction.

Abbreviation

NP Nanoparticle

[Pd(0AC),] Palladium (Il) acetate

TBAB Tetrabutylammonium bromide
SDS Sodium dodecyl sulfate
Pd/Nf-G Nafion-graphene support
PdNPs-G PdNPs supported on graphene
PdNPs-rGO Reduced graphene oxide
Pd@zeolite USY Zeolite-supported Pd catalyst
PMMA Poly(methyl methacrylate)

cs Chitosan

MPTA Poly-triallylamine

poly(NIPAM-co-4-VP) Poly(N-isopropylacrylamide-co-4-vinylpyridine)
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6 Gold nanoparticles as promising catalyst
for electrochemical CO, reduction
in aqueous medium

6.1 Introduction

Conversion of carbon dioxide into energy-enriched materials is one of the keys and es-
sential projects to mitigate global warming and to fulfill global energy demand [1-3].
Among the numerous methods to mitigate CO, concentration, the electrochemical re-
duction is one of the suitable methods due to its simple feasibility under normal reac-
tion condition and controllability of the technique (i.e., by altering overpotential) [4, 5].
The initial problem realizes direct single-electron reduction of linear CO, to bent CO,"~
as it is a thermodynamically uphill process having the corresponding reduction poten-
tial of -1.90 V [6] or —1.99 V [7] versus standard hydrogen electrode at pH 7 in aqueous
medium. However, various proton-coupled multiple electron reductions of CO, to CO,
formate, methanol, and methane can favorably be achieved at less negative potentials
than -1.90 V [6]. Because of the resemblance of their proton-coupled reduction poten-
tials, the product selectivity remains a potential issue. Additionally, the availability of
proton source under CO, reduction condition can encourage a side reaction, like hydro-
gen evolution reaction (HER) in aqueous medium. To resolve these practical problems
and yield a desired product selectively, one effective solution is to develop an efficient
catalyst. Catalytic activity of bulk metals has been studied in detail in recent years for
electrochemical CO, reduction; however, they have several disadvantages with regard
to low activity and readily get deactivation [8]. Out of different metals, gold (Au) and
silver (Ag) display distinct behavior with high selectivity toward the evolution of CO
[9]. According to literature reports, efficient conversion of CO, to CO under electro-
chemical condition in aqueous medium depends on relative energies of the intermedi-
ates generated on active metal surfaces [10-12].

The overall process involves the following reactions (reactions 1-5, Figure 6.1)
where the star (*) implies either a surface-attached species or an unfilled catalyti-
cally active site [13, 14]. Production of CO depends on both the formation (reaction
1) and reduction (reaction 2) of COOH*, and on potential of the catalyst to release
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(1) CO,(g) + H'(q) + e + * ——> COOH*
(2) COOH* + H*'(aq) + & ——> CO* + HO()
(3) CoO* —> CO + =

(4) H'(q) + e + * —— H*
(5) H* + H'(@ag) + & ——> Hy + * or

H* + H* —— Hpy + 2

Figure 6.1: General schematic representation for CO, reduction and HER on catalyst surface.

CO (reaction 3). To achieve significant CO, to CO conversion selectivity, it is the cat-
alyst that should balance reactions 1-3 as well as suppress the HER (reactions 4-5),
the main side reaction that is frequently detected in examining reduction of CO,
under electrochemical condition [14]. Nanostructured Au catalysts have recently
been explored as efficient electrocatalysts for CO, reduction to CO in aqueous elec-
trolyte [4]. It is expected that nanoparticle (NP) catalysts should show high catalytic
activity toward electrochemical CO, reduction owing to high surface area. Further-
more, the surface of NP catalyst generally accommodates a significant part of edge
(i.e., low-coordinated sites), whose catalytic performance is markedly different from
their bulk counterparts (having fully coordinated sites) [15, 16].

In this chapter, we discuss the recent progress of nanostructured Au catalysts
toward electrochemical CO, reduction, which includes the synthetic strategy for
various Au-based nanostructured materials, their distinct catalytic properties, and
investigation of reaction mechanism.

6.2 Various nanostructured Au catalysts
6.2.1 Dispersed Au nanoparticle catalysts on carbon electrode

In 2012, a new type of Au NP catalyst (oxide-derived AuNP film, Figure 6.2a) has
been prepared by anodic oxidation and subsequent electrochemical reduction of
Au foils. This synthesized AuNP film selectively reduced CO, to CO with current
densities within 2-4 mA/cm? and Faradaic efficiencies (FEs) around 96% (which
is much better than polycrystalline Au, Figure 6.2b) at mild negative potential
(-0.35 V vs reversible hydrogen electrode (RHE)) [13].

According to the authors, the improved stability of the reduced CO, radical or the
COOH* and the enfeebled CO attachment on the Au surface (especially in case of
oxide-derived Au electrodes, Figure 6.3) caused selective CO, reduction to CO [13].
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Figure 6.2: (a) SEM image of oxide-derived AuNP film surface. (b) Comparative study of CO,

reduction activity between polycrystalline Au and oxide-derived AuNP film. Reprinted with
permission from ref. [13]. Copyright © 2012 American Chemical Society.
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Figure 6.3: Proposed pathway for CO, reduction to CO as reported by Y. Chen et al. [13].

In view of the size and surface effects usually noticed in NPs with encouraging re-
sults obtained from AuNPs, Zhu et al. in 2013 [14] studied monodispersed AuNPs as
catalysts for electrocatalytic CO, reduction under ambient condition. The authors syn-
thesized various AuNPs (4, 6, 8, and 10 nm, respectively) deposited on carbon support
(C-Au paste). Each type of C-Au paste was coated on a carbon paper under suitable
conditions and used as a working electrode. Authors have screened all coated AuNPs
and reported that 8 nm AuNPs showed best CO, reduction ahility; FE reaching 90% at
-0.67 V (vs RHE) into CO (Figure 6.4a). Applying density functional theory (DFT) calcu-
lations on different crystal faces and a 13-atom Au cluster (Au,s), they summarized that
the edge sites on gold NP surfaces were suitable for CO, reduction, whereas the corner
sites accommodated the HER pathway. The correlation between the density of active
surface sites and the Au cluster size was depicted in Figure 6.4b. The DFT studies indi-
cated that the 8 nm gold NPs having 4 nm crystallite diameter were appropriate to sup-
ply an optimal number of edge sites active for CO, reduction to CO and diminish the
number of corner sites suitable for the HER.
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Figure 6.4: (a) FEs for CO production by AuNPs during CO, electroreduction at different redox
potentials. (b) Density of adsorption sites (yellow, light orange, dark orange, and red symbols for
(112), (0 0 1), edge, or corner on-top sites, respectively). Reprinted with permission from ref. [14].
Copyright © 2013 American Chemical Society.

Subsequently in 2014, W. Zhu et al. [17] further developed ultrathin Au nano-
wires (NWs) (500-15 nm) deposited onto a Ketjen carbon support (designated as C-
Au-500, C-Au-100, and C-Au-15, respectively) and tested their CO, electroreduction
abilities under ambient conditions at different reduction potentials (Figure 6.5). The
authors reported that at —0.35 V, the FEcq reached to 94% for C-Au-500 and main-
tained at least for 6 h without any activity changes. Based on theoretical calcula-
tions, they suggested that the Au NWs performed well for this reaction due to high
mass density of active edge sites (16%) and poor CO binding on these sites.

FE for CO
3

—=— C-Au-500 NWs
—+— C-Au-100 NWs
1] ‘ —i—C-Au-15 NWs

02 03 04 05 -06 07 08 0.9
E/V vs RHE
Figure 6.5: (a) TEM image of the C-Au-500 NWs. (b) FEs of C-Au-500, C-Au-100, and C-Au-15 NWs for

electrocatalytic reduction of CO, to CO. Reprinted with permission from ref. [17]. Copyright © 2014
American Chemical Society.
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Later in 2016, E. B. Nursanto et al. [18] reported thin Au nanofilm deposited on
carbon paper as catalysts for electrochemical reduction of CO, (at -0.59 V vs RHE)
at room temperature. The authors synthesized various Au nanofilms (with thick-
nesses 0.5-30 nm) coated on carbon paper (referred to as Au-T samples). Authors
reported that the FE value for CO production increased proportionally with the gold
amount and reached a saturation point of ~78% (at —0.59 V vs RHE) for samples
thicker than Au-4 and the FE value was similar to that of commercial gold foil
(Figure 6.6a). They further determined the CO production rate (by multiplying the
current density with FE value for CO) for these synthesized Au-T samples. Moreover,
CO formation rate (measured at the same experimental potential) increased from Au-
0.5 to Au-30 (Figure 6.6b). In particular, gold loadings higher than 7 nm thickness
exhibited better CO formation rate than that of gold foil. Based on the experimental
evidences and by comparing with literature [13], they suggested that the slowest step
was an electron transfer for the formation of CO, radical anion on the catalyst surface.
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Figure 6.6: (a) FEs for CO production by Au-T samples during electrochemical CO, reduction. (b) CO
formation rates determined at applied potential =-0.59 V. Reproduced with permission from ref.
[18]. Copyright © 2015 Elsevier B.V. All rights reserved.
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Two years later in 2018, Y. Kim and his group [19] synthesized highly dispersive
AuNPs (with average diameters ranging from 5.8 (¢2.4) to 2.0 (z0.4) nm) on carbon
black (in general represented as AuNPs/CB) in situ in the presence of two different
reducing agents of NaBH, at several concentrations (12, 4, 1.3, 0.4, 0.2, and 0.04 mM,
respectively) and citrate at a fixed concentration (3 mM). The electrocatalytic activity
for CO, reduction by AuNPs/CB-0.2 (i.e., 2 nm AuNPs on carbon support with 0.2 mM
NaBH,) was reported with scanning electrochemical microscopy (SECM) as well as
bulk electrolysis in an H-type cell. From the SECM voltammograms (Figure 6.7), it is
clear that CO, reduction was feasible at a potential near -0.62 V (vs saturated calomel
electrode; SCE) (Figure 6.7). Although authors reported that selective CO, reduction
to CO was achieved by applying AuNPs/CB-0.2 substrate electrode at potential >—
0.725 V (vs SCE), reliable quantification was done by supplying a relatively larger
overpotential (at —1.07 V), where FEq was 74.9% and FEy, was 24.1%.
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Figure 6.7: SECM voltammograms utilizing AuNPs/CB-

| | | 0.2 electrode (substrate) and Sn/Pt (tip). Taken from ref.
-0.8 0.6 04  -0.2  [19]. Copyright © 2018 Wiley-VCH Verlag GmbH & Co.
Potential (V) vs SCE KGaA, Weinheim.

6.2.2 Modified graphene-supported gold nanoparticles

Presently, graphene nanosheets are used as good support materials for catalyst be-
cause of their high conductivities, large surface areas, and less manufacturing costs
[20-22]. The 2D sheet structure of graphene with large surface area yielded homoge-
neous dispersion of catalyst NPs. Many active sites containing edges and defects,
which were present in the graphitic layer, showed the capability to change the elec-
tronic behavior of catalysts attached on it. This changed electronic behavior of the
catalyst could alter the reaction mechanism and eventually the final product of the
chemical transformation [23].

Narrow graphene nanoribbons (GNRs) are an exciting high-performance mate-
rial that has currently become available via large-scale, solution-based bottom-up
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synthesis [24-28]. C. Rogers et al. (in 2017) [29] explored structurally defined GNRs
as a suitable support for AuNPs in electrocatalytic CO, reduction (Figure 6.8).

2aR=H
2b R = COOMe

Figure 6.8: Design of GNR-AuNP composite materials. Slight modification from ref. [29]. Reprinted
with permission from ref. [29]. Copyright © 2017 American Chemical Society.

The authors synthesized GNR-AuNP combined electrodes (2a-AuNP and 2b-AuNP)
and measured their cyclic voltammograms (CVs) in CO,-saturated aqueous electro-
lyte (Figure 6.9a). There was marked increase in current for GNR-AuNPs combined
electrodes than the electrodes obtained from AuNPs alone, or AuNPs supported by
a Cplack matrix. The authors further measured CVs of GNR electrodes without any
added AuNPs and observed negligible current over the similar potential range,
thereby confirming that the GNRs themselves were not active under present electro-
chemical condition. Controlled potential electrolysis (for 1 h) across a potential win-
dow between —0.87 to —0.37 V was performed by the authors. The CO Faraday
efficiency (FE¢o) (Figure 6.9b) for reduction of CO, by GNR-AuNP composite elec-
trodes significantly outstripped those of Cy,c-AuNP over a wide potential range.
Furthermore, Cyjac-AuNP degraded rapidly, yielding only 22% FEq after 3 h. No-
tably, GNR-AuNP composites maintained high catalytic ability for more than 10 h
of controlled potential electrolysis as reported by the authors. To clarify the source of
the increased performance showed by 2b-AuNP composites, the authors studied the
kinetics of CO, reduction for each of the composites via Tafel plot. The observed Tafel
slope for 2b-AuNP composites is much less (only 66 mV/decade) than other composites
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(141-129 mV/decade), thereby suggesting a pre-equilibrating single-electron transfer
followed by a rate-determining chemical step (similar to Figure 6.3).
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Figure 6.9: (a) CVs of various composite electrodes. (b) FEco by various composite electrodes.
Reprinted with permission from ref. [29]. Copyright © 2017 American Chemical Society.

In 2018, Saquib et al. [30] have developed gold NPs on the reduced graphene oxide
(RGO) support and examined CO, electroreduction by these new composite materials.
Based on TEM data, they confirmed well dispersion of AuNPs on RGO support. Using
energy-dispersive X-ray spectroscopy data, they confirmed the weight percentage of
Au which was 13.72% in the RGOAu catalyst (with uniform distribution of AuNPs
over the RGO support). To find out the effect of Au content on the conversion of CO,
to CO, the authors prepared another composite material of Au, denoted by RGOAu
(35.51 wt%). The CV measurements indicated a large positive shift of onset potential
for RGOAu (35.51 wt%) as shown in Figure 6.10. This result suggested that RGOAu
(35.51 wt%) was a more active catalyst than RGOAu (13.72 wt%) for reduction of CO..
Further, by investigating Tafel plots for both supported catalysts, the authors clarified
that RGOAu (13.72 wt%) electrode showed comparatively slow kinetics than the
RGOAu (35.51 wt%), thereby, they have concluded that the CO,"~ intermediate was
significantly stabilized by RGOAu (35.51 wt%) over RGOAu (13.72 wt%), and conse-
quently, enhanced CO, reduction rate.

Based on the experimental evidence, the authors proposed a mechanism for CO,
reduction (Figure 6.11). They suggested enhanced stability of the intermediate *COO*~
by excess negative charge on the oxygen atoms owing to back donation from Au. This
facilitated more abstraction of proton in the aqueous medium and eventual formation
of CO by elimination of HO". The authors further suggested that the defects present on
RGO enabled easy desorption of CO from gold surfaces by transfer of electron from
RGO to Au.
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Figure 6.10: CVs of RGOAu catalysts (35.51 wt%, blue and 13.72 wt%, red in the CV). Reproduced
with permission from ref. [30]. Copyright © Springer Science + Business Media B.V., part of
Springer Nature 2018.
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6.2.3 Surface-functionalized gold nanoparticles

From the aforementioned discussion, it is clear that metal NPs (e.g., Au) could be one
of the promising candidates among many electrocatalysts because of their high con-
ductivities, large surface areas, and greater stabilities under the required CO, reduc-
tion potentials [8, 13, 14, 29, 31-34]. However, metal NPs mostly require surfactants
having extended alkyl chains for stabilizing the NP surfaces. Moreover, these surfac-
tants can reduce the catalytic activity of NPs by blocking the catalytically active sites
[14, 17, 29, 34]. Additionally, these surfactants, being monodentate in nature, may
leach out from NP surface under the electrocatalytic reaction condition, thereby in-
ducing particle aggregation and resulting in loss of activity [29, 32, 34]. Therefore,
concurrent stabilization of the catalyst surface and keeping catalytically active sites
via appropriate designing of surface capping ligands of the NPs is required. In 2016,
Z. Cao et al. [34] developed suitable N-heterocyclic carbene-functionalized Au NPs
(represented as Au-Cb NP) as catalyst (Figure 6.12) and attached this catalyst with
carbon paper electrode via appropriate synthetic modification. The AuNP/C combina-
tion was also prepared for relative comparison of activity. The authors have evaluated
activities of these AuNP catalysts toward CO, reduction and compared with free car-
bene and a molecular Au-Cbh complex using linear sweep voltammetry (Figure 6.13a).
Under optimized reaction conditions, the control substances exhibited a negligible
current response, further indicating superior catalytic activity for the Au-Cb NP.
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Figure 6.12: Cb ligand exchange reaction on AuNPs as reported by Z. Cao et al. [34].

The authors performed controlled potential electrolysis across a potential window
between -0.27 and -0.87 V (vs RHE) to quantify CO, reduction products. Under all
applied potentials studied, the Au-Cb NP catalyst exhibited greater FEs for CO and
lesser FEs for H, than that of AuNP/C (Figure 6.13b). Based on various experimental
evidences, the authors suggested that the significant o-donation from the carbenes
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made the Au NP surface very electron-rich in case of Au-Cb NP and thereby a
quick electron transfer to CO, happened before the rate-limiting step (as shown in
Figure 6.3). This destabilization might force to re-organize the gold NP surface, thus
enhancing the number of defect sites with improved kinetics for the CO, reduction.
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Figure 6.13: (a) Linear sweep voltammetry scans of Au-Cb NP, AuNP/C, free carbene, and molecular
Au-Cb complex. (b) FEs of products obtained during CO, reduction by Au-Cb NP and AuNP/C.
Reprinted with permission from ref. [34]. Copyright © 2016 American Chemical Society.

In 2018, Z. Cao et al. [35] explored a tetradentate porphyrin molecule to chelate on
the surface of oleyl amine capped AuNP, therefore, successfully regulating the elec-
trocatalytic CO, reduction efficiency and enhancing the catalyst stability. Firstly, the
authors synthesized oleyl amine-capped AuNPs (represented as OAm-AuNP), and
thereafter, by using ligand exchange process prepared the porphyrin-functionalized
AuNPs (denoted as P1-AuNP) (Figure 6.14).

The catalytic activity of P1-AuNP and OAm-AuNP for electrochemical CO, reduc-
tion was then studied (using CV, Figure 6.15a) in a custom-made cell by using aqueous
electrolyte solution. The CV measurements (Figure 6.15a) indicated that P1-AuNP
showed much higher total current density and less negative onset potential (at -0.16 V
vs RHE) compared to OAm-AuNP electrode. The authors carried out bulk electrolysis
in CO,-saturated KHCOs buffers across a range of applied potentials between —0.30
and —0.70 V (Figure 6.15b). The catalyst P1-AuNP showed higher FEq value (optimal
FEco value = 93%) than that of OAm-AuNP under all applied potentials. Based on ki-
netic measurement data, the authors proposed that P1-AuNP might undergo single-
electron transfer followed by a rate-determining chemical step [29, 34]. Further, based
on DFT calculation, authors concluded that the reduction of CO, to CO on P1-Au(111)
surface was energetically more favored than that of bare Au(111) surface.
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Figure 6.14: Preparation of P1-AuNP. Reproduced with permission from ref. [35]. Copyright © 2018
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 6.15: (a) CVs of OAm-AuNP and P1-AuNP electrodes. (b) FE¢q values for CO, reduction by
OAm-AuNP and P1-AuNP electrodes. Reproduced with permission from ref. [35]. Copyright © 2018
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

6.3 Summary and outlook

Considering global energy demand and keeping environmental issues in mind, CO,
conversion to energy-enrich compounds is of current research interest worldwide.
Toward this goal, CO, electroreduction is one among the various sustainable ap-
proaches. However, single electron reduction of CO, to CO,°~ requires large negative
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overpotential. Moreover, H, evolution reaction competes with CO, reduction in
aqueous medium. Thus, designing of appropriate catalyst is crucial for achieving
selective CO, reduction over H, evolution, particularly, in aqueous medium. Recent
studies showed that AuNPs with suitable structural modification (on the surface of
the NPs) can significantly reduce the overpotential for initial reduction of CO, to
C0,"~ and follow-up reaction leads to CO as the main reduction product. Although a
wide range of Au nanostructured materials have been reported as efficient catalysts
for the electroreduction of CO, to CO, they follow a general reaction pathway as
shown in Figure 6.16 [13, 14, 36]. Other than CO detachment, each single step in the
mechanisms proceeds via concerted proton-coupled electron transfer pathway. In
general, production of CO depends on both the formation (reaction Ia) and reduc-
tion (reaction Ib) of a COOH*, and further on the efficiency of the catalyst to release
CO that is produced (reaction Ic). Additionally, to achieve high CO selectivity, the
catalyst requires to promote reactions Ia-Ic while suppressing the HER reduction
(reactions IIa-IIb).

O, .OH Q
'C’ Ib C Ic
\ — — CO(g) + HyO (I)
*COOH *CO + H,0 (I)
la
Clean surface
l1a \HER pathway
H Ib
—_— —> 1/2H,(9)

*H

Figure 6.16: Proposed mechanisms for the electrocatalytic CO, reduction and hydrogen evolution
reaction on nanostructured Au surfaces [36].

It is worth mentioning here that CO, electroreduction to CO using space confine-
ment (which signifies those chemical reactions that occur inside nanoscale or even
sub-nanoscale pockets) between gold NPs could also be considered as a viable ap-
proach according to a very recent report [36]. In this report, K. Chang et al. [36],
using quantum chemical calculation, demonstrated that decreasing the limited
space helped to stabilize *COOH adsorption (Figure 6.16), which altered the free en-
ergy of electrocatalytic reduction of CO, to CO and shifted the onset potential to less
negative value. Alternatively, space restraint has a very small effect on the adsorp-
tion energy of *H. Therefore, decreasing the limited space did not disturb the free
energy of the HER. Consequently, by the impact of space restraint, more amount of
electricity was operated in the direction of required electrocatalytic CO, reduction
from the competitive HER. We hope that this chapter will attract a broad readership
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in the field of sustainable chemistry, help to dig deep inside the topic, and lead to
the generation of new gold catalyst with superior efficiency that may assist to solve
one of the most important global problems.
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7 Copper-based heterogeneous catalysis
for the synthesis of small organic
molecules in aqueous medium

7.1 Introduction

Water is ubiquitous in nature and plays a key role as solvent in biological transfor-
mations in living organisms. Therefore, by utilizing the omnipresent water as the
solvent for heterogeneous catalysis has been a focus of study for many years [1-6].
This idea to take benefits of water as solvent has resulted in altering the activity as
well as selectivity of heterogeneous catalystsbased on metal complexes, nanomate-
rials, microporous supports, and others [7, 8].

In this perspective, Cu-based heterogeneous catalysts are mostly attractive due
to high natural abundance and low cost. Being a 3d transition metal, copper has in-
teresting physical and chemical properties [9]. Moreover, copper is very much com-
patible with the chemical transformations at high-temperature and high-pressure
including vapor-phase chemical reactions and microwave-assisted reactions [10-12].
Such distinctive properties of copper and its alloys are favorable for the construction
of new, efficient, and selective catalytic protocols [13, 14].

The applications of these economical copper catalysts, including Cu-based nano-
particles (NPs), have potential interest in current years, particularly in the field of het-
erogeneous catalysis in water. Additionally, having variable oxidation states (Cu'",
cu”, cu', and Cu®), Cu-based catalysts can promote a range of reactions via one- as
well as two-electron change pathways. The convenient and straightforward numer-
ous ways of developing Cu-based heterogeneous catalystsalso makes its applications
more general [15-20]. Remarkably, the potential modification of the copper-based
NPs and their catalytic activity in aqueous conditions have been intensely studied.
Till date, researchers in heterogeneous catalysis have projected many catalytic pro-
cesses in aqueous medium [21]. Despite the considerable development of aqueous
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heterogeneous catalytic protocols, at present the literature does not have any system-
atic review of this field.

This chapter addresses several aspects of copper-based heterogeneous catalytic
reactions in water reported so far. The key aim of this chapter is to appraise the cop-
per-based heterogeneous catalysis in water for synthesizing small organic molecules.
We suppose this critical evaluation will provide required formations to develop the
future applications of Cu-based heterogeneous catalysis in water. The discussion in
the first part covers the heterogeneous catalysis by Cu-based NPs in aqueous me-
dium. The second part emphasizes the synthetic protocols catalyzed by other sup-
ported heterogeneous copper catalysts in water.

7.2 Cu-based nanoparticles: applications
in organic synthesis

The catalytic applications of NPs correspond to a wealthy source for chemical meth-
ods, employed in convenient transformations [22, 23]. NPs have been used in vari-
ous procedures, including biological protocols, chemical industry, energy storage,
and environmental equipment [24, 25]. The great potential of nanocatalysis has en-
couraged the synthesis of various diversely substituted organic molecules in aque-
ous medium.

Nanomaterials have developed from earth-abundant inexpensive copper (Cu)
metal, and have received significant attention due to their prospective as possible
alternatives to the expensive and rare noble metal catalysts used in several com-
mercial chemical methods [26]. The copper NPs often show catalytic activity dissim-
ilar from that of the related bulk resources due to their different shapes and sizes.

In this part, we focus on the heterogeneous catalytic applications of Cu-based
NPsin water for the synthesis of diverse organic molecules. To simplify our idea on
the reactions catalyzed by copper-based NPs, we have outlined them into two differ-
ent categories: (i) click chemistry of azide—alkyne cycloaddition and (ii) coupling
reactions.

7.2.1 Click chemistry of azide—alkyne cycloaddition

In 2011, Borah et al. [27] have studied the 1,3-dipolar cycloaddition reaction between
terminal alkynes (1) and alkyl azides (2) for the synthesis of 1,2,3-triazoles (3) cata-
lyzed by in situ-generated Cu(0)-NPs embedded in nanopores of a modified montmo-
rillonite (Figure 7.1). The modification has been carried out through activating
montmorillonite by H,SO, under controlled environment, where the generated nano-
pores act as “host” for Cu(0)-NPs. The generated Cu(0)-NPs were spherical in shape
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and the size is around 10 nm. The catalyst acts as an effective green catalyst for the
click reaction of azide—alkyne cycloaddition to give regioselective 1,4-disubstituted-1,2,3-
triazoles (3) with good to excellent yields under aqueous environment. The method is
compatible with linear as well as branched alkylazides, including hindered azides. The
nanocatalysts were also reused in next reactions without considerable loss of catalytic
activity. Easy to employ and recyclability of the catalyst under environmentally benign
reaction conditions make the protocol attractive and suitable for large-scale preparation
of triazole-based drug molecules.

Cu-NPs/montmorillonite

(0.05 mol %) R2_N" SN
=—R'" + RZN; > \—{
EtsN, H2O, RT 1
R
1 2 3
-
R' = alkyl, phenyl Yields up to 95%
R? = alkyl 8 examples

Figure 7.1: Cu-NP/montmorillonite-catalyzed synthesis of 1,2,3-trizoles.

Copper NPs immobilized on charcoal (Cu NPs/C) were developed by Alonso et al. in
2011 (Figure 7.2) [28]. This versatile and reusable catalyst consisting of oxidized Cu
NPs on activated charcoal effectively catalyzed the three-component synthesis of
disubstituted 1,2,3-triazoles (3) in water. A wide range of 1,4-disubstituted triazoles
(3) have been synthesized from organic halides (4) or diazonium salts (5) or aryl
primary amines (6) with sodium azide (7) and different terminal alkynes (1). The
catalyst gave high yields of 1,2,3-triazoles (3) and also showed excellent recyclabil-
ity. The catalyst was fully characterized and the copper NPs were found mostly to
be in the oxidized forms (Cu,0 and CuO). Two protocols involving anilines or its
diazonium salts as aryl-azide precursor were described in this click reaction. The
developed catalytic protocol and described methodologies follow most of the princi-
ples of green chemistry.

Cu-NPs/Charcoal

0.5 mol? N
L, (0.5 mol%) _ R/RLN N
R—-X + NaNj + R - __
4or 7 1 H,0, 3-8 h, 70 °C 3 R2
R'-N,BF,
50r X=Cl, Br, | Yields up to 95%
R = alkyl, benzyl
R'-NH, R = aryl
6 R2 = alkyl, aryl

Figure 7.2: Cu-NPs/charcoal-catalyzed synthesis of 1,2,3-triazoles.
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In 2011, Alonso et al. [29] reported copper NPs on activated carbon-catalyzed
synthesis of a wide range of B-hydroxy 1,4-disubstituted 1,2,3-triazoles (3a) in aque-
ous medium (Figure 7.3). This is a multicomponent 1,3-dipolar cycloaddition proto-
col involving variety of epoxides (8) with alkynes (1) and sodium azide (7) in water
at 70 °C. Herein the regioselective 1,4-adducts, the epoxide azidolysis extremely de-
pends on the steric as well as electronic properties of the epoxides. The catalyst is
reusable and easy to prepare, and also exhibits remarkable catalytic activity up to
fourth cycles. The regio- and stereoselectivities of the synthesis have been recog-
nized by NMR experiment as well as X-ray crystallographic analyses. Mechanistic
investigation of the reaction revealed the generation of copper(I) acetylides and tri-
azolides as intermediates of the reaction.

R Cu-NPs/C (0.5 mol%) NN
=R + NaN; + >QO Rg(* _
; ; R? H,0, 2-16 h, 70 °C R2 \/<Ph
8 OH
3a

R = alkyl, phenyl

R'= R2=H, alkyl, phenyl Yields up to 93%

15 examples

Figure 7.3: Cu-NP/C-catalyzed synthesis of triazoles by epoxide azidolysis.

In 2013, Radivoy et al. [30] reported a magnetically recoverable CuNPs onto silica-
coated maghemite to catalyze a multicomponent course involving in situ formation of
organic azide followed by 1,3-dipolar cycloaddition with terminal alkynes (1) in water
at 70 °C (Figure 7.4). The catalyst was easily prepared by the addition of magnetic silica
to a suspension of copper NPsprepared through reducing cupric chloride (CuCl,) by Li
along with 4,4’-di-tert-butylbiphenyl in THF as solvent at room temperature. The cata-
lyst was recycled by a magnet and used again without substantial loss of catalytic ac-
tivity. The TEM experiments revealed that the catalyst composed of 3.0 nm copper NPs
on silica-coated maghemite NPs of 5-30 nm. This new reusable copper-based heteroge-
neous catalyst also has shown efficient catalytic activity for several reactions such as
Glaser alkyne dimerization, Huisgen 1,3-dipolar cycloaddition,and multicomponent
synthesis of propargyl amines under sustainable conditions.

Cu-NPs/MagsSilica

(4.3 mol%) RZ—N’N°N
=—R' + NaN; + R?*X > \;<
o
1 7 4 H,0, 70 °C s R
X =Cl, Br Yields up to 98%
R' = Ph, 4-CH;3CgH,4 12 examples

R? = Ph, 4-CH3CgH,, c-CgHg, N-C1oHo1

Figure 7.4: Cu NPs on MagSilica-catalyzed synthesis of triazoles.
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Pourjavadi and coworkers [31] reported a heterogeneous Cu(II) species of poly
(ionic liquid)-coated magnetic NP-catalyzed one-pot three-component synthesis of
disubstituted 1,2,3-triazole (3b) derivatives by click reactions in 2015 (Figure 7.5).
The catalyst has remarkable catalytic activity and is used in small weight percent to
catalyze the reaction of halides or tosylates (9) with azide salt (7) and terminal al-
kynes (1) in the presence of aqueous sodium ascorbate at room temperature to pro-
duce triazole derivatives (3b). The distinctive nanocatalyst composition and the
multilayered structure of coated polymer of vinyl imidazolium ionic liquid based on
the magnetite Fe;0, surface will result in the excellent catalytic activity toward
click reactionsshowing exceptional substrate scope with broad versatility. The cata-
lyst was reused up to fifth cycle and used to produce more than 30 diverse ranges
of products from different combinations of reactants in excellent yields. This pres-
ent green protocol is also useful for industrial applications.

MNP@ImAc/Cu R N
X (0.2 mol%) \ © SN
=-R'" + NaN; + R~V ————> N_
sodium ascorbate 1
R
1 7 9 H,0,RT 3b
X1= Cl, Br, OTs Yields up to 99%
R"=Ph, n-CsHq4 29 examples
R? = aryl, alkyl

Figure 7.5: Huisgen 1,3-dipolar cycloaddition, catalyzed by MNP@ImAc/Cu.

7.2.2 Coupling reactions

In 2013, Honraedt and coworkers [32] described copper oxide NPs supported by graph-
ite (CuO NPs/Gr) catalyzed C—H arylation of benzoquinone derivatives (10) in water
(Figure 7.6). This protocol is the first instance of a heterogeneously catalyzed Meer-
wein arylation. The CuONP/Gr catalyst was prepared in MeOH from the Cu(OAc), and
graphite under H,. The generality of the reaction was examined with various diversely
substituted aniline derivatives (6) having alkynes, nitriles, halogens, ketones, and
ester substituents. Various naphthoquinone derivatives (10) can also be used as the
reacting partner without affecting the reaction’s efficiency. The addition of DMSO as
cosolvent was used to increase the solubility of reactants, while the use of CaCOs
maintains the solution buffer. The sturdiness of the CuONPs/Gr heterogeneous cata-
lyst was performed up to five recycling experiments for the coupling between benzo-
quinones (10) and substituted anilines(6) under mild and simple conditions.

In 2008, Ranu and coworkers [33] reported a green synthesis of S-aryl- and S-
styrenyl-dithiocarbamates (15 and 16) through a one-pot three-component reaction of a
secondary amine (14), carbon disulfide (13) with styrenyl bromides (12) or aryl iodides
(4a) by using spherical Cu NPs as catalyst in water (Figure 7.7). The experimental
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NH, o
@ ) @m\\ CuONPs/Gr (2.5 mol%)=
Az N ¢-BUONO, MeSO3H
R 6 O 10

H,0, 24 h, 40 °C

’ Yields up to 82%
R'=Br, I, CN, CF3;, OMe, COOMe, NO, 15 examples

Figure 7.6: Graphite-supported CuO NP-catalyzed synthesis of C-H arylation of benzoquinones.

protocol is very efficient and convenient requiring only refluxing water, and no addi-
tional ligand or base or additives are required. The reaction was investigated with
various secondary acyclic amines like diethylamine, dimethylamine, and also with
cyclic amines including piperidine, pyrrolidine, and morpholine with good yields of
the products. This protocol using spherical copper NPs showed excellent stereoselec-
tivity for (E)- and (Z)-styrenyl dithiocarbamates and also catalyst recyclability up to
four times with almost same catalytic activity.

S
Br
R3
I = s S)J\N/
R? CuNPs (3 mol%) S)kN”RS ) R2
X A / I )
| or || + CS; + HN R2
[ = // R2 H,0, 6-10 h, reflux | AN N
R1 or |
! =
4a R" 12 13 14 /A I
R' 45 R 16
R'=H, CI, CH;, OCH3, COCHj, OCF3
R? = R3 = alkyl Yields up to 95 %
21 examples

Figure 7.7: Cu NP-catalyzed synthesis of S-aryl and S-vinyldithiocarbamates.

In 2012, Duan et al. [34] reported a novel copper NP for the reduction of aryl nitro com-
pounds (17) with sodium borohydride (18) in aqueous medium at 50 °C (Figure 7.8).
Many aromatic nitro derivatives (17) were reduced to the corresponding amino prod-
ucts (6) in high yields in 1:2 mixture of THF—water and catalyzed by Cu NPs. The cop-
per nanocatalyst was prepared from cupric sulfate (CuSO,) by using hydrazine as the
reducing reagent and recycled for several reaction cycles with high catalytic efficiency.
This reaction protocol provides the advantages of easier separation of products with
higher yields at lower cost compared with the other usual methods of the reduction of
nitro compounds.

In 2014, Sen and coworkers [35] outlined a one-pot three-component protocol
for the synthesis of 2,3-dihydro-isoindolinones (21) using cuprous oxide NPs as
the catalyst in aqueous medium (Figure 7.9). This is an efficient cost-effective en-
vironmentally benign protocol involving substituted indoles/pyrroles (20), 2-iodo-N-
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Cu-NPs (10 mol%)
R-NO, + NaBH,4 » R-NH,
THF/H 1:2),2h °
17 18 /H,0 (1:2), 2 h, 50 °C 6

R =aryl Yields up to 95%
12 examples

Figure 7.8: Cu-NP-catalyzed reduction of aromatic nitro compounds.

phenylbenzamides (19), and terminal alkynes (1) in water at 50 °C. The scope of the
reaction is broad, and versatility of the reaction also covers the aliphatic alkynes with-
out any alkyne dimerization. The catalyst Cu,0 NPs were prepared by hydrolysis of
CuCl,, followed by addition of fructose as the reducing as well as capping agent via
the formation of Cu(OH),. The nanocatalysts were efficiently employed and recycled
under environmentally benign aerobic and inert conditions without using additional
ligands or any surfactants. The formation of 2,3-dihydro-isoindolinones (21) through
domino Sonogashira cyclization reaction followed by regioselective nucleophilic ad-
dition was also established during mechanistic investigation.

O
o “ Cu,ONPs (0.1 equiv.) }31
"R J N Cs,CO3 (2 equiv.) N
+ q I+ —m R >
N

NUPle H,0, 70 °C
R2 1 e N’RZ
——
19 20 R
v )
R' = alkyl, aryl L
R*=H Yields up to 91%
R3 = CO,Me, cyclopropyl, phenyl 12 examples

Figure 7.9: Synthesis of isoindolinones catalyzed by Cu,0 NPs.

In 2013, Ghahremanzadeh and coworkers [36] demonstrated a three-component green
protocol involving cylohexane-1,3-diones (22), active cyanomethanes (24) along with
isatins (23), catalyzed by copper ferrite NPs in refluxing water (Figure 7.10). This is the
preparation of spirooxindole fused heterocycles (25) by using magnetically recoverable
as well as reusable copper ferrite NP catalyst under mild reaction conditions having
broad substrate scope, promoting the synthesis of 19 oxindoles (25) with high yields of
products with purity. The catalyst copper ferrite NPs having a size of 35 nm were
prepared from aqueous sodium hydroxide solution through coprecipitation of Fe
(NOs), and Cu(NOs3),. The operational simplicity, easy workup procedures, and excel-
lent catalyst recyclability up to many cycles by magnetic separation of the nanocata-
lyst make the process more attractive.

In 2015, Sarkar et al. [37] reported a reusable nanocopper(I) oxide-catalyzed C-C
coupling for the synthesis of amides (27) in water (Figure 7.11). This is a cost-effective
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% o)
L R! CN CuFe,04 (10 mol%)
[+ o - g
HO g N R3 water, 30 min, reflux
, R2
22 23 24

R'=H, Br, NO,
R?=H, Me, Et Yields up to 96%
R3 = CN, CO,Me, CO,Et, Tosyl 19 examples

Figure 7.10: Synthesis of spirooxindoles catalyzed by copper ferrite NPs.

green amidation involving aryl halides (4) and isocyanides (26) showing broad sub-
strate scope with no additives or additional ligands. The product amides were synthe-
sized in good to excellent yields by using a variety of aliphatic or aryl isocyanides
with aryl halides. The catalyst was effectively recycled and reused up to four cycles
with same robustness in water under aerobic conditions.

X Cu,ONPs (10 mol %) Q i
XN lutidine (50 mmol) A N~
| + RENC ———————> |
L Sonication 1//
R' ", 26 H,0, 1h, 80 °C R 27
X =Br, | Yields up to 88 %
R'=H, COPh 11 examples

R? = aryl, cyclopropyl

Figure 7.11: Copper(l) oxide NPs catalyzed synthesis of amides in aqueous medium.

In 2014, Patel and coworkers [38] established the synthesis of o-hydroxyanilides (29)
and benzoxazoles (30) from o-haloanilides (28) catalyzed by CuONPs in refluxing
water (Figure 7.12). The use of Cs,COj3 (inorganic base) promoted the formation of
o-hydroxyanilides (29) as the major product, while the organic base N,N,N’,N’-
tetramethylethane-1,2-diamine enabled the selective formation of benzoxazoles (30).
A range of o-halophenyl alkylamides selectively provided either o-hydroxylated prod-
ucts (29) or benzoxazoles (30) depending on the base used with the CuO nanocatalyst
under both the reaction conditions showing the reaction versatility with broad sub-
strate scope. The catalyst was also reusable up to five reaction cycles with comparable
catalytic activity, and thereafter the catalytic activity decreases due to aggregation.
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Xy CuO-NPs (5 mol%) OH N
P SR O
: + 0
v 0o H0, 222 h, reflux v S Y
28 29 30
X=1,Br Yields up to 73% and 65% respectively
Y =H, Me, Br 9 examples
R = Alkyl, Aryl

Figure 7.12: CuO-NP-catalyzed formation of benzoxazoles and o-hydroxyanilides.

7.3 Synthetic protocols catalyzed by other
supported heterogeneous copper catalysts

In 2015, Pourjavadi et al. [39] reported a heterogeneous graphene oxide/poly(vinyl imid-
azole)-supported copper(Il) polymeric catalyst and used in click synthesis of substituted
1,2,3-triazole (3) in water at 50 °C (Figure 7.13). This is a one-pot multicomponent cyclo-
addition of sodium azide (7) and halides (4) along with terminal alkynes (1) producing
1,4-disubstittued 1,2,3-triazoles (3) in excellent yields under mild reaction conditions.
The heterogeneous catalyst was prepared by immobilization of copper(Il) ions in a
nanocomposite of graphene oxide/poly(vinyl imidazole). The catalyst has high catalytic
activity for the click synthesis of 1,2,3-triazoles (3) carried out in water and is suitable to
a wide substrate scope (alkyl/benzyl halides and aromatic/aliphatic alkynes). The cata-
lyst was readily recovered and recycled up to eight times without significant loss of ac-
tivity and can be utilized for large-scale preparation of 1,2,3-triazole derivatives (3).

GO/Pim/Cu (1.0 mol%) N
Na ascorbate (10 mol%) RI—N" °N

R'-X + NaN; + H——==—R? _
0,
4 ; . H,0, 50 °C 5 =
X =Cl, Br, OTs Yields up to 96%
R' = alkyl, allyl, benzyl, aryl 21 examples
R? = aryl, alkyl

Figure 7.13: Graphene oxide/poly(vinyl imidazole)-supported heterogeneous copper(ll) polymeric-
catalyzed synthesis of 1,2,3-triazole.

In 2015, Kobayashi and coworkers [40] reported a nonimmobilized chiral heteroge-
neous catalysts of copper(II) for the enantioselective addition of silylboronates (32)
with various a, B-unsaturated ketones (31) in water at room temperature (Figure 7.14).
The catalyst was prepared from copper acetylacetonate (Cu(acac),) with a chiral bi-
pyridine ligand (34). Most significantly, the reactions proceed efficiently only in
water, leading to high yields with enantioselectivities and did not undergo well in
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organic or in mixed organic/water solvents. In this copper-based heterogeneously
catalytic protocol, water has an important role in promoting sterically confined tran-
sition states as well as accelerating the successive protonation to attain high yields of
the enantioselective products (33) with wide substrate scope.

(0] .
Cu(acac),-Ligand (5 mol%) O  SiMe,Ph

R1MR2 +  PhMe,Si-B(pin) > 1M ,

water, RT, 24 h R R
31 32 _ 33
1 7\

R2 = Alkyl, Aryl — \N / Yields up to 98%

R = Alkyl, Aryl tBu itBu 23 examples
OH 34 HO

Ligand

Figure 7.14: Copper(ll) acetylacetonate-chiral bipyridine catalyzed asymmetric
silyl addition in water.

In 2016, Tubio et al. [41] synthesized Cu/Al,O; catalyst of woodpile porous composi-
tion by 3D printing followed by sintering at elevated temperature. The copper species
are immobilized into Al,0; matrix to obtain a copper-supported rigid arrangement
having high mechanical strength and high surface-to-volume ratio with controlled
macroporosity. The prepared catalyst exhibits high catalytic efficiency and excellent
recyclability in various Ullmann reactions with large substrate scope (Figure 7.15).
Ease of catalyst preparation, remarkable reactivity, recyclability, and little metal
leaching make this 3D printing method a good alternative strategy for fabricating dif-
ferent kinds of metal/oxide heterogeneously catalyzed protocols.

In 2018, Rhee and coworkers [42] synthesized two different types of solid sup-
ports for the development of two heterogeneous catalysts. One is reverse phase
silica gel of aminopropyl functionality and another is a thermoresponsive poly(N-
isopropylacrylamide-co-4-vinylpyridine) (p-NIPAM-VP). The reverse-phase silica
gel solid supports have an end-capped hydrophobic alkyl group and another
solid support shows hydrophobicity and hydrophilicity depending on the temper-
ature. The catalyst was obtained by the immobilization of Cu(I) and Cu(II) species
onto these two types of solid supports and catalytically used in the azide-alkyne
cycloaddition reaction in water at 60 °C. Several 1,4-disubstituted-1,2,3-triazoles
(3b) were prepared with broad substrate diversity using the synthesized copper
catalysts (Figure 7.16). These catalysts are stable in air and can be reused in mul-
tiple cycles furnishing good to outstanding yields of the triazoles (3b).

In 2017, Pogula et al. [43] established a convenient green synthesis of qui-
noxalines (42) and substituted benzimidazoles (37b) catalyzed by copper NPssta-
bilized on alumina (Figure 7.17). The reaction is carried out in aqueous medium at
room temperature with no additional oxidant or surfactant. Various substituted o-
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Figure 7.15: Cu/Al,05 catalytic system-catalyzed Ullmann reactions.
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Figure 7.16: Solid-supported Cu-catalyzed synthesis of 1,2,3-triazoles.

phenylenediamines (39) with a-bromo ketones (40) or aldehydes (41) were used to
generate broad ranges of functionalized heterocyclic compounds (42 and 37b) in
high yields. The catalyst can be recovered and reused up to five cycles with almost
same activity under this environmentally benign protocol.
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Figure 7.17: Cu(0)/Al,03-catalyzed synthesis of quinoxalines and 1,2-disubstituted benzimidazoles.

7.4 Conclusions

Copper-based heterogeneous catalystsare found to be very effective for the synthesis
of a variety of substituted organic molecules. As a result, the last decade has seen
tremendous outburst to design new heterogeneously catalyzed protocols for the
synthesis of various small organic molecules under aqueous reaction conditions.
Under this direction, among heterogeneous catalysis, recently solid supported cat-
alysts have gained considerable attention. This chapter summarized the applications of
copper-based heterogeneous catalysts for the synthesis of various organic molecules
such as aromatic amines, substituted amides, o-hydroxyanilides, 1,2-disubstituted imi-
dazoles or benzimidazoles, benzoxazoles, 1,2,3-triazoles or B-hydroxy-1,2,3-triazoles,
quinoxalines, C-H arylated benzoquinones, 2,3-dihydro-isoindolinones, spirooxindole
fused heterocycles, as well as S-aryl- and S-styrenyl-dithiocarbamates.
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8 B-Cyclodextrin-based heterogeneous
catalysts in aqueous medium

8.1 Introduction

Supramolecular chemistry involves noncovalent bonding interactions, where cova-
lent bonds are formed between the interacting species, that is, molecules, ions, or
radicals [1]. Supramolecular catalyst B-cyclodextrin (3-CD) is a cyclic oligosaccharide,
hollow truncated cone-shaped macro-ring made up of seven glucopyranose units [2]
with the wider face formed by the secondary —OH at C-2 and C-3, and the narrower
side by the primary —OH at C-6 (Figure 8.1). The inner cavity size and its hydropho-
bicity made it suitable for encapsulating a variety of guests such as organic com-
pounds [3]. Due to the presence of this hydrophobic cavity, CDs provide a suitable
environment to catalyzed organic reactions [6], through noncovalent interactions. Cy-
clodextrins (CDs) have been recognized as versatile enzyme mimics [4-5] and also
show a supramolecular host for organometallic complexes [6]. Bhosale and cow-
orkers reported B-CD-catalyzed organic synthesis till the end of 2006 [7]. In continua-
tion of our work on B-CD [8-13], most of the organic reactions catalyzed by -CD were
carried out in aqueous medium.

Most extensively used organic solvents are flammable, volatile, environmentally
hazardous, and highly toxic. Thus, the demand for greener solvent is increasing due
to stringent environmental policy [14-20]. So, it is a necessity to replace the volatile
organic solvents by using greener solvent “water” [21]. In view of sustainable devel-
opment in organic synthesis, development of aqueous phase transformation is most
important. Being a unique and universal solvent, water is used in nature for various
biological as well as chemical processes [22]. Water is the solvent of supreme solution
of scientists as it is environment friendly, economically cheap, incombustible, ample
in source, low cost, and easily available [23-25]. In addition, the aspects like hydro-
gen bonding, latent heat capacity, interfacial tension, high polarity, and high cohe-
sive energy have shown significant characteristic properties of water that can make
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the water more suitable and valuable for organic reactions [26]. About 90% of chemi-
cals have been produced worldwide by using heterogeneous catalysis [27]. Due to its
great importance, researchers in chemical and energy area are attracted toward the
development of this field [28]. Heterogeneous catalysis has traditionally focused on de-
veloping and improving catalysts for optimizing chemical processes [29]. Both mixed
catalysis, that is, homogeneous and heterogeneous, made huge contributions to the
progress of society. Both types of catalysis have their own numerous advantages; how-
ever, heterogeneous catalysis appears to be more appropriate for industrial large-scale
setup that prefers endless flow systems [30-33]. The safe handling, toughness, inert-
ness to common conditions (moisture, air, etc.), longer ledge life are the major advan-
tages [34]. In addition to this, the heterogeneous aqueous phase catalysis has attracted
special attention of scientists due to easy reuse and recovery of the catalyst.

This chapter focuses on to design and synthesize some novel heterogeneous cat-
alysts based on B-CD and its synthetic utility in aqueous medium. In this chapter, we
have summarized various aqueous-phase organic transformation catalyzed by -CD-
based heterogeneous catalyst (Figure 8.2).

8.2 Applications of B-cyclodextrin-based
heterogeneous catalysts in water

8.2.1 Suzuki-Miyaura reaction

The supramolecular catalyst B-CD has been examined for coupling reactions. This
cross-coupling reaction is useful for C-C bond formation and form compounds with
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Figure 8.2: Organic transformation catalyzed by B-cyclodextrin-based heterogeneous catalyst.

easily accessible methods [35-37]. A water-soluble palladium complex supported
by triazolyl B-CD (PdLn@p-CD) was designed, prepared, and studied for applica-
tions in coupling reactions between substituted aryl halide (1a) and aryl boronic
acid (2b) in water (Figure 8.3) to form biaryl compounds (3a). The catalyst shows
high TONs and TOFs [38].

R&= Na2CO3 H,0, reflux R =
1a

3a yield = 54-99 %
R, = H, 4-OH, 3-NO,

Figure 8.3: Suzuki—Miyaura reactions catalyzed by using catalyst PdLn@-CD.

First, B-CD reacted with tosyl chloride and sodium azide to form 6-monodeoxy-6-
monoazido-B-CD, after that it undergoes click reaction with 2-ethynylpyridine [39-41]
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in DMSO-H,0 to form Ln@p-CD. Ln@p-CD reacted with palladium acetate in dry tol-
uene for 12 h to form the desire catalyst PALn@p-CD as light yellow powder. This pre-
pared catalyst has showed greater solubility in water. The detailed synthesis of
PdLn@p-CD is shown in Figure 8.4.

oTS N3
—> —>b
D/\N \ / \ d @/\ w
N:N - \N
AcO OAc

PdLn@ 3-CD

Figure 8.4: Methods of preparation of PALn@pB-CD catalyst. (a) Tosyl chloride, NaOH/H,0, 0-5 °C,
4 h; (b) NaNs, DMF, 75 °C, 4 h; (c) 2-ethynylpyridine, CuSO,/sodium ascorbate, DMSO-H,0, r.t.,
1 day; (d) palladium acetate in toluene, at r.t., 12 h.

Heravi et al. [42] reported Suzuki—Miyaura reactions (Figure 8.5) between aryl halides
(1b) and phenyl boronic acids (2b) to form bisaryl derivatives (3b). They designed,
prepared, and characterized the M-GO/(AM-MBA-B-CD@Pd) [M-GO (magnetic gra-
phene oxide), AM (acrylamide) and MBA (methylenebisacrylamide)] nanocomposite
and explored its utility as an efficient and magnetically separable catalyst for the
Suzuki-Miyaura reaction. The reported nanocatalyst was easily magnetically separa-
ble and reusable for several cycles without loss of its catalytic potential.

SR HO / \, M-GO/(AM-MBA-B-CD@Pd) 7\ —
‘ + /B \ R A— N\
R/ = HO =R, K,CO3, H,0 1
1

1b 2b

Ry
3b yield = 67-100 %
Ry&Ry=H, H,H

X=1,Br, Cl

Figure 8.5: M-GO/(AM-MBA-B-CD@Pd) nanocomposite-catalyzed Suzuki—Miyaura reaction.
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8.2.2 C-C coupling reactions

Aqueous-phase C-C coupling reactions have emerged as an important tool in catal-
ysis research [43]. Ghosh et al. [44] have prepared the novel heterogeneous catalyst
Pd-NPs-B-CD graphene nanosheets (Pd@CD-GNS) and investigated its applications
for Suzuki—Miyaura reaction of aryl halide (3a) and phenyl boronic acid (3b) to
form product (3¢c) (Figure 8.6) and Heck—Mizoroki reactions between aryl halide
(4a) and alkene (5a) (Figure 8.7) in aqueous medium without ligand and aerobic
conditions to form product (6a).

X B(OH),
N @ 0.2 mol% Pd@CD-GNS R
H,0, Base, 90°C
R 3a 3b 3c yield = 86-90%
R=H, OH, Me
X=Br, Br, Cl

Figure 8.6: Pd@CD-GNS-catalyzed Suzuki—-Miyaura C-C bond formation reaction in H,O0.

X
0, _ AN RZ
N /\Rz 0.05 mol% Pd@CD-GNS
H,0, Base, TBAB, 90°C R
1
R4 5a
4a 6a yield = 80-90%

R; = H, OMe, NO,

Figure 8.7: Pd@CD-GNS-catalyzed Heck—Mizoroki cross-coupling reaction in H,0.

8.2.3 Heck reaction in water

A practically simple method was developed for Heck reaction (Figure 8.8) for substituted
stilbene derivative synthesis (6b) via C-C coupling reaction between aryl halide (4b)
and styrene (5b) in aqueous medium in the presence of the catalyst PANP-SBCD [45].

X Y
X PNP-SB.CD (1.0 mol%) %
R YT R
Z K,CO3, H,0, reflux Z
4b Sb 6b yield = 68-92%
X =Cl, Br, |

Y = Ph, 4-OMe-Ph, 4-F-Ph

Figure 8.8: Synthesis of stilbene derivatives catalyzed by PANP-SBCD in water.
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This report includes the preparation of silica- CD (SCD) substrate (Figure 8.9) by the
reaction of silica with thionyl chloride (SOCI,) at reflux condition to form silica chlo-
ride. Silica chloride is treated with CD to form SCD substrate. The substrate is
treated with palladium acetate nanoparticles (NP) in ethanol at room temperature
for 24 h to form the PANP-S-B-CD catalyst (Figure 8.10). To test the catalytic activity,
this prepared catalyst was applied to the Heck reaction and shows good results
with high yields of products in aqueous media.

7%
(6]
HO O
O
OH%ho
n
| o} &
i—OH L ¢ 68 HO )\ —OH
i—OH —Cl |—CI O o
(o0]
| on _SOCl on LI of]
reflux CHCl3, Etz;N OH o
I_OH i C reflux H 0o
—OH —OH OH
I I | o oo ot/ [ b,
<
Silica Silica chloride HO n=123
sCcDh
Figure 8.9: Preparation of silica-cyclodextrin substrates (SDC).
T,
o/ 0/
(o]

HO O o] Ho [¢]
OH%lo OHOH
OH |n ] n
Lci © HO ), —OH i 3
I OH I HO OH
—Cl O o Pd(OAc), I O o
—_—
—O OH oH EtOH OH
[¢] r.t, 24h | O
(@)

o OHy OH T O o
o) 4 o) Hy OH b

HO n=123 n=123

O = PdNp

=

Figure 8.10: Preparation of PANP-S-B-CD catalyst.
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8.2.4 Sonogashira reactions

Sonogashira coupling is Pd—Cu-catalyzed reaction between substituted aryl halides
and terminal acetylenes. This coupling reaction is the most significant and widely used
sp’~sp carbon—carbon coupling reaction to form diaryl-substituted acetylenes [46]. The
reaction is generally carried out in organic phase with amines as base, cocatalyst Cul
and Pd(PPhs),Cl, or Pd(PPh;), homogeneous catalyst, which makes the parting proce-
dure dull with product palladium contamination. To overcome these difficulties, Liu
et al. reported Sonogashira coupling reaction (Figure 8.11) between aryl halide (7)
and terminal alkynes (8) catalyzed by heterogeneous catalyst f-CD-supported Pd-
NPs in water at room temperature to form product (9). This coupling reaction pro-
gressed well at room temperature without co-catalyst (Cul) and ligand phosphine
(PPhj3) to form products with good yields [47].

[-CD/Pd nanoparticles

Ar—X + H——Ar Ar———Ar
H,0, DIA
7 8 9 yield 52-92%
X =l, Br

Figure 8.11: Aqueous-phase Sonogashira reactions catalyzed by p-CD-Pd NPs.

8.2.5 Combined aqueous-phase Sonogashira and Heck reaction

Halloysite nanoclay (Al,(OH),Si,Os - 2H,0) is composed of tetrahedral siloxane on ex-
ternal surface and aluminol groups on the internal surface. In Halloysite nanotubes
(HNTs), the water molecules are located between the inner spaces [48-49]. HNTs show
very similar properties like Kaolin [50-51]. It is inert in nature and its structure, biode-
gradability, high mechanical as well as chemical stability, and surface area make this
clay a valuable for number of applications [52].

Sadjadi et al. [53], first time, prepared a heterogeneous PdA@HNTs-CDNS-g-C;N,, cat-
alyst from halloysite nanotubes, CD nanosponges, and g-CsN, and used for copper-free
aqueous-phase Sonogashira and Heck coupling reactions. The cyclodextrin nano-
sponges (CDNS) having the capability to form host-guest complex with substrates cata-
lyzed the reactions. The g-C3N, is used to suppress the Pd leaching. The involvement of
all components and its synergistic effect between them result in great catalytic activity.

8.2.6 A% and KA? coupling reactions

Propargylamines are key intermediates for the synthesis of various natural products
and bioactive nitrogen containing heterocycles [54-57]. It can be prepared by the
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three-component reaction between amines, aldehydes, and alkynes and is desig-
nated as A? coupling reaction [58]. Sadjadi and his group [59] designed and pre-
pared the catalyst h-Fe,0;@Si0,-CD/Ag and studied its application for A> and KA?
coupling reactions under simple and ecofriendly reaction condition. The catalyst
is synthesized from y-Fe,05; and SiO, shell to form h-Fe,0;@SiO, with 3-N-(2-(tri-
methoxysilyl)ethyl) methanediamine and treated with tosylated CD to form the
catalyst. The precatalyst h-Fe,0;@Si0,-CD is doped with silver nanoparticles by
using hollyhock flower extract as the reducing agent to form the actual catalyst h-
Fe,0;@Si0,-CD/Ag (Figure 8.12). To test the catalytic performance of y-Fe,0;@SiO,-
CD/Ag for propargylamine (13) synthesis, the reaction of carbonyl compounds (10)
and secondary amines (11) with terminal alkynes (12) was carried out in the presence
of the catalyst (20 mg) under ultrasound irradiation using power input of 70 W (Fig-
ure 8.13). The terminal C-H bond of phenylacetylene is activated by silver NPs form-
ing Ag-acetylide (14). Then, progress of the reaction involves alkyne C-H bond
activation with interaction by metal NPs (M). Metalacetylide intermediate (14) is gen-
erated from terminal alkyne. Aldehydes, activated by Ag, undergo condensation with
the amines to form the imminium ion (15). Subsequently, the intermediate (14) at-
tacks on the imminium ion (15) to form the product propargylamine (16). The plausi-
ble mechanism of this conversion is shown in Figure 8.14.

8.2.7 Synthesis of imidazothiadiazolamine derivatives

Ionic liquids (ILs) are molten salts with melting point below the boiling point of
water. This distinctive feature of ILs has made them an alternative solvent as well as
the catalyst for organic transformations [60, 61]. Mahdavi et al. [62] reported a novel
magnetically separable, B-CD-based IL anchored to magnetic starch catalyst, denoted
as B-CD-IL@M-starch for the synthesis of diphenylimidazo[2,1-b][1,3,4]thiadiazol-5-
amine derivatives (21) (Figure 8.15) by the reaction between substituted aromatic al-
dehydes (17), semicarbazide (18), benzaldehydes (19), and isocyanides (20).

8.2.8 Hydrogenation reaction

In heterogeneous catalysis, the active coordination site containing supported mate-
rials and metal nanomaterials has great importance [63—65]. Klaus-Viktor Peine-
mann et al. [66] designed and prepared a polymer network cross-linked p-CD (CPN)
catalyst from various nanomaterials to obtain the catalyst PANPs@CPN and used
for the hydrogenation reaction (Figure 8.16) of nitroarene (22) to form the product
arylamine (23).

To prepare a stable CPN, the fixed ratio of cross-linker with per-(6-azido-6-deoxy)
-B-cyclodextrins (24) was used for formation of CPN. 1,4-Diethynylbenzene (25) has
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Figure 8.12: The process of formation of hollow sphere catalyst h-Fe,0;@Si0,-CD/Ag.
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Ry R, 3 4 Ph
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Figure 8.13: Synthesis of propargylamine derivatives.
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Figure 8.14: Plausible mechanism for propargylamine synthesis.
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Figure 8.15: Imidazo[2,1-b][1,3,4]thiadiazol-5-amine derivative synthesis.
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Figure 8.16: Hydrogenation reactions catalyzed by PANPs@CPN.
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been used as the cross-linker to synthesize CPN. The mixture of per-(6-azido-6-deoxy)
-B-cyclodextrins, 1,4-diethynylbenzene, and CuSO, - 5H,0 in DMF was treated with
sodium ascorbate under inert atmosphere for 7 days at 60 °C. The brown color prod-
uct that was obtained by centrifugation was freeze-dried for 3 days to form pale yel-
low powder CPN (26) with good yield of product (Figure 8.17).

0]
Click reaction O\'b”‘h 7 N=N —
[ I [ N
: HO OH i N=N

26

Figure 8.17: Preparation of CPN.

8.2.8.1 Preparation of metal NPs@CPN

The pale yellow color CPN is treated with Pd(OAc) in dichloromethane under over-
night stirring at room temperature to obtain the crude product PANPs@CPN. The
crude product was redispersed in dichoromethane for 1 h to remove excess Pd
(OAc), and dried overnight in vacuum at 30 °C to form orange solid catalyst Pd(II)
@CPN. This was reduced in alcoholic solution of NaBH, to get the final gray solid
PANPs@CPN catalyst. A total of 6 wt% of Pd content was found in PANPs@CPN.

8.2.9 Thiocyanation of alkyl halides in water

Alkyl thiocyanates have great importance in the field of organosulfur chemistry
[67]. It found various applications for the synthesis of biologically active hetero-
cycles. Thiocyanation is generally done by nucleophilic substitution reaction using
thiocyanate anions [68-71]. Ali Reza et al. [72] reported the synthesis of thiocyana-
tion product (28) from alkyl halide (27) (Figure 8.18) and phenacyl derivatives (30)
from a-bromo ketone (29) (Figure 8.19) by the reaction of potassium thiocyanate,
azide, or acetate by employing the heterogeneous catalyst-immobilized p-CD onto
Dowex Resin (Dowex-B-CD) in water.

Figure 8.20 shows the enzyme biomimetic role of Dowex-B-CD in water. The re-
action is catalyzed via formation of host—guest complex of 3-CD with phenacyl bro-
mides via hydrogen bonding formed between outer -OH of B-CD and a-bromo
ketones, after that it undergoes the attack of nucleophiles to form the product.



http://chemistry-chemists.com

188 —— Yogesh A. Tayade, Dipak S. Dalal
@Ax Dowex-B-CD | A SCN
[
P KSCN, H,0 5
2 28 yield = 85-93
R =H, NO,
X =Br, Cl

Figure 8.18: Dowex-B-CD-assisted thiocyanation reaction of alkyl halides.
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Figure 8.19: Synthesis of phenacyl derivatives catalyzed by Dowex-f3-CD.
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I //”'uo VR
(0]

Figure 8.20: Host-guest interaction of B-CD with phenacyl bromides.

8.2.10 3-Aryl-4H-benzo[1,4]thiazin-2-amine synthesis in water

NPs offer huge surface area for greater contact among the reactants and catalyst to
enhance the rate of reaction and reduce the required quantity of catalyst [73, 74].
Heterogeneous catalysts are insoluble in most of the reaction media and hence they
have been easily separated from the reaction mixture [75, 76]. The ZnO-NPs are non-
toxic, less corrosive, with good recyclability, and prepared easily from cheap starting
materials. ZnO-NPs have very widespread applications for organic synthesis [77, 78].
In addition to these merits, ZnO-NPs are environmentally friendly in terms of dis-
carding [79, 80] and elimination of chemicals as well as biopollutants for contami-
nated water treatment [81]. These features make the ZnO-NPs greener and efficient
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catalyst as compared to other catalysts. Siddiqui et al. [82] reported the efficient,
green, and recyclable heterogeneous catalytic system of ZnO-NP-B-CD for the
preparation of 3-aryl-4H-benzo[1,4]thiazin-2-amine (34) through single pot, MCRs
between o-aminothiophenol (31), substituted aldehydes (32) and isocyanides (33)
(Figure 8.21) in aqueous media at 60 °C.

ZnO NPs (10 mol%

) H
N NH, 1.0, 60°C A~ _N_Ar
Ry + Ar-CHO + R,-NC Ri—7 | |
1 = 2 NS
SH B-CD S” “NH-R,

31 32 33

34 yield = 88-93%
Ar = Ph, 4-CI-Ph, 4-OH-Ph

Figure 8.21: Aqueous-phase synthesis of 3-aryl-4H-benzo[1,4]thiazin-2-amines catalyzed by ZnO-B-
CD NPs.

The reaction goes forward with the formation of intermediate (35) by the reaction be-
tween o-aminothiophenol with aldehyde in the presence of ZnO-NPs. The activation
of intermediate (35) through ZnO-NPs favoring the attack of nucleophile isocyanide
to form (36) in which the sulfur undergoes intramolecular nucleophile trapping to
form (37), which leads to product (34). The proposed mechanism for the formation of
(34) is shown in Figure 8.22.

8.2.11 Deep oxidative desulfurization of gas oil

To get deep clean gas oil, Rezvani et al. [83] synthesized a novel TBA-SiWCd@pB-CD
blended catalyst by using tetrabutyl ammonium salts with sandwich-type polysili-
cotungstate on B-CD as a versatile catalyst for aerobic or oxidative desulfurization
of dibenzothiophene (DBT) (38) to dibenzothiophenoxide (DBTO) (39) and dibenzo-
thiophenodioxide (DBTO,) (40) (Figure 8.23). This study explored the utilization of
TBA-SiWCd@p-CD catalyst to remove harmful sulfur containing substrates from gas
oil fuel.

8.2.12 Degradation of 4-chlorophenol (4-CP) by using catalyst
Fe;0,@p-CD

The Fenton reaction is one of the most successful advanced oxidation processes which
produce - OH, and after that fluorine is another powerful oxidizing agent for effective
degradation of pollutants [84—86]. The Fenton process has great benefits, such as
operation simplicity, easy handling, high decadence efficiency, and affordable mate-
rials [87, 88]. Zhan et al. [89] reported a magnetically separable Fe;0,@pB-CD catalyst
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Figure 8.22: Proposed mechanism for the synthesis of 3-aryl-4H-benzo[1,4]thiazin-2 amine.
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Figure 8.23: TBA-SiWCd@p-CD-catalyzed ODS process of DBT.
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prepared from Fe ions and B-CD (Figure 8.24) and studied its applications for deg-
radation of 4-chlorophenol (4-CP) (41) to form water and carbon dioxide (42) as
final products (Figure 8.25). The Fe;0,@pB-CD nanocomposite shows a greater cata-
lytic activity than normal Fe;0, for 4-CP degradation with rate constants (kops) of
0.0373 min ™! for Fe;0,@B-CD, and 0.0162 min~* for normal Fe;0,. Formation of a
tertiary complex (Fe**-B-CD-pollutant) favors to generate hydroxyl radicals (-OH) that
directly attack on pollutants to increase the solubility of organic pollutant. A viable re-
action method of 4-CP degradation influenced by - OH was studied through the analy-
sis of degradation intermediates and chloride ions. f-CD and 4-CP form inclusion
complexes to offer the uniqueness of decomposed intermediate due to the systematic
structural arrangement of B-CD, and this study was investigated with density func-
tional theory.

S — PASR! \,
B-CD & Y
One pot 7 / H,O
— P /‘( @ 4 ———22 » degradation product
Fe3* HO" /] a pollutant

Figure 8.24: Preparation method of Fe;0,@-B-CD.

8.2.13 Degradation of methylene blue in aqueous suspension

Cerium oxide (CeO,) NPs were formed from the reaction of cerium with oxygen [90].
It exists in fluorite structure with two distinct Ce>* and Ce** oxidation states with
high oxygen depository and release ability [91]. Gogoi and Sarma in 2016 [92] reported
a new catalyst B-CD-CeO, from B-CD-based CeO, nanocomposite for degradation of
organic dye methylene blue (MB) (Figure 8.26) in the presence of H,0, and absence
of light in water at room temperature. The catalyst f-CD-CeO, has diameter of 14 +
2 nm with 4.93 eV of band gap. The degradation of MB (43) produces LMB sulfone
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Figure 8.25: Plausible mechanism for 4-CP degradation.

(44) with m/z =317 amu; LMB sulfone undergoes the loss of single or both of its di-
methylamine groups to form (45) with m/z = 273 amu and (46) with m/z =229 amu. In
the presence of the catalyst B-CD-CeO,, the complete degradation of MB occurred
within 1 h, whereas CeO, took higher time to degrade MB.
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I\T 2I02ht N AN N ot
o CH, O O  cH,
m/z = 284 m/z = 317
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MB / 44
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Figure 8.26: Degradation process of methylene blue.

8.2.14 Degradation of persistent organic pollutant

The persistent organic pollutants (POPs) cause a vast hazard to living organism and
water safety [93, 94]. The organic compound bisphenol A (BPA) is a endocrine disrup-
tor and a hazard to living organism [95]. Due to its harmful effect, it is very essential
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to eliminate it from wastewater. A newer magnetic nanocomposite Fe;0,@p-CD-N,N"-
carbonyldiimidazole (CDI) was prepared and studied for its applications for the
adsorption and decomposition of POPs in aqueous medium [96]. The catalyst Fe;0-
4@PB-CD-CDI catalytically degrades BPA (47) via Fenton-like process in the presence
of hydrogen peroxide (Figure 8.27). Fe;0,@pB-CD-CDI was prepared by the treatment
of Zn ions to Fe;0, NP surface and treated with B-CD-CDI (49) obtained by the reac-
tion of B-CD with CDI (48). Fast degradation of BPA can be possible only due to the
production of - OH close to 3-CD and can attack directly on the encapsulated BPA pol-
lutants. This study shows that Fe;0,@p-CD-CDI (50) has significant importance in puri-
fication of wastewater persistent with organic pollutants.

O Fe’*  Solvothermal Zn B
- e —) ——— [ —
CH3COONa 473 K, 10h  Coordination N
Sodium citrate [ / ) N
Assembly _ ~
[+ /NN _DME P =
O O ,\CJ \</" 303K, 2n O\H/N\V Fe,0,@B-CD-CDI
48 ' 50
B-CD o 49 o
B-CD-CDI Addition
?Ha -
HO C—( >_
Elution ) Q‘ I OH
CH3COOHT Magnetic CHj,
CH3;0H Separation Adsorption
47

Figure 8.27: Mechanistic pathway of Fe;0,@[-CD-CDI composites.

8.3 Conclusions

B-CD-based heterogeneous catalyst is a highly efficient, magnetically separable,
and environmentally friendly catalyst for organic synthesis. Because of the great
potential of B-CD, it draws researchers’ attention toward its ability to promote aque-
ous-phase organic transformations. 3-CD-based heterogeneous catalyst is useful for
variety of carbon-carbon bond formation reactions such as Suzuki—-Miyaura, Sono-
gashira, Heck, A3, and KA? coupling reactions. B-CD-based heterogeneous catalyst
has been applicable for imidazothiadiazolamine synthesis, hydrogenation reaction,
thionation of alkyl halide, synthesis of phenacyl derivatives, and 3-aryl-4H-benzo
[1,4]thiazin-2-amine synthesis. It has been also useful in deep aerobic desulfuriza-
tion of gas oil, degradation of 4-CP, and degradation of MB in aqueous suspension.
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9 Water-mediated heterogeneous catalysis
for organic functional group
transformations and synthesis

9.1 Introduction

Water is one of the most abundant substances on the Earth and plays a critical role
in various biological, geological, and atmospheric processes [1]. Due to the unique
physical and chemical properties of water, nature has chosen water as the me-
dium. Water is an essential molecule for enzymatic catalysis: it helps in controlling
the mass transfer rates of substrates as well as the products, proton transfer, and es-
tablishing molecular conformations which are responsible for the high efficiency and
selectivity of enzymes in the living organisms [2]. Though most of the organic trans-
formations are performed using organic solvents, in the recent past, synthetic chem-
ists are forced to look for a replacement of organic solvents due to the associated
limitations of these solvents such as toxicity, carcinogenicity, flammability, explosiv-
ity, cost, and their noticeable contribution to air, soil, and aquatic pollution. In this
regard, water is an economical, greener, and more sustainable alternative to the or-
ganic solvents. There are several practical advantages of the use of water as solvent
in organic synthesis, for instance, easy isolation of organic products by phase separa-
tion, recycling of the catalysts (water soluble), and elimination of hydrophobic deriv-
atization. Although water is considered as the universal solvent, until recently, most
of the synthetic organic chemists were trained in such a way that the presence of
water in many fundamental organic reactions should be avoided [3]. This was proba-
bly due to detrimental effects of hydrolysis and water-insoluble nature of the organic
compounds as for better chemical conversions solubility of reactants in the reaction
medium is essential. On industrial scale, it is undesirable to replace the organic sol-
vent by water at the expense of synthetic efficiency, since a small decrease in yield or
selectivity of a reaction can lead to a significant increase in the cost. In the past few
decades, the solubility issue of aqueous synthesis has been addressed, and the recent
developments established that the unique solvating properties of water were shown
to have advantageous effects on reactions in terms of both rate and selectivity.
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In early reports, Fulhame [4] was the first to suggest that the water has promo-
tional effect in the reduction of metals by hydrogen. The seminal work of Breslow
group [5] set the stage for a paradigm shift in aqueous synthesis; they demonstrated
that water as a reaction medium has positive effect on the rates and selectivity of the
Diels—Alder reactions, and the hydrophobic effect played a key role in such reactions
(Figure 9.1). These results have attracted attention of the scientific community [6]. In a
major breakthrough, Sharpless et al. [7] performed the cycloaddition reaction of quad-
ricyclanes with dimethylazodicarboxylates in water and aqueous suspension was ob-
tained, and low miscibility of organic compounds with water was not detrimental; in
fact, it accelerates the rate of reaction substantially and facilitates the isolation of
products. They coined a new term “on-water” for the cases where reactants are not
soluble in water. Since then, the field has witnessed tremendous growth, and the pre-
vious belief like highly reactive reagents and catalysts often decompose or are deacti-
vated by water has changed now [8]. A variety of organic reactions have been carried
out in aqueous media; in some cases, faster reaction rates and remarkable selectivity
were observed. The results were comparable with the classic organic solvent-based
systems [9]. Although reactions in aqueous media have extensively been explored in
the recent past, their classification is still a topic of debate. Earlier the reactions are
classified as “on water” and “in water” reactions; however, it is difficult to make a
clear distinction between “on water” and “in water.” This chapter provides an over-
view of the recent developments in the field of water-mediated organic transforma-
tions. We documented the promotional effect of water in a diverse range of synthetic
organic reactions, such as cycloaddition, cross-coupling, C—H activation, and organo-
metallic reactions. Comprehensive coverage of the field is beyond the scope of this
chapter, mainly reactions in which hydrophobic interactions, cohesive energy den-
sity, hydrogen bonding, and proton transfer mechanisms that are operative have
been discussed. The hydrophobic effects are associated with a negative volume of ac-
tivation. High cohesive energy density and clathrate formation ability of water bring
the organic molecules together and lead to the formation of tighter transition states,
which influence the rate and stereoselectivity of the reactions. In the cases where hy-
drogen bonding is involved in the mechanism, strong H-bond acceptors within re-
actants interact with dangling —OH groups at the interface. These interactions
accelerate the reaction rates by stabilizing the transition state. Reservoir and
nano-to-nano effects are mainly associated with nanomicelles.

9.2 Cycloaddition reactions

Cycloaddition reactions are among one of the most important reactions in synthetic
organic chemistry. They enable access to complex polycyclic compounds with a
high degree of regio- and stereo-control. In pioneer studies, Breslow and Ride [10]
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treated cyclopentadiene (1) with a range of dienophiles (2) and examined the effect
of water as a solvent on the reaction, and the results revealed that water has a pro-
motional effect on Diels—Alder [4 + 2] reaction. It enhances the rate of the reaction
as well as endo selectivity (3a) significantly; and rate acceleration and an increase
in endo selectivity were observed (Figure 9.1). The authors suggested that the hy-
drophobic effect was responsible for rate acceleration and better selectivity.

Solvent
A / + X

X
1 2 3a; endo 3b; exo

X= COMe, COOMe ‘ X= COMe, in ethanol; endo:exo= 8.5:1
H,O; endo:exo= 21.4: 1

Figure 9.1: Diels—Alder reaction of cyclopentadiene with dienophiles using water as a solvent.

Since then, various organic transformations have been carried out using water as
reaction media or cosolvent and the field of aqueous organic synthesis has ob-
served remarkable growth in the past few decades [11]. Later, Griesback [12] re-
ported Diels—Alder reaction of dimethylfulvene (4) with 1,4-benzoquinone (5) in
water (three-phase system) and other organic solvents. It was found that water has a
similar promotional effect on the reaction as observed by Breslow [10] (Figure 9.2).

(@]
6 @ Solvent
+ T .
4 (6]
5

6a;endo 6b; exo

MeOH; endo:exo; 44:56; 10 days
H,0O;endo:exo; 65:35; 11 h

Figure 9.2: Diels—Alder cycloaddition reaction of dimethylfulvene and 1,4-benzoquione.

In addition, Sharpless et al. [7] have introduced the “on water” reactions using quad-
ricyclane (7) and dimethylazodicarboxylate (8) as starting materials (Figure 9.3).
Fringuelli et al. [13] explored the inverse electron demand Diels—Alder reaction;
diazenylbutene (10) reacted with electron-rich dienophile, that is, ethyl vinyl ether
(11) in water as well as in organic solvents and a mixture of endo and exo adducts
was obtained (Figure 9.4). The results confirmed that heterogeneous aqueous reac-
tion provide better results than the homogenous reaction using dichloromethane.
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N-COOMe 11 5. 10 min N
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7 8
yield; 82%

Figure 9.3: Reaction of quadricyclane and dimethyl azodicarboxylate in water.

However, nitroalkenes showed reverse trend. Intramolecular Diels—Alder reaction
was performed in water using diene and iminium salt to obtain a tricyclic product
(14) with 80% yield in 48 h (Figure 9.5), whereas in Et,0 only 13% of the product was
formed after 66 h [14].

COOMe COOMe COOMe
% solvent
N * |L 15°C, 13 h l N
\‘r}l OEt ’ N\r?l OEt N “'OEt
CONHPh CONHPh CONHPh
1
10 12a 12b

H,0; endo:exo; 89:11
CH,Cl,; endo:exo; 91.9

Figure 9.4: Inverse electron demand Diels—Alder reaction of diazabutene with ethyl vinyl ether.

Kobayashi [15] investigated the catalytic efficiency of AgOTf for aza-Diels—Alder re-
action using Danishefsky’s diene (15) with a variety of imines (16) in water and THF
(Figure 9.6). The reaction provided better results in water.

X
H,0, 70 °C
. e
TFA-N 28h
13

. ) . yield; 80 %
TFA = trifluoroacetic acid

Figure 9.5: Intramolecular Diels—Alder reaction.

In 2013, Sugiyama et al. [16] used solid support DNA for asymmetric Diels—Alder reac-
tions in water for the first time. Silica-immobilized DNA in combination with copper-
dimethylbipyridine complex efficiently catalyzed the reaction of 2-azachalcone (18)
with cyclopentadiene (1) and afforded a mixture of endo (19) and exo products with
ratio of 99:1 and 94% ee (Figure 9.7); however, the reaction was sluggish and 99% con-
versions were achieved in 3 days.
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"Ry
J OMe
R
~\-Re T /i R4CHO, RyNH, ﬂRZ
o R AgOTf (10 mol%) OSiMe; AgOTf (10 mol%) o R
H20, 2-3 h, rt H,0, 2-3 h, rt
17 15 in situ imine 17
(1.5-3 equiv.) formation

Ry, R, = Ph, 4-BrCgH,

Figure 9.6: AgOTf-catalyzed aqueous aza-Diels—Alder reaction of Danishefsky’s diene.

Si0, supported DNA Cu?* catalyst

(0]
th . @ 33 mol% Cu
= MOPS Buffer (pH= 6.5)
18 1

5°C, 3 days

endo; 94% ee

Figure 9.7: Silica-supported DNA for copper-catalyzed asymmetric Diels—Alder reactions.

Huisgen [3 + 2] cycloaddition reaction is one of the most versatile methods for the
synthesis of five-membered heterocyclic ring systems [17]. Pandey and Pandey [18]
studied the effect of water and benzene as reaction medium on the cycloaddition re-
action by treating C,N-diphenylnitrone (20) with dipolarophiles such as acrylonitrile
and methyl acrylate (Figure 9.8). The reaction proceeded faster in case of water and
produced isoxazolidine derivatives 21 and 22 in excellent yields; however, no in-
crease in the regio- or stereoselectivity was observed.

|:I>h Ph
|
N Ph N N
Ph o ZCN 0.0 ZCOOMe Ph o
REEETI E NaY
25°C l\lj 25 °C
CN Ph COOMe
21 20 22
+ other isomer + other isomer

Figure 9.8: Aqueous nitrone [3 + 2] cycloaddition reaction with dipolarophiles.

Butler et al. [19] explored the reaction of phthalazinium-2-dicyanomethanide (23)
with a range of vinyl ketones, and the yields and selectivity of the reaction in aceto-
nitrile and water were compared. It was observed that the product yields were unaf-
fected by the choice of reaction medium; on the other hand, a significant increase
in the endo selectivity was observed when water was used as a reaction medium
(Figure 9.9).
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Figure 9.9: Huisgen cycloaddition of phthalazinium-2-dicyanomthanide with vinyl ketones.

Rees et al. [20] also reported that water as a reaction medium has a profound
effect on regioselectivity of the Huisgen cycloaddition reaction of phenyl azide and
substituted phenylacetylene. In toluene, two regioisomeric products were obtained
in 1:1 ratio and exclusively one regioisomer was obtained in case of water. In an
interesting aqueous azide Huisgen cycloaddition reaction [21], it was observed that
the reaction of a substituted benzyl azide (25) with 2-chloroacrylonitrile (26) pro-
vided cyanotriazole derivative 27 in 46% and 98% yields in organic solvent and
water, respectively (Figure 9.10). The disparity in yields was attributed to the in situ
elimination of HCl, which leads to polymerization of 2-chloroacrylonitrile in organic
solvent, whereas in biphasic reaction mixture the HCl was extracted in water phase;

therefore, no polymerization was observed in aqueous medium.

F F
N, , CI ON H,0 N/N“N
rt \Q<
F F
CN
27

25 26

Figure 9.10: Huisgen cycloaddition reaction of benzyl azide with 2-chloroacrylonitrile.

Khalili et al. [22] described an oxozirconium chloride-catalyzed cycloaddition reaction
of aryl cyanamides (28) and sodium azide in water, and 1-aryl tetrazoles (29) were
obtained in high yields with remarkable selectivity (Figure 9.11). It was suggested
that the Lewis acidic catalyst activates cyanamides to function as dipolarophiles.

N=N,
N ZrOCly8H,0 (50 equiv.) WL
©: \\\N NaNj; (3 equiv.) @ \(
NH
cl H,0, reflux c 2
28 29
yield; 98%

Figure 9.11: Oxozirconium chloride-catalyzed cycloaddition reaction.
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Tsai et al. [23] reported [Rh(cod)Cl],/cationic 2,2"-bipyridyl catalyzed [2 + 2 + 2] cy-
cloaddition reaction of a,w-diynes with alkynes in water at 60 °C and provided access
of tri- and tetra-substituted benzene derivatives in moderate to high yields (Figure 9.12).

'BrMe{NMN*M%Br
/ \
\ NN /

Ligand (6 mol%)

o C4Hg [Ru(cod)Cll, (3 mol%) CaHo
MeOOC =, ’l‘ KOH (20 mol%) MeOOC@
MeOOC: \/:: ! H,0, air, 60 °C MeOOC
30 31 32 yield; 80%

Figure 9.12: Rhodium-cationic 2,2’-bipyridyl complexes for the cyclotrimerization of alkynes.

Copper salts and copper complexes, due to their milder Lewis acidity, n-philic na-
ture, and tendency to form acetylide complex with terminal alkynes, have been
used as catalysts for Huisgen cycloaddition reaction in aqueous medium. CuBr-
methyl phenyl sulfide [24], tris(triazoyl)methanol-copper(I) [25], Cul-hydroquinidine
1,4-phthalazinediyl diether ((DHQD),PHAL) [26], copper(Il)-pyridinedicarboxyamide
complex [27], [copper(II)-pyrrolide imine Schiff base complex [28], and CuSO,, [29] are
proved to be efficient and selective catalysts in water (Figure 9.13). It is worth men-
tioning that water-stable copper(I) species outperformed in cycloaddition reactions.

Xia et al. developed a solid-supported catalyst Cu-CPSIL (Cross-linked polymeric
ionic liquid material-supported copper) by immobilizing copper(I) iodide on CPSIL
(obtained from the reaction of cross-linked polystyrene with imidazolium salt) for
substituted azide—alkyne cycloaddition reaction (Figure 9.14) [30]. The catalyst dis-
played best activity in water and the use of 1 mol% Cu-CPSIL afforded the expected
product 37 in 98% yield; however, in case of organic solvents the product yields were
comparatively low.

9.3 Coupling reactions

Transition metal-mediated coupling reactions, namely, Suzuki, Sonogashira, and
Heck coupling are considered as one of the most widely used strategies for C—C bond
formation. In the beginning, palladium was the key player in this area [31, 32]; re-
cently, cost-effectiveness and Earth-abundant metals like copper and nickel have
also been introduced [33, 34]. Herein, some of the representative reports demonstrat-
ing the role of water in coupling reactions have been compiled.

Handa et al. reported the use of nickel nanoparticles in combination with
surfactant TPGS-750-M in Suzuki—Miyaura coupling reaction between various
aryl-aryl/aryl-heteroaryl/hetero-heteroaryl systems [35]. The reaction was performed



http://chemistry-chemists.com
208 — Payal Malik et al.

CuBr/PhSMe

Fu, et al. (2008 .
u. et al. (2008) Sharghi, et al. (2010)

TSN
OMe R/N\ —

Sarma et al. (2014) Dai, et al. (2015)

Figure 9.13: Different Cu-based catalysts for aqueous Huisgen cycloaddition reaction.

= _ N=N
Br NaN, Ph// Cu-CPSIL (1 mol%) o N,\/\
Solvent, rt, 48 h ~ Ph
36

33 34 35

H,0; 98%
MeCN; 88%
MeOH; 56%

Figure 9.14: Cu-CPSIL-catalyzed azide—alkyne cycloaddition reaction.

at relatively low temperatures, with 0.35 equivalents of base, K;PO,, and almost stoi-
chiometric ratio (1.05:1) of the aryl boron to aryl halide has been used (Figure 9.15).
The Ni catalyst was reused for six runs with almost no change in its activity.

Catalyst (3 mol%), MeMgBr (3 mol%)

Ar=X o+ ArcY Ar—Ar'
K3PO,4, TPGS-750-M (0.5 M), 45 °C
37 38 39
X=Cl, Br, |, OTf

Y= B(OH),, Bpin

e}
&> ONO/(\/();}S
Catalyst Fe NiCl, (¢}
@7 3 ©

TPGS-750-M

AN

/'U

Figure 9.15: Ni-catalyzed Suzuki-Miyaura coupling reaction by Handa et al. [35].
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Wu et al. [36] synthesized the phosphine dendrimer-stabilized nickel nanopar-
ticles for Stille coupling reaction of aryl halides (40) with organotin compounds (41)
in water at room temperature (Figure 9.16). Complete conversions were achieved
within 2 h in water as solvent; on the other hand, only trace amounts of products
were obtained in organic solvents. Ni catalyst was recovered from the reaction mix-
ture using hexane. Further, the inductively coupled plasma and transmission elec-
tron microscopy analysis were performed to confirm that the reaction occurred
heterogeneously on the surface of nanosized Ni catalyst encompassed by the nano-
environment of dendrimers.

oL X . Gl GsDenP-Ni (2 mol%) RS Ar
Z/ CsF, H,0, rt KZ/
40 41 Ph 42
R= alkyl, NO,, CHO, COOMe d
z=C,N — -

X= Cl, Br Q
-0 Lo
DCHZPPhZ
:—o Lo

- —2
o

GzDenP >

Ph

Figure 9.16: Ni nanoparticle-catalyzed Stille coupling reaction of aryl halides with organotin
compounds.

Bimetallic nanomaterials constitute an important class of heterogeneous catalysts
due to their enhanced catalytic activity, selectivity, and stability. Particularly, the
nickel- and cobalt-ferrites are well known for catalyzing variety of organic reactions
[37]. Moghaddam et al. [38] reported the NiFe,0, nanoparticle-catalyzed copper-free
Sonogashira coupling of various alkyl/aryl halides (42) with phenylacetylene (43) in
water that produced the coupling products in excellent yields (Figure 9.17).

— NiFe,0, NPs (5 mol%
R-X + =R 24 ( 0) R .
0,
43 44 H,0, K,CO3, 100 °C 45

R= alkyl or aryl
R'=Ph or CsH44
X=Cl, Br, |

Figure 9.17: NiFe,0,-catalyzed copper-free Sonogashira coupling reaction in water.
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Although the lesser reactivity of alkyl chlorides is often a matter of concern in
such reactions, delightfully, this protocol was equally effective for aryl chlorides,
bromides, and iodides. NiFe,0, was recovered from the reaction mixture using an
external magnetic field. Moreover, this method can be used in sensitive synthetic
procedures due to the complete removal of the metal catalyst from the reaction
mixture. Zhong et al. synthesized water-soluble PEPPSI-Pd-NHC complexes for
Suzuki-Miyaura coupling reactions between aryl halides (46) and arylboronic
acids (47) under aerobic conditions (Figure 9.18) [39]. The efficiency of the cata-
lyst can be assessed from the fact that 99% yield has been obtained within 2 h
with 0.1% catalyst loading.

Catalyst (0.1-1 mol%)

KOH (2 equiv.)
ROX * @B(OH” Hz0 (1 mL) R
46 a7

(o]
rt-100 °C 48

R= alkyl, OMe, COMe, CHO, CF3
X= Cl, Br /:\

N N—"50,Na
Catalyst Br—P‘d—Br
N
|
N
Figure 9.18: Water-soluble PEPPSI-Pd-NHC complex-mediated Suzuki coupling.

Uozumi and coworkers carried out the stereoselective Suzuki coupling reaction for
the synthesis of biaryl motifs having axial chirality [40]. They have attempted this
reaction in water using the heterogeneous palladium complex of PS—PEG-supported
imidazoindoledicyclohexylphosphine ligand (PS-PEG-L*) in the presence of tetra-
butylammonium fluoride (Figure 9.19). The heterogeneous variant also gave compa-
rable yields and ee’s. Moreover, use of water offered extra advantages like better
functional group tolerance and recovery of the catalyst from the reaction mixtures.

Lipshutz and Taft [41] presented the first example of the Heck reaction using
water as solvent at room temperature and Triton X-100 or vitamin E-based phase
transfer surfactant (PTS) (Figure 9.20). Good yields and remarkable E/Z selectivity
were obtained by using Pd catalyst. It was proposed that on dissolution in water,
PTS forms nanomicelles which lead to accommodation of organic substrates and
the metal catalyst in the lipophilic core and to effective reactions between the li-
pophilic substrates.

In 2019, Mitrofanov and Beletskaya [42] reported copper-catalyzed “on water” So-
nogashira coupling reaction of aryl iodides with terminal alkynes using Cul (5 mol%),
diethoxyphosphoryl-1,10-phenanthroline ligand (5 mol%), PEG-400 (20 mol%) and



http://chemistry-chemists.com
9 Water-mediated heterogeneous catalysis for organic functional group =— 211

B(OH),
z Pd(OAC), (10 mol%),
OO PS-PEG-L* (Pd/P=1:1) R
R nBusNF, H,0, 80 °C OO R

X

49 50
51
R= alkyl, OEt, COOMe, P(O)(OEt),
R'= Me, OEt, OMe
X=Cl, Br, | 0 n
9
o o nHN—C—CHZCHzCH2©“N |
PS-PEG-L* PCy2

Figure 9.19: PS-PEG-supported Pd catalyst in asymmetric Suzuki coupling reaction.

R
NG Catalyst (2 mol%), Et;N (3 equiv.) R @/V

15 wt% PTS/H,0, rt
51 52 54

R= alkyl, OMe, OBn, COOEt Yields; 80-98%
R'= COOR, aryl E/Z>9:1

@—P(f -Bu), O M %\/OyH

Fe pdCl

e —rleuy 2

;
Q /\>

Catalyst

Figure 9.20: Pd/PTS-mediated Heck reaction in water.

K,COs (2 equiv.) in water and obtained 99% yield in 1 h (Figure 9.21). Authors con-
firmed that the catalytic system performed well under “on water” conditions, as the
reactions performed in organic solvents were sluggish and low yields were obtained.
The protocol did not work for aryl bromides.

Taillefer and coworkers reported the Cul/PPhs-catalyzed Sonogashira coupling of
aryl iodides with highly functionalized alkynes using water as the reaction medium
(Figure 9.22) [43]. The reaction was effective on low catalyst loading, and complete
conversion was observed. It was observed that the catalytic activity was pronounced
in water as compared to the organic solvents.

Beller group [44] reported the first Ru-catalyzed carbonylative C—C bond forma-
tion by directed C-H activation of 2-phenylpyridine (Figure 9.23). Very low yields of
the targeted products were obtained in the organic solvents, whereas yields were
good when water was used as solvent. Authors proposed the mechanism in which the
initial formation of cyclometalated Ru complex was followed by carbonylation and the
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Cul/3-Pphen (5 mol%), H,O
Ar-l " =—Ar Ar—=—Ar
PEG-400 (20 mol%), 100 °C
55 56 57

Ar= 4-MeOCgH, 4-MeCgH,, 4-F3CCqH,, 4-NCCgH,

Ar'= Ph, 4-MeCgHy, 4-CICgH,, n-CgHya, Cy
Q /Q/ H—P(0)0EY,
N N=—

Ligand (3-Pphen)

Figure 9.21: Cu-catalyzed Sonogashira coupling of aryl iodides with terminal alkynes.

Cul (2 mol%)
= PPhy (4 mol%) =
R H,0, K,CO5 140°C R
58 59 60

R= Me, OMe, NO,, ClI, Br, |
R'= Ph, 4-MeCgHy, 4-FCgH,4

Figure 9.22: Cul/PPhs-catalyzed Sonogashira coupling by Taillefer et al.

[RuCly(cod)], (5 mol %)
KOAc (20 mol%)
NaHCOg3 (2 equiv.)

+ PhI o

N CO (30 bar), H,0, 120 °C N

I = 62 I =
61 63

yield; 65%

Figure 9.23: Ruthenium-catalyzed carbonylative C-C coupling reaction in water.

oxidative addition of the aryl halide. Finally, reductive elimination gives the product
and the catalyst was regenerated.

9.4 Organometallic reactions

Carbon-carbon bond formation plays a pivotal role in synthetic organic chemistry
[45]. For the formation of C-C bond, electrophiles and nucleophiles are required; in
this regard, organometallic reagents serve as versatile nucleophiles. Classical organo-
metallic nucleophile sources are Grignard, Gilman reagents, and so on. Although or-
ganometallic chemistry has made tremendous progress in the past decades, most of
the reactions required dry organic solvents and inert atmosphere due to their mois-
ture/oxygen intolerances [46]. Recently, great efforts have been made to develop the
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sustainable chemical processes for highly reactive organometallic reaction, and reac-
tions are performed in aqueous medium [47]. The protonation of the carbon-metal
bond was prevented using different strategies such as reducing carbanion character
of carbon—-metal bond by using metals from groups 13 to 15 which increase the cova-
lent character of the M—C bonds, “on water” or micellar catalysis conditions, and de-
signing a radical pathway because neutral radical intermediates are stable toward
water [48]. The research area over the past decade has seen remarkable develop-
ments. It has been realized that metal-mediated organic reactions can be performed
in water under special circumstances.

Capriati group [49] has extensively explored air- and water-compatible organo-
metallic chemistry, and their findings proved that water can serve as an alternative
sustainable reaction medium for the organic transformation where organometallic re-
agents are the nucleophile precursors. They have designed a one-pot/two-step proto-
col by reacting aryl/alkyl y-chloroketones and alkyl/aryl Grignard or organolithium
at room temperature and in the presence of air using water as reaction medium: 2,2-
disubstituted tetrahydrofurans (66) were obtained up to 85% yields (Figure 9.24)
[50]. The authors postulated that the dangling H-bond interactions on organic/liquid
water interface are responsible for activation of the carbonyl group and hydrophobic-
ity of the reagents probably minimizing or preventing protonolysis of the organome-
tallic reagent.

o) 1. H,O, rt, under air
M~ rm 10 min. [3$1
R 2 2. NaOH (10% aq.) R,
64 65 2-3h

66
(3-6 eqiuv.) yield; 50-85%

R4 = Me, i-Pr, n-Bu, Ph, 4-FCgH,4
R2: Me, Ph, 4-FCsH4, 4-MEOCGH4
M= Li, MgX

Figure 9.24: One-pot synthesis of 2,2-disubstituted tetrahydrofurans in aqueous solution.

In an interesting development, the same group developed a one-pot new methodol-
ogy for the synthesis of substituted tertiary alcohols, where for the first time they
combined organocatalysts AZADO (2-azaadamantane N-oxyl) and organolithium re-
agent in aqueous media to produce highly substituted tertiary alcohols (70) in ex-
cellent yields (up to 98%) (Figure 9.25) [51]. All the reactions were carried out at
room temperature in the presence of air. The authors suggested that the reaction
proceeds via organo-catalyzed oxidation of secondary alcohols followed by subse-
quent chemoselective addition of organolithium reagents, and the addition reaction
took place within 3 s. It was observed that in case of water, greater selectivities
were observed as compared to the organic solvents under inert atmosphere. Fur-
ther, Capriati et al. have also demonstrated that water as a solvent promotes the
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OH 0] OH
AZADO, Hy0, rt ) rt, air R3
R; R, R1)J\R2 + Rz—Li —»3 R1/%R
NaClO, NaHCO;, 1 h s 2
67 68 69 70

R1= Ph, 4-MeC6H4, 2M606H4, 4-C|C6H4, 4-BrC6H4
R,= Et; R3= n-Bu, sec-Bu

Figure 9.25: Tandem protocol for the synthesis of tertiary alcohols in aqueous media.

fast and selective addition of organolithium reagents to imines or nitriles (71) at room
temperature, under air, and gave corresponding secondary amines or tertiary carbin-
amines (74) up to 95% vyield (Figure 9.26) [52]. Notably, under vigorous stirring condi-
tions, the reaction was completed within 5 min and excellent yields were obtained,
whereas gentle stirring produced lower yield that was attributed to decrease in the
oil-water interfacial area. Isotope labeling experiments revealed that proton transfer at
the oil-water interface was found to be the rate-determining step. However, in metha-
nol, the product yield dropped considerably.

_ ~ Hy0, rt, under air N| ZMgCl (3 equiv.) NHz/
R1_C:N + R2—|_| 14, R 5 .
min. 1 2 . .
7 72 H,0, air, rt, 5 min. 7 Ry
3 equiv. 73 74

yield; 60-95%
R4= n-Pr, Ph, 4-CICgH,4, Bn
R,= Et, n-Bu, sec-Bu, Ph

Figure 9.26: Synthesis of substituted amines in aqueous media by Capriati et al. [52].

Recently, the group developed a fast straightforward method for the synthesis of sym-
metric tertiary alcohols (77) (Figure 9.27) [53]. Tertiary alcohols have been synthesized
via chemoselective double addition of RLi/RMgX from esters (organic electrophiles)
at room temperature in the presence of air using bulk water and the reaction yields
were up to 98%.

o o OH
2 R
+ R3M - > R /j<R3
R OR, rt, air, 20 s 1 2
75 76 77

yields; upto 98%

R1= Ph, 4-MeCgH,, 2-MeOCgH,, 4-CNCgH,4
R,= Me, Et; R3= Ph, Me, n-Bu, thienyl
M= Li, MgX

Figure 9.27: Synthesis of highly substituted tertiary alcohols in aqueous media
by Capriati et al. [53].
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9.5 C-H activation

C-H activation has emerged as a transformative tool in organic synthesis. The C-H
functionalization relies on the controlled functionalization of specific C-H bonds, even
in the presence of reactive functional groups [54]. Traditionally, the nonactivated C-H
bonds were functionalized by free radical processes; however, the advancements
in organometallic chemistry have opened new opportunities for site-selective C-H
functionalization. The C-H functionalization has attracted attention of academia
as well as industry, and in recent years the field has seen phenomenal progress
[55]. In this section, we cover the recent advances in aqueous C-H functionaliza-
tion reactions.

Dixneufet et al. [56] were the first to perform ruthenium-catalyzed C-H activa-
tion in water. They have used [RuCl,(p-cymene)], complex in combination with po-
tassium pivalate (KOPiv) and potassium carbonate to produce the pyridine-directed
C-H functionalization of arenes (Figure 9.28). It was observed that C—H bond acti-
vation reactions proceeded more efficiently in water than in organic solvents. How-
ever, this catalytic system was not efficient at low temperatures.

[RuCly(p-cymene)], (0.5 mol%)
KOPiv (20 mol%)

K,COg3 (3 equiv.) Ph Ph
+  PhCI
N7 | 79 H,0, 100 °C N7 |
A (2.5 equiv.) A
78 80

Figure 9.28: Ruthenium-catalyzed C-H activation in water.

Zhang et al. reported a nickel(Il) sulfate-catalyzed C-H trifluoromethylation of N-
phenylpicolinamide (81) using potassium persulfate (K,S,0g) as initiator and Lan-
glois’ reagent (CF5SO,Na) (82) as CF5 source, in water at 50 °C (Figure 9.29) [57].
Interestingly, due to catalyst miscibility with water, the catalyst was recovered and
reused up to eight times without any significant loss in catalytic activity. It was be-
lieved that the catalytic cycle begins with the formation of a nickel intermediate co-
valently bound to picolinamide at the oil-water interface and the reaction proceeds
via SET (Single Electron Transfer) mechanism.

o NiSO,4:6H,0 (10 mol%) o)
K5S,0g (2 equiv.)
+ CF3SO,N
NN Sk H,0, 50 °C, air, 12 h 7 N

_N H 82 _N CF3

81 (2 equiv.) 83

Figure 9.29: Nickel(ll)-catalyzed C—H trifluoromethylation of N-phenylpicolinamide.
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Zhu et al. have described a copper(Il)-catalyzed direct azidation of anilines
through C—H activation in aqueous solution and used Cu(OAc), in combination
H,0, as an oxidant at room temperature (Figure 9.30) [58]. Among the solvents
screened, water was found to be the best solvent and afforded 2-azidoaniline in
78% yield. Moreover, this protocol was equally effective for regioselective bromina-
tion/iodination on the o-position of aromatic amines. The mechanistic studies con-
firm the reaction proceed through a radical mechanism.

NH NH

R 2 Cu(OAG), (25 mol%) 2 «
Ir’ ~ . Nax H,0, (2 equiv.) .(/A\
“el- H,0, air, rt, S

- 85 2h ~

84 86
(2 equiv.)
X=Na, Br, |

Figure 9.30: Copper(ll)-catalyzed C—H azidation of anilines in aqueous medium.

Ackermann’s group has made remarkable contribution in the development of aque-
ous transition-metal-catalyzed C-H activation [59]. For the first time, they have de-
scribed ruthenium-catalyzed cross-dehydrogenative alkenylation of substituted
benzoic acid and subsequent intramolecular oxa-Michael reaction in water, and
phthalide (89) was obtained in excellent yields (Figure 9.31).

o (0]
A OH RuCl,(p-cymene)], (2 mol% o N
Ry . /WRZ [RuCl,(p-cymene)], (2 mol%) rRif T o
= Cu(OAc); (2 equiv.)
(0] H,0, 80 °C, 16 h
_ CO5R,
87 88 (2 equiv.) 89
R1= Me, OMe, F, CF3
R,= Et, Bu, CN

Figure 9.31: Ruthenium-catalyzed oxidative alkenylations in aqueous medium.

Based on isotope-labeling experiments, results suggested a kinetically relevant, irre-
versible C-H bond ruthenation through acetate assistance. Later, rhodium-catalyzed
highly selective C-H monoamination was carried out by reacting pyridine derivatives
with aryl azides in the presence of sodium tetrakis(3,5-trifluoromethyl)phenyl)borate
(NaBATrF) (Figure 9.32) [60]. In water at 110 °C, the catalytic system displayed excel-
lent activity and provided quantitative yields; however, in case of organic solvents,
the reaction yields were <10%. Moreover, deamination of pyridine derivatives was at-
tributed to intermolecular H-bonding-assisted water-promoted roll-over mechanism.
It was confirmed that water plays an important role in rhodacycle formation as well
as in roll-over process which is vital for the second amination.
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N XN
| N [RhCp*Cl,], (4 mol%) |

7 NaBArF (4 mol%) =N

+ AI'N3 H
H 110°C, 24 h AN
90 Solvent

78 (1 equiv.)

(0.15 mmol) 91 [ H,0; yield; 80%

organic solvent; 10%

Figure 9.32: Rh-catalyzed highly selective C—H monoamination of 2-phenylpyridine.

In addition, Pd-catalyzed benzylic C-H amidation was described by Hikawa et al.,
and o-aminobenzamides (92) were treated with benzyl alcohols (93) in the presence of
catalytic amount of Pd(OAc), and sodium (diphenylphosphino)benzene-3-sulfonate in
water at 120 °C to enable access to quinazolinone core (94) (Figure 9.33) [61]. It was
revealed that water is essential for this transformation, as it activates the hydroxyl
group of the benzyl alcohol by hydration and smoothly generates the (n°-benzyl)
palladium species which plays a key role in benzylic transfer and C-H activation
and dehydrogenation processes.

0] (0]
N N Pd(OAc), (5 mol%) N
g I NHz R OH TPPMS (10mol%) o I /NC'
10 2710 170
Z NH, = H,0, air, 120 °C, Z N/ Ph
92 93 16 h 94
(1 equiv.) (5 equiv.)

yield; 65-93%
R4=Me, F
R,= Me, Et, OMe

Figure 9.33: Pd-catalyzed benzylic C-H amidation with benzyl alcohol in water.

First, rhodium-catalyzed intermolecular C(sp®)-H amination using water as solvent
was reported in 2017 [62]. Hydrocarbons bearing different functional groups were
reacted with trichloro-ethylsulfamate (TcesNH,) and oxidant such as (diacetox-
yiodo)benzene (PhI(OAc),) in the presence of bis[rhodium(a,a,0’,a’-tetramethyl-1,
3-benzenedipropionate) [Rh,(esp),] catalyst and the corresponding aminated
products were obtained in good to excellent yields (Figure 9.34).

The authors suggested that hydrophobic interactions were operative during the
amination and provided additional acceleration to the intermolecular reaction.

Kim et al. [63] performed C(sp®)-H activation reactions of 8-methylquinolines
with a variety of allylic alcohols in the presence of [RhCp*Cl,], as a catalyst and Cu
(OAc), and acetic acid as additives using water as the reaction medium at 100 °C
(Figure 9.35). In the Rh(III)-catalyzed C-H alkylation, the formation of rhodacycle
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[Rhy(esp)s] (1.5 mol%) NHTces
PhI(OAc),] (2 equiv.)
7 + ToesNH, 1
Ri” Ry cesinz H,O, 4 °C, 24 h Ri” "Ry
95 96 97

R1= Ph, 2—MeCBH4, 4—MeOCeH4, 4-N0206H4, 4-C|CGH4
R,= Me, Et

Figure 9.34: Rh-catalyzed C(sp®)-H amination of different hydrocarbons.
intermediates was confirmed on the basis of mechanistic studies, and the rhoda-

cycle further reacted with allylic alcohols under oxidative conditions to give the re-
sultant y-quinoline-substituted carbonyl compounds.

o]
H [RhCp*Cl,], (2.5 mol%)
AcOH (1 equiv.) Me
N N\ /\rMe Cu(OACc),-2H,0 (2 equiv.) N N\
R-+ + R-T

NF OH H,0, air, 100 °C, 20 h NG

98 99 100
(1 equiv.) (3 equiv.)

yield; 40-97%

Figure 9.35: Cp*Rh(lll)-catalyzed C(sp®)-H alkylation of 8-methylquinolines.

9.6 Organocatalytic reactions

In the recent past, organocatalysts have established themselves as a promising al-
ternative to metal-based catalysts in synthetic organic chemistry [64]. Organocatal-
ysis is one of the fastest growing areas of research, due to their high stability to air
and moisture, nontoxic nature, and ease in product separation [65]. Interestingly,
noncovalent interactions promoted that organocatalysis was found to be compati-
ble with aqueous conditions, and organocatalytic reactions in water have been ex-
tensively investigated recently [66]. In this section, we have discussed selective
organocatalyzed reactions performed in aqueous media. Urea and thiourea-based
catalysts have been widely explored in organocatalysis [67]. Xiao et al. [68] have
developed a series of bifunctional pyrrolidine—thiourea organocatalysts and used in
Michael addition reaction of cyclohexanone and nitro-olefins (Figure 9.36). The re-
action was performed in aqueous medium at 35 °C and the corresponding nitro
compounds (103) were obtained in excellent yields with remarkable
stereoselectivity: up to 99:1 dr and 99% ee. Hydrophobic 4-substituted acyloxy-
proline derivatives have been synthesized and used as organocatalysts for direct
asymmetric aldol reaction; cyclic ketones and a variety of substituted benzaldehydes
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O O Ar
Catalyst (10 mol%) MNOz
+ Ar/\/NOZ - L z
N H,0, 35 °C X
102
101 103 (dr (syn: anti) 99:1
s ee (syn) 99%
X= O, S, NBoc )J\
O
N H H
Catalyst

Figure 9.36: Aqueous pyrrolidine—thiourea-catalyzed Michael addition reaction.

were reacted in the presence of synthesized organocatalysts in water. Among all,
[4-phenylbutanoate and 4-(pyren-1-yl)butanoate] outperformed and produced aldol
products in quantitative yields and with excellent stereoselectivity (Figure 9.37) [69].
The enhanced stereoselectivity in aqueous medium was attributed to the generation of
hydrophilic and hydrophobic regions between catalyst and water, and free ~-OH groups
of interfacial water play a critical role in catalysis via the formation of hydrogen bonds.
Moreover, these results established that other than proline, no additional chiral back-
bone is required for high stereoselectivities. Later, Pericas et al. mimicked aldolase by
simple integration of proline and polystyrene through a 1,2,3-triazole linker, and fur-
ther swelled it in water to form a hydrogen bonding network connecting the proline
and 1,2,3-triazole fragments of the resin in water [70]. They investigated the catalytic
efficiency of artificial aldolase for the direct aldol reactions of aldehydes and cyclic ke-
tones in water. The catalyst displayed high activity, and the corresponding aldol prod-
ucts were obtained in moderate to excellent yields with enantioselectivity as high as
99% (Figure 9.38).

o) O OH
OHC N Catalyst 2mol%) TN
* -~ H0, rt St -z
104 105 106
o yields >99%
R=H, 4-NO,, 4-CN, 4-CF, 'OACOOH g;LLp tfo%%ﬂ
0 D © NH <
oo b
‘*IF’ ‘ﬂ" Catalyst
S

Figure 9.37: Catalytic aldol reactions of cyclohexanone and benzaldehydes.

Bifunctional squaramide in combination with inorganic base has been used as cata-
lyst for the enantioselective conjugate addition of tritylthiol to in situ-generated
aryl- and alkyl-substituted o-quinonemethides (Figure 9.39) [71]. High product
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Figure 9.38: Asymmetric cross-aldol reactions in water with a polymer-supported proline-based
catalyst.

yields (up to 99%) and good stereoselectivity (up to 94% ee) were achieved in aque-
ous medium. It was observed that water has a profound effect on rates and selectiv-
ities of the reaction, and the reaction mechanism relies on oil-water interface.

3

3

Sl

OH Ts Catalyst (10 mol%) OH SCPhy
Cs,CO35 (1.2 equiv.) Ar
L AT 4 phyc-sH 23 RIL
N~ H,0, rt, 4 h
110 (12111 v 112
. .2 equiv. ield: 72-999
(1 equiv.) }e/f=déz-92‘%
R=F, Cl, Br

Ar= Ph, 4-MeCgHy, 4-MeOCgH,, 4-FCgH, 4-CICqH,

Figure 9.39: Enantioselective conjugate addition of tritylthiol in aqueous media.

In the recent past, organocatalysis has emerged as a promising alternative to metal-
catalyzed reactions in organic synthesis. Hayashi et al. have investigated asymmet-
ric Diels—Alder reaction of cyclopentadiene (1) and unsaturated aldehyde (113)
using diarylprolinol silyl ether organocatalyst in the presence of perchloric acid as
additive and water as the reaction medium (Figure 9.40) [72]. Both exo and endo
isomers were obtained in excellent yields and enantioselectivity. However, the reac-
tion was very slow in the absence of an additive.
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Figure 9.40: Organocatalyzed Diels—Alder reaction by Hayashi et al. [72].

Recently, Ghosh et al. [73] reported a hydroquinine-based primary amine—benzoic
acid organocatalyst for enantioselective cycloaddition of enones with nitrodienes in
water/other organic solvents and provided easy access to 3,4,5-trisubstituted cyclo-
hexanones (117) (Figure 9.41). Water was found to have a promotional effect on the
reaction rates and selectivity, that is, diastereoselectivity and enantioselectivity. The
diastereomers were formed due to the epimerization at the nitro-bearing center.

R4
R NH,
O,N | Ar?
(e} _N A 1
/ (20 mol%) N
| CH; o
A / PhCO,H (30 mol%) O,N
15 ‘A2 H,0, 2 days 117
116 R¢= OMe, H; Ry,= Et, ethenyl

ield upto 80%
Ar'= Ph, 4-CIC4Hy, 4-CF5CqHa, 4-MeOCgH, Y6 Upto 98%

Ar?= Ph, 4-CICgHj, 3-BrCgH,, 4-NO,CgHy

Figure 9.41: Organocatalyzed cycloaddition of enones and nitro dienes in water.

Later, De et al. demonstrated that two-dimensional graphene oxide (GO) is an efficient
heterogeneous carbocatalyst for Diels—Alder reaction of 9-hydroxymethylanthracene
(118) and N-substituted maleimides (119) in water at room temperature (Figure 9.42)
[74]. High yields, easy workup, and catalyst reusability are the main features of this
method. Combining experimental and

theoretical studies suggested that m-interactions between reactants and GO
surface were responsible for decrease in the activation energy of reaction. Multi-
component reactions have become a synthetic tool which enables access to complex
organic systems. Zhu et al. have described a simple and efficient chemoselective five-
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Figure 9.42: Two-dimensional graphene oxide carbocatalyzed Diels—Alder reaction.

component reaction using urea as catalyst in water and produced octahydroquinazo-
line-5-one derivatives in 60-85% yields (Figure 9.43) [75]. The reaction proceeded
smoothly in water as compared with organic solvents.

o Urea (20 mol%)
AcOH (4 equiv.)
+ R{NH, + RyNH, + R3CHO + HCHO
1NH2 2NHz 3 HzO )\
[e]

rt, 24 h

121 122 123 124 125

(1 equiv.) (1 equiv.) (3.5equiv.) (3.5equiv.) (1.4equiv.) 126

yield; 60-85%
R4= Ph, 4-BrCgHy, Bn
Ry= Ph, 4-BrCgHy, 4-MeOCgH,
R3= Bu, iso-Pr, Ph, 4-CF3CgHy, 4-CNCgH,

Figure 9.43: Urea-catalyzed five-component reaction in water.

In addition, Chaskar et al. [76] have reported iodoxy benzoic acid (IBX) organocatalyzed
Biginelli reaction in aqueous medium (Figure 9.44). They reacted aldehyde, urea/thio-
urea, and B-keto esters in the presence of IBX in water to obtain 3,4-dihydropyrimidine
-2(1H)-ones (130) in good yields; however, in organic solvents, the reaction was sluggish

0O R!
O O X

IBX R? NH
R-CHO + MORZ * HzN)LNH | N/&x

2 60°C,25h, Hy,0

127 128 129
X=0,8 130

R'=Ph, 3,4-Me,CgH3;, 4-OHCgHy4, 4-CNCgH,
R2= Me, Et

Figure 9.44: IBX-catalyzed synthesis of 3,4-dihydropyrimidine-2-(1H)-one in water.
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and afforded poor product yields. Mechanistic investigations revealed that the IBX acti-
vates the carbonyl group to accelerate the formation of iminium.

9.7 Conclusions and future perspectives

The recent developments in aqueous heterogeneous catalysis changed the notion that
water is not a suitable “solvent” for synthetic organic chemistry. Its inappropriate dis-
solution capabilities are no more a limitation and it has outperformed traditional or-
ganic solvents due to its unique properties. It has been established that water is more
than just a reaction medium, and can play varying roles in organic reactions to impact
reaction outcomes. Water can facilitate air-sensitive transition metal catalysis in open
air due to its inherently low solubility of oxygen gas. Traditionally, Grignard, organo-
zinc, and organolithium reagents are considered very sensitive toward water; the re-
cent developments disapproved this parochial thinking. Although the field has made
significant progress in the past few decades, the organic synthesis in aqueous medium
is still in its infancy and further research is needed to fully understand the role of
water. As the interest grows in aqueous heterogeneous catalysis, new and exciting
phenomena will emerge which will help in designing new systems for aqueous chem-
istry in near future.
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10 Design, development, and application
of organic—inorganic hybrid nanocatalysts
for organic reactions in aqueous medium

10.1 Introduction

Solvents play an indispensable role in every industrial process. In pharmaceutical
industries, they are being utilized in every step, from a reaction medium during
drug synthesis till its final delivery in the highest purified state and hence account
for nearly 80-90% of the total mass utilization [1]. Besides pharma, they are equally
fundamental in other significant sectors including food and flavors, materials such
as paints, textiles, plastics and also in analytical laboratories. Hence, the overall
toxicity profile of any given process relies heavily on choosing the right solvent.
Thanks to the green chemists for offering a wide array of solvents which are promis-
ing alternatives to conventionally used volatile organic compounds and for making
the processes green and sustainable [2]. Among all such alternatives, much empha-
sis has been given to water. Earlier water was considered as a no-go solvent by most
organic chemists due to the historic paradigm that like dissolves like [3]. In fact,
many reaction conditions, catalysts, and reagents demand ultradry organic sol-
vents. However, growing needs toward sustainable development stimulated the
chemical community to mimic the Mother Nature and explore the possibility of con-
ducting organic reactions in aqueous medium across both academic and industrial
fields [4]. Figure 10.1 summarizes few potential incentives of utilizing water as a
medium for conducting reactions.

Once the utility of water was explored in organic synthesis, many water-
compatible catalysts were developed. Special emphasis was given to heterogeneous
catalysts which possess some inherent advantages over their homogeneous counter-
parts such as facile catalytic recycling using simple centrifugation and filtration techni-
ques [5]. However, limited accessible active sites and propensity toward leaching of
catalytic species from the support material decreases the overall activity of the hetero-
genized system. Hence, to preserve the desirable attributes of both the homogeneous
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Safe, innocuous, inexpensive and environmentally benign
alternative

Hydrophobic effect provides excellent enhancements,
speedy reaction rates and greater selectivities

Simple phase separation of organic products and easy
recoverability and reusability of water soluble catalysts

Provides opportunities for the combination of enzymatic
reactions with chemical reactions in water

Ultrasonic and microwave assisted reactions are better
possible with water as reaction medium

Figure 10.1: Some of the significant advantages of using water as a solvent in organic reactions.

and heterogeneous systems, organic—inorganic hybrid nanocatalysts have been devel-
oped. They have emerged as outstanding and sustainable alternatives to classical cat-
alytic systems by acting as a bridge between the two. Numerous support materials
have been designed and fabricated which have provided substantial enhancements
in terms of catalytic activity, selectivity and loading due to their large surface area-to-
volume ratio. Other useful features include enhanced contact between catalytic active
sites and reagents, easy catalyst separability, and hence cost-effectiveness.

Owing to the phenomenal properties of organic—inorganic hybrid nanocatalysts,
they have been utilized in diversified organic reactions including those in aqueous
phase. The present chapter is a selection of some representative examples which pro-
vides an overview of design and fabrication of various organic—-inorganic hybrid
nanocatalysts and their applications in a variety of organic reactions in aqueous me-
dium including coupling, oxidation, reduction, multicomponent, among others.
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10.2 Types of organic—inorganic hybrid
nanomaterials

Organic—inorganic hybrid nanomaterials represent a class of materials that are com-
posed of inorganic materials (metal ions, metal clusters/nanoparticles, salts, non-
metallic elements/their derivatives, etc.) and organic moieties (molecules, ligands,
polymers, biomolecules, etc.) that exhibit superior performance when compared with
their individual components [6, 7]. These two entities are bound together by a hierar-
chy of interactions ranging from covalent bonds, n-complexation to self-assembly in-
teractions such as electrostatic and H-bonding. Some of the most extensively used
heterogenization approaches include covalent binding (attachment of catalytic species
onto solid support via covalently anchored functional groups), adsorption (wherein
catalytic species are adsorbed onto the surface of support via physisorption), and en-
trapment (in which catalytically active species is entrapped inside the cage-like pores
of porous materials) (Figure 10.2) [8]. Among all, covalent anchoring is the superior
because it minimizes the possibility of leaching problem. The benefits of such ad-
vanced hybrid nanoarchitectures are quite enormous as they result in the synergistic
enhancement of functional properties of their individual constituents. They are power-
ful mimics of natural structures, very much tunable at the atomic level, extremely
modifiable in terms of variety of building blocks, and provide scope for diverse meth-
odologies by which they can be synthesized. This opens a plethora of opportunities for
ensuring dynamic activity and selectivity toward particular reactants in organic reac-
tions. Mentioned below are some widely used organic—inorganic hybrid nanosystems
that have been developed for organic transformations.

Figure 10.2: Most commonly used anchoring methodologies (a) covalent binding, (b) adsorption,
and (c) entrapment. Obtained with permissions from ref. [8].
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10.2.1 Silica nanosphere-based organic—inorganic hybrid
nanomaterials

Silica (SiO,) is one of the most plenteous materials found on earth which usually
occur either in crystalline or amorphous form. It has a three-dimensional network
structure containing [SiO,] units which terminate at the surface through siloxane
(=Si-0-Si=) or silanol (=Si-0H) groups. Since past few decades, silica-based
nanomaterials have garnered considerable attention, specially by chemists working
in the domain of catalyst fabrication and organic synthesis [9]. This is attributed to
the exceptionally favorable features which silica nanomaterials offer (Figure 10.3a).

(b)

(CYM Nanoscale dimensions
offerlarge surface area

High thermal stability

Porosity

Chemical inertness

Scope for anchoring of
large number of groups

Figure 10.3: (a) Advantages offered by silica-nanomaterials when used as catalytic support and
TEM images of (b) silica nanospheres supported palladium catalyst, (c) palladium anchored silica
nanotubes, (d) KCC-1 supported palladium nanoparticles, and (¢) MCM-41 supported gold
nanoparticles. Obtained with permissions from ref. [10-13].

Hence, numerous nanostructured configurations have been developed to utilize them
as catalytic support materials. For instance, Sharma et al. [10] synthesized silica
nanospheres-supported palladium catalyst by immobilization of a palladium com-
plex onto furfural modified and 3-aminopropyltriethoxysilane (APTES) functionalized
silica nanospheres. Similarly, Liu et al. anchored palladium nanoparticles on amine
functionalized silica nanotubes [11]. Other groups exploited the high surface area of
fibrous nanosilica (KCC-1) to support palladium nanoparticles [12] and mesoporous
silica (MCM-41) to support gold nanoparticles (Figure 3b—3e) [13].
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10.2.2 Fe30, (iron oxide)-supported organic-inorganic hybrid
nanomaterials

In recent years, magnetic nanoparticles (MNPs), especially Fe;0,, supported catalytic
systems have been extensively utilized by the catalytic fraternity as a phenomenal sup-
port for the immobilization of homogeneous catalytic moieties [14, 15]. They possess
several admirable characteristics such as high surface area to volume ratio, easy to
control size and morphology, chemical inertness, excellent thermal stability, and ease
of accessibility. Additionally, they provide outstanding magnetic separability which
saves time and energy required during classical separation procedures by filtration and
centrifugation (Figure 10.4) [16]. This also prevents unnecessary loss of catalyst during
catalyst separation. However, these MNPs have an intrinsic tendency toward aggrega-
tion due to strong magnetic interactions. Also, if not kept under inert environments,
these MNPs can be oxidized in atmospheric conditions which may lead to alterations
in magnetic properties. Hence, a variety of protecting agents have been coated over
these MNPs such as polymers [17], carbon [18], inert metals [19], silica [20], and many
others. These protected MNPs can be further modified using suitable functional groups
on which catalytic species can be easily anchored. All of the abovementioned features
attribute toward clean and sustainable heterogeneous organic synthesis by virtue of
which several kinds of catalytically active species such as metal complexes [21], metal
nanoparticles [22], acidic/basic entities [23], ionic liquids [24, 25], and many others
have been efficiently supported.

Figure 10.4: Facile magnetic separation of silica-coated magnetic nanoparticles supported ionic
liquid catalyst after an organic transformation using simple external magnetic forces. Obtained
with permissions from ref. [16].

10.2.3 Nanometal-organic frameworks

Lately, metal-organic frameworks (MOFs) have emerged as a unique type of catalysts
with several fascinating features such as high surface area, structural diversity and tai-
lorability [26-28]. They represent a new class of crystalline porous organic-inorganic
hybrid materials. They are formed by self-assembly of inorganic metal ions/clus-
ters and organic linkers, mostly based on carboxylates, N-donor groups, and
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phosphonates. Although the porosity of MOFs is highly profitable for catalysis,
the accessibility of active sites and mass transfers remain challenging and thus
offers a room for improvement. The above issue becomes more questionable when
large substrates are involved which face difficulty in diffusing toward the internal
catalytic sites. In this regard, nano-MOFs have been designed and developed to
decrease the diffusion length in comparison to its bulk partner and thus to im-
prove the catalytic performance [29, 30]. For instance, Qi and co-workers synthesized
nanosized [Cu;(BTC),] MOF[BTC = 1,3,5-benzenetricarboxylate], by employing differ-
ent mediators that strongly influenced the sizes and morphologies [31]. Figure 10.5
depicts the SEM images of two nanosized MOFs; Cu-MOF-1 and Cu-MOF-2 of 90 nm
diameter with spherical nanomorphology and 400 nm with octahedral morphology,
respectively. However, in the absence of any mediator, the size of the obtained [Cus
(BTC),] was several pm.

I Dodecanic acid

P ) Mediator e o
® 99 controlled |
¢ method ‘ ‘
Room
Hl]:' Temperature

Synthesis

Cu-MOF-2
Y Do, RV 4

Without mediator

Cu-MOF-3

Figure 10.5: Synthesis of different nanosized [Cu3(BTC),] MOFs. Obtained with permissions from
ref. 31.

The nano-MOFs have also been explored as efficient hosts for active catalytic spe-
cies [32]. Recently, Yang et al. fabricated Pd nanocubes@ZIF-8 [ZIF (zeolitic imida-
zolate framework) is an MOF made by coordinating four imidazolate rings with zinc
ions] by encapsulation of Pd nanocubes in ZIF-8 for the efficient and selective cata-
lytic hydrogenation of olefins under light irradiation (Figure 10.6) [33].
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Figure 10.6: (a) Synthesis, (b) SEM, and (c) TEM image of Pd nanocubes@ZIF-8. Obtained with
permissions from ref. 33.

10.2.4 Carbon-based organic—inorganic hybrid nanomaterials

Over the past few decades, carbon-based nanomaterials, especially carbon nano-
tubes (CNT), carbon nanofibers (CNF), and graphene oxide nanosheets (GON) have
been extensively studied in various catalytic organic transformations. They possess
several remarkable properties: carbon is a light element, in tubular form it is found
to be the strongest material synthesized till date, variable thermal conductivity,
highly functionalizable surface, to name a few [34, 35]. Figure 10.7a depicts the syn-
thetic methodology for the formation of polyallylamine-functionalized Rh nano-
sheet assemblies-CNT (PAH@Rh-NSNSs/CNT) nanohybrids using polyallylamine
hydrochloride (PAH) as a complexant and morphology directing, linker, and chemi-
cal functionalization agent [36]. The CNTs are defined as seamless cylinders of
rolled up graphene sheets of carbon atoms. In addition to CNTs, GON offers some
impressive structural benefits such as high thermal and chemical stability, high
specific surface area, and porosity. Figure 10.7b exemplifies how GON are formed
using graphite powder [37]. Recently, Sharma et al. synthesized GONs based cobalt
nanocatalytic system (Co@BA@APTES@GO) for ester-amide exchange reaction
(Figure 10.7c) [38]. Other emerging carbon material include CNFs which are de-
scribed as cylindrical nanostructures with graphene layers arranged as stacked
cones, cups, or plates. Figure 10.7d illustrates the TEM image of electrospun Co-
CNF nanocatalyst which has been synthesized by carbonization of cobalt contain-
ing polyacrylonitrile nanofibers, a precursor of carbon nanofibers [39]. All of these
offer immense opportunities to be utilized as excellent nanocatalyst materials for
industrial scale organic transformations.
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Figure 10.7: Illustration of various carbon-based nanocatalysts. Synthesis of (a) PAH@Rh-
NSNSs/CNT nanohybrid and (b) GON. TEM images of (c) CoO@BA@APTES@GO and (d) electrospun
Co-carbon nanofiber. Obtained with permissions from ref. [36-39].

10.3 Applications of organic—inorganic hybrid
nanocatalysts for organic reactions in aqueous
medium

In the present scenario, green chemistry is the utmost need for a sustainable soci-
ety. Principles of green chemistry also demands use of catalysts along with safer
solvents and auxiliaries. Heterogeneous catalysis using water as a solvent is consid-
ered as a highly green and sustainable approach to reduce the environmental factor
(E-factor) value for a reaction. In the above sections, numerous organic—-inorganic
hybrid nanomaterials have been discussed thoroughly. Mentioned below are some
of the examples where these nanomaterials have been utilized in various important
catalytic applications, typically in aqueous media because of its low cost and toxic-
ity, ready availability, and above all its environmentally benign nature.

10.3.1 Silica nanospheres catalyzed reactions

The remarkable properties of silica nanospheres have led to their wide applicability
in a variety of organic reactions. Coupling reactions are one of the most extensively
explored categories. These reactions help to make industrially important moieties
in a facile manner with the aid of a catalyst. Hence, designing of a suitable catalyst
becomes highly important. It should be green, recoverable, and reusable. With this
objective, He et al. developed a heterogeneous silica based Pd(II) organometallic
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catalyst for water-mediated C—-C coupling reactions including Barbier, Sonogashira,
and Ullmann reactions [40]. The catalyst was made by coordinating Pd(II) ions to
PPh,-functionalized silica nanospheres containing an ordered mesoporous struc-
ture (MSN). Efficacy of the nanocatalyst was also compared with homogeneous cat-
alyst Pd-(PPhs),Cl,. The results were found to be comparable with the traditional
catalyst in terms of activity and selectivity. It could be attributed to high surface
area, ordered mesoporous structure, and short pore channels, which facilitated the
diffusion and adsorption of reactant molecules. Also, it could be used repeatedly,
showing good potential for industrial applications.

Mondal et al. [41] also followed this sustainable practice by synthesizing the biaryl
products using a MSN-supported Pd(II) 2-aminopyridine (AMP) complex in water as a
solvent. The catalyst was prepared in situ by the cocondensation reaction between TEOS
and [(chloromethyl)-phenylethyl]trimethoxysilane using cetyltrimethylammonium bro-
mide as the structure-directing agent (Figure 10.8). The efficacy of the catalyst (Pd-AMP-
MSN catalyst) was tested for various aromatic and heterocyclic halides (Figure 10.9). It is
important to mention here that both electron-donating and electron-withdrawing sub-
stituents gave corresponding biphenyls in good to excellent yields under the optimized
reaction conditions. The catalyst also reported to have excellent stability and reusability.

Following the similar trend of reactions in green solvent, Zhu et al. reported
amine bridged periodic mesoporous organosilica catalyst (NH-PMO-NS) which was
further used for Knoevenagel condensation in aqueous reaction medium (Figures 10.10
and 10.11) [42]. The formation of the catalyst was performed using surfactant sup-
ported amine-bridged silane and tetraethyl orthosilicate via condensation process,
which is attributed to the presence of ample amine groups attached over short and
straight mesoporous channels in silica nanospheres. Further, the ability of the catalyst
was also tested in comparison to the homogeneous base catalyst (diethylamine) and
the results were quite encouraging. Besides, the reported silica-based catalyst could
be recycled and reused repetitively and easily. These basic catalytic sites are active,
accessible, and facilitate diffusion, which ultimately encouraged the adsorption of or-
ganic reactants and led to enhanced activity and selectivity.

Another group designed a porous nanoweb catalyst by incorporating Co(II) ions
onto modified silica NPs for decolorizing methylene blue dye in aqueous conditions
[43]. For the fabrication, amine functionalized silica NPs were reacted with 2-
acetylpyridine followed by addition of Co(II) ions (Si@NPCo). These NPs were further
reacted with 1,3,5-benzenetricarboxylic acid forming the nanomaterials with hole
nanoweb structure (Si0O,@NPCoCOOH) (Figure 10.12). The so-formed nanocatalyst
was used for the oxidation-assisted degradation of methylene blue using water as a
solvent and as an oxygen source under white LED light irradiation for 2 h. The results
illustrate that the two methylene blue absorption peaks near 615 nm and 665 nm are
diminished to nearly 30%, indicating that the catalyst has enough potential toward
water remediation as well. It was reported that the hydroxyl radicals were generated
during the reaction which were responsible for the degradation of the dye.
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Figure 10.8: (a) Systematic formation, (b) FESEM, and (c)-(d) TEM image of Pd-AMP-MSN catalyst.
Obtained with permissions from ref. 41.
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Figure 10.9: Suzuki—Miyaura coupling reaction in water medium catalyzed by Pd(ll)-AMP-MSN catalyst.
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Figure 10.10: Showing the preparation of NH-PMO-NS by cocondensation method. Obtained with
permissions from ref. 42.
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Figure 10.11: NH-PMO-NS catalyzed Knoevenagel reaction.
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Figure 10.12: Fabrication of Si0,@NPCoCOOH.
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10.3.2 Fe30, (iron oxide)-based nanocatalyzed reactions

Among all kinds of organic-inorganic hybrid nanocatalysts, iron oxide supported cat-
alytic systems have been widely explored and utilized [44]. It is due to the facile mag-
netic recovery that such kind of catalysts offer distinct advantage. They have been
developed for nearly every kind of organic transformations ranging from coupling, ox-
idation, reduction, and multicomponent. In recent times, considering the biological
importance of 3,3-di(indolyl)indolin-2-ones, Sharma and co-workers designed silica-
protected magnetite nanoparticles supported DABCO-derived and acid-functionalized
ionic liquid (DABCO-3@FSMNPs) [20]. The pseudo-three-component reaction was per-
formed using indoles and isatins as reactants under aqueous medium using mild con-
ditions. A variety of 3,3-di-(indolyl)indolin-2-ones were obtained in excellent yields
under short reaction times (Figure 10.13). Besides, reported catalyst was magnetically
recovered and again used for successive runs without appreciable loss in catalytic ac-
tivity. The hybrid catalyst offered many additional advantages by anchoring viscous
ionic liquids over magnetic support which not only helped in easy substrate diffusion
but also made the reaction pathway more economical because of facile and efficient
recovery of expensive ionic liquids.
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Figure 10.13: Synthesis of 3,3-di(indolyl)indolin-2-ones using DABCO-3@FSMNPs in aqueous
medium.

R!

Magnetic nanocatalysts have been widely explored in several coupling reactions.
As an example, herein a heterogeneous magnetite-supported biguanide/Pd(OAc),
catalyst used for the Suzuki reaction in presence of water as media has been de-
scribed [45]. The attachment of Pd(II) ions on magnetite support was performed by
surface modification of MNPs with biguanide. The magnetic supported biguanide/
Pd(OAc), nanocatalyst (size ~ 40-45 nm confirmed using TEM) showed excellent
catalytic activity for the abovementioned reaction in aqueous media. The reported
catalyst was easily separated magnetically and could be recycled for many runs
(Figure 10.14).
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Figure 10.14: Magnetite-supported biguanide/Pd(OAc), catalyzed Suzuki reaction in aqueous
medium.

The previously mentioned research group designed another kind of environmen-
tally benign nanocatalyst, this time a magnetically recoverable metal loaded nano-
reactor for C-S coupling reaction(Figure 10.15) [46]. They fabricated a double shelled
hollow nanoreactor using a template-free approach; inner Fe;O, shell that imparts
magnetic character and outer carbon shell that offers ample sites for metal decora-
tion. The inner space of the material also contains large catalytic sites and provides
space for conduction of the organic reaction. The reaction substrates can easily pene-
trate the cavity using porous double shells. They immobilized Ni(II) species and uti-
lized the so-formed hybrid nanocatalyst in the oxidative coupling of aromatic thiols
with arylhydrazines to form unsymmetrical diaryl sulfides using water as a green re-
action medium. Some salient features of the work include oxidant- and ligand-free
conditions, room temperature synthesis and formation of non-toxic by-products (ni-
trogen and water) (Figure 10.16). Wide-ranging functional groups were tested, ap-
plied, and provided the corresponding diaryl sulfide products in good to excellent
yields. Besides, catalyst showed excellent reusability for consecutive seven runs,
which made the protocol highly suitable from green chemistry viewpoints.

In order to develop other efficient nanocatalytic systems to promote organic reac-
tions in aqueous media, Yeo et al. fabricated a core-satellite Fe;0,-Pd nanocomposite
heterostructure for catalyzing decarboxylative coupling reaction using water as reac-
tion media [47]. Figure 10.17 illustrates the synthetic approach for the formation of the
nanocomposite. Initially, oleic acid stabilized Fe;0, nanoparticles were prepared, fol-
lowed by surface coating with pluronic copolymer (P123, PEO;9-PPO¢o-PEO;). Thereaf-
ter, Na,PdCl, was added to introduce Pd nanoparticles. Surface coating with pluronic
polymer provided better water dispersity to the MNPs and allowed the development of
Pd nanoparticles at the surface only. In this, it also mentioned that pluronic copolymer
stabilized nanoparticles surface act as nanoreactors to induce the solubilization of or-
ganic reactants and allowed the reactants to relate more closely to the Pd nanopar-
ticles. The activity and selectivity of prepared Fes0,-Pd MNPs were then tested for the
decarboxylative coupling reaction of allyl alkynoate in presence of aqueous media
(Table 10.1).
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Figure 10.15: (a) Synthetic protocol and (b) TEM image of Ni-loaded double shelled nanoreactor.
Obtained with permissions from ref. 46.
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Figure 10.16: Synthesis of unsymmetrical diaryl sulfides using Ni-loaded double shelled
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Figure 10.17: Synthesis of Fe30,-Pd nanocomposite. Obtained with permissions from ref. 47.

Other type of organic reactions that performed significant role for the preparation
of significant compounds are through oxidation reactions. Rajabi et al. [48] presented
iron oxide nanoparticles supported over mesoporous silica which was used as catalyst
for the oxidation of alkenes using hydrogen peroxide in aqueous medium. Styrene and
its other substituted derivatives were efficaciously transformed to the respective alde-
hydes in excellent yields. Also, the formation of by-products and subsequent oxida-
tions of aldehydes was absent in the reaction. The described procedure was found to
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Table 10.1: Showing the results for catalytic decarboxylative coupling reaction of allyl alkynoate.
Obtained with permissions from ref. 47.

Ph

I
o)
>%Ph Catalyst ——Ph =
@ H,0, 85 °C \ L
\_\\ ,0, i
1

2
Entry Catalyst T (oC) t (I::) Isolated Yield (%)
1 5 mol% Fe;0,—Pd 85 2 25(3) (70°
2 5 mol% Fe;0,—Pd 85 12 95(3)
3 Recovered from entry 2 85 12 88(3)
4 5 mol% Pd/C 85 12 20(4(2):13))°
5 5 mol% Pd(PPhs), 85 6 92(4(2):13))°

?Isolated yield.
®Yield in parenthesis mentioned for recovered reactant.
“The ratio calculated by *H NMR.

be suitable for an array of different types of substituents (both electron donating and
electron withdrawing) present at different positions of the aromatic ring. Other group,
Karimi and Farhangi [49] developed a nitroxyl radical 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) anchored catalytic system for an aerobic oxidation of 1° and 2° alcohols
in the absence of any transition metal and halide cocatalyst. In the reaction, molecular
oxygen was utilized as an oxidant in the presence of non-halogenated and aqueous
conditions. Magnetite-supported TEMPO nanocatalyst worked well for range of alco-
hols (1°, 2°, air sensitive, and sterically hindered alcohols) and changed to the desired
carbonyl product with the outstanding results (Figure 10.18). The methodology offered
effective retrieval of expensive TEMPO which is highly required for making it a success-
ful candidate in many practical applications as well.

Another group reported multistep synthesis for MNPs-supported (S)-diphenyl
prolinol trimethyl silylether (MNP-JHC), an asymmetric organocatalyst and also
named as Jgrgensen—-Hayashi catalyst or a,a-diarylprolinol ethers based catalysts
[50]. Asymmetric Michael addition reaction was performed using above-mentioned
catalyst. Different enolizable aldehydes were used as reactants in water to give chiral
products (Figure 10.19). Although other solvents such as acetonitrile, toluene, dichloro-
methane, chloroform and ethanol, were also screened during optimizations it was the
aqueous conditions under which highest yield and enantiomeric excess was obtained.
Hence, under the tested and improved conditions, 13 different reactants were used to
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Figure 10.18: Magnetite-supported TEMPO catalyzed aerobic oxidation of alcohols.

obtain their corresponding products with moderate to excellent yields (up to 96%)
as well as with good enantioselectivity (up to 90% ee). After the reaction, the cata-
lyst was separated and reused for four times without losing stereoselectivity.
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Figure 10.19: Asymmetric Michael addition of aldehydes to nitroalkenes in aqueous media using
MNP-JHC.

10.3.3 Nanometal-organic frameworks-based catalyzed reactions

As described previously, nano-MOFs represent an exclusive class of solids with
excellent catalytic, mass transport, and adsorption properties. Recently, Igbal
et al. developed a simple and innovative technique through in-situ self-assembly
and solvothermal method for synthesizing hybrid Cu-NMOF/Ce-doped-Mg-Al-LDH
nanocatalyst by supporting 2D Cu-NMOF, [Cu,(p-OH)(p4-btc)(phen),],, - 5nH,0 on a ce-
rium-doped Mg-Al layered double hydroxide (Ce-doped-Mg—Al-LDH) matrix [51].
The synthesized Cu-NMOF nanocrystals (10-20 nm) were attached on Ce-doped-
Mg-Al-LDH’s surface (100 cm nanosurface). The catalytic activity of above-
mentioned catalyst in contrast to simple Cu-NMOF was also evaluated for reductive
degradation of 4-nitrophenol (4-NP) and a series of organic dyes by using sodium
borohydride as a reducing agent. The prepared nanocatalyst showed brilliant re-
sults in terms of catalytic activity toward degradation of 4-NP with 0.03 rate con-
stant and up to 7.1x 103 h™! turnover frequency. A variety of other commonly used
organic dyes were also decolorized with high TOF values. The reason for superior
catalytic activity of hybrid catalyst over simple Cu—-NMOF was also mentioned, it
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is due to the synergic effect among Cu-NMOF and Ce-doped-Mg-Al-LDH compo-
nents, while the Ce-doped-Mg—-Al-LDH carrier acting as a co-catalyst. The prepared
nanocatalyst was recovered and reused successfully for the five consecutive reaction
runs without compromising the performance. Figure 10.20 depicts the UV-vis spectra
of the reaction mixture for the reduction of 4-NP to 4-aminophenol using hybrid
nanocatalyst.
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Figure 10.20: UV-vis absorption spectra of the reaction mixture at different time intervals catalyzed
by Cu-NMOF/Ce-doped-MgAI-LDH. Inset: plot of In(C,/C,) versus reaction time. Obtained with
permissions from ref. 51.

10.3.4 Carbon-based nanocatalyst in organic reactions

Amongst various carbon-based nanomaterials, metal decorated GONs have been
largely utilized in heterogeneous catalysis. Bahuguna et al. used GONs supported
zinc oxide nanoparticles (ZnO-RGO) which was synthesized using hydrothermal
method (Figure 10.21). The prepared ZnO-RGO catalyst was used for synthesis of sym-
metrical bisindolemethanes using green reaction medium, that is, water [52]. The
ability of prepared nanocomposite was also tested for synthesis of three substituted
derivatives of indole with chalcone. Only water or water—ethanol mixture was used
as a solvent. Later, the same group also developed, another heterogeneous molybde-
num based MoS,-RGO nanocatalyst for the synthesis of both symmetrical and unsym-
metrical bisindolemethane compounds under sustainable reaction conditions [53].
The developed MoS,-RGO nanocomposite was also used for the synthesis of ketone
derived bisindolemethanes. Green chemistry-based matrices calculations were also
mentioned for such reactions. Results showed high atom economy (A.E. = 94.7%) and
small E-factor (0.089). Industrial efficiency of the above-mentioned nanocomposite
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was also reported and evaluated by performing two-gram scale reactions for the syn-
thesis of vibrindole A and arundine (indole alkaloids). The synthesis of various bisin-
dole methanes using MoS,-RGO is presented in Figure 10.22.
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Figure 10.21: Synthesis of ZnO-RGO nanocomposite. Obtained with permissions from ref. 52.
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Figure 10.22: M0S,-RGO catalyzed synthesis of (@) symmetrical bisindolemethanes,
(b) unsymmetrical bisindolemethanes, and (c) ketone-derived bisindolemethanes.

Recently, such reduced GON were also used by Patil et al. [54] for the on-water aero-
bic oxidation of alcohols using supramolecule-based ruthenium catalyst. Ruthe-
nium nanoparticles were supported on cyclodextrin-modified graphene oxides
(rGO@Ru-RMB-CD) by simultaneous one-pot reduction of ruthenium precursor and
graphite oxide in aqueous medium. The RMB-CD was reported to be used as capping
agent, which controlled the growth of ruthenium nanoparticles. After this, the Ru
NPs inserted between the graphene oxide layers, which functionalizes the surface
of reduced graphene oxide through hydrogen bonding. Hence, RMB-CD acted as a
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phase transfer catalyst in water medium. The authors also mentioned the good se-
lectivity for a wide range of substrates and even with sensitive functionalities. Not
only this, but authors also efficaciously used the catalyst for total synthesis of a nat-
ural product “Brittonin A”using Wittig olefination and reduction in aqueous solvent
(Figure 10.23). This work offered exceptional capability of the catalyst to switch be-
tween oxidation and reduction tendencies by simply exchanging the oxygen and
hydrogen atmospheres.

OH 0
R‘l RZ R1 Rz R,
R,:Aryl, alkyl 29 examples Dehydro- |
: 93-75%yield brittonin ||  BritoninA

R,: H, Aryl, alkyl |

@ = Ru nanoparticles W = Cyclodextrin

Figure 10.23: Catalytic activity of =GO@Ru-RMB-CD in oxidation of alcohols and its further
conversion into Brittonin A. Obtained with permissions from ref. 54.

10.4 Conclusion and future perspectives

Green chemistry has reformulated the definition of catalysis in many aspects. This
is the one of the important reasons for the paradigm shift of the technology toward
cleaner manufacturing process development. Water has emerged as powerful me-
dium for various chemical transformations. In this chapter, we have included a va-
riety of literature reports where water as reaction medium has shown distinct
advantages. It has also worked well with different organic-inorganic hybrid nano-
catalytic systems which constitute a new and advanced class of materials. This
green combination of catalysts with water has provided numerous economic and
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environmental benefits. This chapter highlighted and discussed the synthesis, cata-
Iytic performance, and other salient features of various supported catalysts such as
silica nanospheres based magnetic supported, nano-MOF and reduced graphene
oxide. Besides, they have also shown exceptional stability, recoverability, and reus-
ability even for consecutive runs without affecting in catalytic performances. There-
fore, the chapter opens large opportunities for their industrial scale utilization and
represents an important step toward the sustainable advancement of chemical
protocols.
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