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Introduction

The demand for nonracemic chiral compounds has significant value in the development of
effective methods to produce enantiomerically enriched products, benefiting both industry and
academia. Catalysis, an essential aspect of Green Chemistry, has replaced traditional stoichiometric
techniques with environmentally friendly alternatives.[1] Asymmetric catalysis, known for its chiral
selectivity and ecological considerations, enables complete conversion of reactants to products under
mild conditions. Homogeneous catalysts are highly valued for their reactivity, selectivity, and low
loading requirements. However, they suffer from metal contamination and limited reusability, causing
economic losses and environmental issues.[2] Nevertheless, the availability of recyclable chiral
catalysts remains a critical concern, especially for large-scale reactions. The loss of precious metal
catalysts in homogeneous systems poses economic burdens due to the difficulty in recovery. Metal
leaching further hampers the production of fine chemicals and pharmaceuticals.[3] To overcome these
challenges, significant progress has been made in homogenous chiral catalysis, leading to the
development of various chiral ligands and metal coordination compounds for organic

transformations.[4,5]

Heterogeneous asymmetric catalysis has emerged as a promising solution. It utilizes specially
designed heterogeneous metal catalysts and immobilized homogeneous asymmetric catalysts.[6-8]
Immobilizing a homogeneous catalyst into a heterogeneous form presents challenges, such as reduced
activity and enantioselectivity due to limited access to active sites and interactions with the support.[9]
To address these issues, an appropriate linker length allows the scaffold to move freely between the
liquid reaction phase and the surface. Recoverable catalysts require robust support surface layers and
active channels to maintain catalytic properties during reuse. Compatibility and stability of the
catalytic scaffold, linker, and support with the solvent are crucial to prevent metal and/or scaffold

leaching.[10-12] Additionally, chemical, thermal, and mechanical stabilities of the linker and support

materials are necessary for enduring process parameters. The choice of a suitable heterogeneous

support material is crucial, necessitating physical, chemical, and thermal resistance, synthetic
durability, and uniform behaviour. Simple recovery methods, such as filtering or extraction, are

desirable. Common supports include cross-linked polymers, ordered silicas, and clays, while
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immobilization techniques involve metal coordination, ligand grafting, electrostatic interactions,

microencapsulation, and ion exchange.[13,14]
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Figure 1 Various strategies for the confinement of homogeneous chiral catalysts

Scope of the research study

In the present era, the field of supported heterogeneous catalysis has attracted substantial interest in
cutting-edge scientific and technological research. This field presents diverse applications in various
industrially significant catalytic reactions, leading to enhanced outcomes, improved stability, high
conversion rates, and desired selectivity. Literature scanning reveals the existence of various
entrenched heterogeneous systems, including mesoporous titanosilicate, superparamagnetic
mesoporous bimetallic oxides, graphene oxide, nanocrystalline, acrylic resin immobilized lipase,
chitosan hydrogel, ceria-zirconia, and ZIF-8. [15,16] However, these solid catalysts suffer from
several drawbacks, including low selectivity, high operating temperatures, long reaction times, and
labor-intensive work-up methods. Many heterogeneous catalysts exhibit both high selectivity and
activity, enabling the production of valuable chemicals from simple and cost-effective substrates.
These catalysts operate with a high atom economy, ensuring minimal generation of residues and
reducing the environmental impact. The primary goal of this research is to develop a range of chiral
scaffolds that are anchored onto silica-based supports. These scaffolds will be utilized in sustainable
chemical processes, promoting environmentally friendly practices. The present work focuses on
synthesizing and characterizing innovative scaffold structures, such as proline, binol, salen, and

thiourea, embedded onto silica-based supports, namely L-proline-(3°amine)-f-SiO2 and Ru-BINOL-

AP@MSNs. The synthesized catalysts were validated using a range of physicochemical techniques,
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including elemental analysis, ICP-AES, (3C CP MAS NMR, FT-IR, Raman) spectral studies,
HRTEMs, FE-SEMs, BET, XPS, thermal analysis, and XRD patterns. These techniques provided
valuable insights into the structural and chemical properties of the catalysts. In order to accomplish
our research objectives, we assessed the catalytic performance of the synthesized catalysts in
industrially significant organic transformations. These include asymmetric aldol, asymmetric
hydrogenation, Biginelli coupling, and Strecker reactions. We optimized various parameters such as
catalyst loading, reaction time, temperature, and solvent choice to enhance efficiency. By fine-tuning
these factors, we achieved improved yields and selectivity in the desired reactions. Notably, the
organic products formed in these catalytic reactions play a crucial role as intermediates in the
pharmaceutical industry. They serve as building blocks for synthesizing complex pharmaceutical
compounds, making a significant impact on the production of valuable drugs and contributing to

advancements in medicine and healthcare.

Summary of Research Findings
The thesis comprises seven chapters, which are outlined as follows:

Chapter 1: Introduction; Chapter 2: Preparation, characterization, and catalytic performance of L-

proline-(3°amine)-f-SiO2 in asymmetric aldol reaction; Chapter 3: Preparation, characterization, and

catalytic performance of Ru-BINOL-AP@MSNs in asymmetric hydrogenation reaction; Chapter 4:
Preparation, characterization, and catalytic performance of encapsulated chiral Cu(Il) salen complex
in asymmetric Biginelli reaction; Chapter 5: Preparation, characterization, and catalytic performance
of encapsulated chiral Zn(II) salen complex in asymmetric Mannich reaction; Chapter 6: Preparation,
characterization, and catalytic performance of MMT-silica-GO-CTU (where MMT = montmorillonite,
GO = graphene oxide, CTU = chiral thiourea-based moiety) in asymmetric Strecker reaction; Chapter

7: Summary and Conclusions.

Chapter 1

This chapter in the thesis offers a comprehensive overview that includes a general introduction, a brief
historical background, fundamental aspects, and the current state of asymmetric catalysts. It provides
insights into various types of catalysts, emphasizing their advantages, disadvantages, and the

emergence of new materials in the context of industrial applications. The heterogenization of
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homogeneous catalysts using various solid supports is explored, with a specific focus on the chosen

silica-based support for this work.

Chapter 2
This chapter describes a ground-breaking strategy in the synthesis of L-proline chiral scaffold tethered
onto the silica matrix i.e., L-proline-(3"amine)-f-SiO: via the reaction between L- proline methyl ester

and N-methyl aminopropyl silica with absolutely no use of protecting/ deprotecting groups. The as-

synthesized catalyst was well corroborated through various physicochemical techniques such as '*C

CP MAS NMR, X-ray diffraction (XRD), HRTEM, N2 adsorption— desorption isotherms, elemental
analysis and FT-IR spectral studies. Emphatically, L-proline-(3°amine)-f-SiO: significantly promoted
an asymmetric aldol reaction under ambient conditions with no use of redundant organic solvent,
bestowing unprecedented activity with good conversion and excellent enantioselectivity (ee) of S-
isomer. Moreover, the as synthesized catalyst was effortlessly recycled seven times with absolutely

zero loss of activity as well.

Chapter 3

The details concerning greener protocol for a Cu(ll)-salen complex encapsulated in MWW-
framework as an efficient chiral organocatalyst was developed for the synthesis of 3,4-
dihydropyrimidin-2-(1H)-one (DHPMs) derivatives via an asymmetric pathway. In order to confirm
its structural properties, single-crystal X-ray diffraction, powder XRD, BET, XPS, FE-SEM, EDX,
UV-Vis, and FTIR spectra were used. Using computer-assisted DFT calculations, the Cu(Il)-salen
complex has been fine-tuned to fit into the pocket of the porous MWW support while keeping its
chirality. This organocatalyst was shown to be a potent catalyst for the formation of the desired
DHPMs product under short reaction times. Furthermore, this green protocol allows rapid and simple
isolation of active MW W-trapped Cu(Il)-salen scaffolds and its reusability good numbers of runs

without losing much of its activity have examined and derivative are included in this chapter.

Chapter 4
The chapter describes an unprecedented blueprint for the chiral (S)-1,1-Bi-2-naphthol ligand (BINOL)

immobilized on amine functionalized mesoporous silica nanoparticles (MSNs) via a linker, which is
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then converted into a ruthenium complex, i.e., Ru-BINOL-AP@MSNs (where AP = (3-

aminopropyl)trimethoxysilane), without the use of deprotecting or protecting groups. Using a variety

of techniques, such as FTIR, N2 adsorption—desorption isotherms, solid-state *C CP MAS NMR,

powder XRD, FESEM, HRTEM, XPS, and thermogravimetric analysis, the as-synthesized catalyst
was persuasively verified. Asymmetric transformations of enantiomerically enriched chiral alcohols
can be achieved with the aforesaid active catalytic precursors, making the proposed method even more
appealing. During the asymmetric hydrogenation reaction, the Ru-BINOL-AP@MSNs catalyst proved
to be catalytically competent, leading to a good conversion with an excellent enantioselectivity of the
R-isomer. Furthermore, the synthesized catalyst was capable of being recycled and only a minute loss

of its effectiveness, thereby reducing solvent waste and precious metal or ligand losses.

Chapter 5

The chapter deals with a greener decorum for synthesizing distinctive Zn(II)-Salen ligand
encapsulated in MWW host as a heterogeneous chiral catalyst, i.e., Zn(Il)-Salen@MWW. A variety
of techniques were used to substantiate the chiral Zn(Il) ligand encapsulation, including FTIR,
FESEM, EDX, XRD, BET, and XPS. Using an unpretentious ultrasonic approach, the synthesized
catalyst could effectively generate chiral B-amino carbonyl compounds at room temperature under
solvent-free condition. There are multiple advantages to use this protocol, including a green and
efficient catalyst, a simple set-up procedure, effortless separation, and the ability to reprocess up to

five runs of the chiral Zn(II)-Salen@MWW catalyst.

Chapter 6

This chapter delineates fabrication of a novel composite material consisting of montmorillonite, silica
and graphene oxide (MMT-silica-GO), encapsulated with chiral thiourea-based moiety (CTU), was
synthesized via a sol-gel method. The resulting composite material was characterized using various
techniques, including such as (FT-IR and Raman) spectral studies, BET, SAXS, thermogravimetric
analysis, XPS, HRTEM and XRD patterns are included in this chapter. The catalytic performance of
the composite material was evaluated for the Strecker reaction and monitored recyclability of the as-

prepared catalyst as well.




Chapter 7
This chapter offers a comprehensive summary of our systematic investigation into the development
and optimization of chiral catalysts for relevant catalytic reactions. It presents a synthesis of our
findings, including key outcomes, and concludes with a brief discussion on potential future research
directions for further exploration in related areas.
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