Bentonite Based Organic-Inorganic Hybrid Materials:
Application Towards Green Catalysis and as Mercury Sensor

Thesis Submitted to AcSIR for the Award of the Degree of
DOCTOR OF PHILOSOPHY

in Chemical Sciences

Ac SﬁR

By
Maya R. J.
Registration No: 10CC11A39005

Under the Guidance of

Dr. R. Luxmi Varma

CSIR-National Institute for Interdisciplinary Science and Technology
(CSIR-NIIST) Thiruvananthapuram-695019, Kerala, India

August, 2017






DECLARATION

I hereby declare that the Ph.D. thesis entitled “Bentonite Based Organic-Inorganic
Hybrid Materials: Application Towards Green Catalysis and as Mercury Sensor” is an
independent work carried out by me at Organic Chemistry Section, Chemical Sciences and
Technology Division, CSIR-National Institute for Interdisciplinary Science and Technology
(CSIR-NIIST), Thiruvananthapuram under the supervision of Dr. R. Luxmi Varma, Senior
Principal Scientist and Head CSTD, and it has not been submitted anywhere else for any

other degree, diploma or title.

Maya R. J.

Thiruvananthapuram

August, 2017



NATIONAL INSTITUTE FOR INTERDISCIPLINARY SCIENCE &
TECHNOLOGY

Council of Scientific & Industrial Research
GOVERNMENT OF INDIA
Trivandrum-695 019, India

AcSYR

Dr. R. Luxmi Varma

Senior Principal Scientist & Head Telephone: 91-471-2515275
Chemical Sciences and Technology Division Fax: 91-471-2491712
24™ August 2017

CERTIFICATE

This is to certify that the work incorporated in this Ph.D. thesis entitled “Bentonite
Based Organic-Inorganic Hybrid Materials: Application Towards Green Catalysis and
as Mercury Sensor” submitted by Ms. Maya R. J. to Academy of Scientific and
Innovative Research (AcSIR), in fulfillment of the requirements for the award of the
Degree of Doctor of Philosophy in Chemical Sciences, embodies original research work
under my guidance. I further certify that this work has not been submitted to any other
University or Institution in part or full for the award of any degree or diploma. Research
material obtained from other sources has been duly acknowledged in this thesis. Any text,
illustration, table, etc. used in this thesis from other sources have been duly cited and

acknowledged.

Maya R. J. R. Luxmi Varma

Thiruvananthapuram

August, 2017

Email: luxmivarma@gmail.com, rluxmivarma@niist.res.in

il


mailto:luxmivarma@gmail.com
mailto:rluxmivarma@niist.res.in

ACKNOWLEDGEMENTS

It is my great pleasure to express my deep sense of gratitude to my thesis supervisor Dr.
R. Luxmi Varma for suggesting me the research problem and also for her excellent
guidance, constant encouragement and wholehearted help that led to the successful
completion of this work.

I am grateful to Dr. A. Ajayaghosh, Director, CSIR-NIIST and former Directors Dr.
Suresh Das and Dr. Gangan Prathap for providing the laboratory facilities to carry out the
research work.

I would like to acknowledge Dr. R. Luxmi Varma and Dr. Mangalam S. Nair, present
and former AcSIR programme coordinators at CSIR-NIIST for their timely help and advice
for the academic procedures of AcSIR.

I would like to acknowledge Dr. K. R. Gopidas and Dr. D. Ramaiah, Former Heads,
Chemical Sciences and Technology Division for their support.

I am very thankful to Dr. K.V. Radhakrishnan, Dr. S. Ananthakumar and Dr. Rugmini
Sukumar (DAC members) for their immense support and suggestions for the completion of
my research work.

I thank Dr. G. Vijay Nair, Emeritus Scientist, Organic Chemistry Section for his
inspiring presence.

I would like to acknowledge Dr. A. Jayalekshmy, Dr. Kaustabh Kumar Maiti, Dr. L. Ravi
Shankar, Dr. B. S. Sasidhar, Dr. Sunil Varughese and Dr. Ganesh Chandra Nandi, Scientists
of Organic Chemistry Section, for their encouragement and support.

I also wish to record my heartfelt thanks to Dr. Jubi John for his valuable help and
support for the successful completion of my thesis work.

I wish to express my sincere thanks to Dr. C. H. Suresh for DFT analysis.

I would like to thank Mrs. Saumini Mathew, Mr. Arun, Mr. Saran P. Raveendran, Mr.
Syam and Mr. Rakesh Gokul for recording NMR spectra. Thanks are also due to Mrs. S. Viji
and Ms. Aathira for mass spectral analysis and Mr. Kiran Mohan for HRTEM analysis.

I am greatful to Dr. Bhoje Gowd and Dr. J. D. Sudha for XRD analysis and TG/DTA

analysis.

il



I am indebted to my beloved and respectful seniors Dr. Jisha Babu and Dr. Anupriya S.
for their valuable suggestions and support.

I would also like to specially acknowledge Ms. Athira Krishna, Ms. Sreedevi P., Ms.
Santhi S., Mr. Rajeev K. K. and Mr. Jayakrishnan A. for their unconditional love and
valuable help rendered throughout my research work.

Further I would like to extend my thanks to my seniors Dr. Suchithra M.V., Dr. Nayana
Joseph, Dr. Praveen Prakash, Dr. Jijy E., Dr. Ajish K. R., Dr. Sarath Chand S., Dr. Baiju T.
V., Mr. Preethanuj P., Dr. Rony Rajan Paul, Dr. C. R. Sinu, Dr. Anu Jose, Dr. Sajin Francis
K., Dr. Dhanya S. R., Dr. Parvathy R. and Dr. K. C. Seethalakshmi for their valuable
suggestions and support during different stages of my research career.

Thanks are due to Dr. Saranya S., Mrs. Shimi M., Ms. Aparna P. S., Ms. Greeshma
Gopalan, Ms. Santhini P.V., Ms. Dhanya B. P., Mr. Ajesh Vijayan, Ms. Prabha P, Mr.
Sasikumar P, Ms. Sharathna S., Ms. Nitha P. R., Ms. Neethu S., Ms. Aswathy, Mrs. Meenu,
Ms. Ummu Jumaila C.P., Mr. Cijil Raju, Ms. Saranya Jayaram, Ms. Irfana C. P., Mr.
Jagadeesh K., Mrs. Fathimath Sulfeena C. T., Ms. Ashitha K.T., Ms. Renjitha, Ms. Maya
Devi T.S., Mr. Valmiki Praveen Kumar, Mr. Mohan B., and Ms. Remya Raj P. for their
friendship and help that made my journey here a memorable and delightful one.

I also wish to record my sincere thanks to Ms. Nisha N., Mr. Maniganda S., Ms. Jyothi
B. Nair, Mrs. Ramya A. N., Ms. Varsha K., Mr. Sujai P. T., Ms. Saranya Giridharan, Ms.
Arya, Mrs. Jamsheena, Ms. Veena, Mr. Jaggaiah G., Mr. Chandrasekhar C., Mr. Arun
Kumar, Mr. Mahesha, Mrs. Jaice for their companionship and great support.

I would like to extend special thanks to Ms. Susanna Poulose and Ms. Sirajunnisa P., for
their assistance in conducting some of the experiments reported in this thesis. Thanks are
also due to Mrs. Swetha J., Mrs. Akshara and Mrs. Resmi M. R the M.Sc. Project students,
for their love and companionship.

I express my sincere thanks to Ms. Anjali K. Sajeev, Mrs. Raiha Mol T., Mrs. Vineetha
James, Ms. Minju Thomas, Ms. D. V. M. Padmaja., Ms. Swetha S. Mrs. Remya P.R. and all
other friends at Scholar’s Hostel for their great companionship and support during the
tenure of my research work.

I record my thanks to Dr. V. B. Manilal, Senior Principal Scientist, Mr. T.P. Poulose,
Sr.Technician and Mr. Dibin, Project Assistant PEET Division, CSIR- NIIST for their

v



suggestions and help to conduct my CSIR-800 project work. Mr. John, Secretary, The
Balaramapuram Weavers’ Industrial Co-operative Society is gratefully acknowledged for
helping me to weave the banana-cotton blend fabric.

I would like to express my deep sense of gratitude to Shri Willi Paul, Senior Scientific
Officer, Central Analytical Facility, SCTIMST, Poojappura for his immense help to carry out
the physical characterization part of my project work and thanks are also due to Dr. Rekha
M. R., Scientist D, Biosurface Technology Division, SCTIMST, BMT Wing, Poojappura for
helping me to conduct the in vitro cell experiments that led to the successful completion of my
CSIR-800 project.

I am grateful to UGC and CSIR New Delhi, for the financial assistance.

I would like to extend my sincere thanks to all my friends at CSIR-NIIST.

[ take this opportunity to forfeit reverence to my teachers starting from my school days
to those at NIIST, who motivated me and blessed me throughout my academic carrier.

I am profoundly obliged to my father, mother, brother and other family members for
their support, encouragement, unconditional love and care throughout my thesis work.
Without them the successful completion of this thesis would have been practically impossible.

Above all, I thank God Almighty for giving me the opportunity, strength, skills, and

being with me for the successful completion of the research work.

Maya R. J.



CONTENTS

Declaration 1
Certificate 1
Acknowledgements il
Contents vi
List of figures Xii
List of tables Xiv
List of schemes Xv
Abbreviations Xvi
Preface xviii
Chapter 1
Green Approaches Towards Catalysis and Sensing: An Overview 1-37
1.1 Introduction 1
1.2 Catalysis 2
1.3 Environmental Impact of Catalysis 4
1.4 General Considerations on Catalysis 4
1.5 Heterogeneous catalysis and Green Chemistry 5
1.6 Nano-catalysis 7
1.7 Fundamentals in Catalyst Preparation 8
1.7.1. Preparation Techniques for Bulk Catalysts and Supports 8
1.7.2. Basic Preparation Techniques for Supported Catalysts 10
1.8 Catalytic Applications of Supported Metal Nanoparticles 11
1.9 Supported Gold Nanoparticles as Catalysts 14
1.10 Chemosensors 17
1.11 Hybrid Sensors 20
1.11.1. Mesoporous Silica-Based Hybrid Sensors 21
1.11.2. Magnetic Core-Shell Particle Based Hybrid Sensors 23
1.11.3. Magnetic Nanoparticle Based Hybrid Sensors 24

Vi



1.11.4. Polymer Based Hybrid Sensors
1.11.5. Surface-Grafted Composite Based Hybrid Sensors
1.11.6. Host-Guest Interaction Based Hybrid Sensors

1.12 Clays

1.13 Objectives of the Present Investigation

1.14 References

Chapter 2

Design, Synthesis and Characterization of a Bentonite-Gold

Nanohybrid as Green Heterogeneous Catalyst for the Selective
Oxidation of Silanes

2.1

2.2
23

24
2.5
2.6

Introduction

2.1.1. Clay Minerals

2.1.2. Bentonite as Support Material
2.1.3. Silanes to Silanols Oxidation
Statement of the Problem

Results and Discussion

2.3.1. Synthesis and Characterization of Bentonite-Gold Nanohybrid
Heterogeneous Catalyst

2.3.2. Activity of Bentonite-Gold Nanohybrid Heterogeneous
Catalyst Towards Silane Oxidation

2.3.3. Gram Scale Synthesis
2.3.4. Recycling Experiment
Mechanistic Pathway
Conclusion

Experimental Section

2.6.1. Materials and Methods

2.6.2. Syntheses of Au nanoparticles Loaded Organofunctionalized
Bentonite

2.6.2.1. Synthesis of Acid Activated Bentonite (Ben-4h)

2.6.2.2. Synthesis of Organofunctionalized Bentonite (Ben-
MP)

Vi

24
25
26
27
30
31

38-66

38
38
40
42
45
45
45

48

52
54
55
55
56
56
56

56
56



2.6.2.3. Synthesis of Au Nanoparticles Embedded 57
Organofunctionalized Bentonite (Au-MPBen)

2.6.3. General Procedure for the Catalytic Activity of Au-MPBen 57
Towards the Oxidation of Silanes

2.6.4. Experimental Procedure for Mechanism Study 57

2.6.5. Calculation of Atom Economy 58

2.6.6. Calculation of TON and TOF 58

2.6.7. Recycling Experiment 59

2.6.8. Synthetic Procedure and Spectral Characterization of Silanols 59
2.7 References 63
Chapter 3

Application of Bentonite-Gold Nanohybrid Towards Green Heterogeneous
Catalysis

PART A: Direct Reductive Amination of Aldehydes via Bentonite-

Gold Nanohybrid Catalysis 67-95
3A.1 Introduction 67
3A.2 Statement of the Problem 70
3A3 Results and Discussion 71
3A.3.1. Syntheses of Secondary Amines Using Au-MPBen catalyst 71
3A.3.2. Recycling Experiment 76
3A.3.3. Gram Scale Synthesis 77
3A4 Mechanistic Pathway 78
3A.5 Conclusion 78
3A.6 Experimental Section 79
3A.6.1. Materials and Methods 79
3A.6.2. General Procedure for the Direct Reductive Amination of 79
Aldehydes
3A.6.3. Recycling Experiment 79
3A.6.4. Gram Scale Preparation of N-benzylamine and TON and 80
TOF Calculations

viii



3A.7

PART B:

3B.1

3B.2
3B.3

3B.4
3B.5
3B.6

3B.7

3A.6.5. Synthetic Procedure and Spectral Characterization of
Secondary Amines

References

Bentonite-Gold Nanohybrid Catalyzed Oxidative Cross-
Coupling of Ketones with Primary alcohols

Introduction

3B.1.1. Syntheses of a,3—Unsaturated Ketones via Claisen-Schmidt
Condensation Reactions

3B.1.2. Syntheses of a,—Unsaturated Ketones via Carbon-Carbon
Cross-coupling Reactions

Statement of the Problem
Results and Discussion

3B.3.1. Syntheses of a,—Unsaturated Ketones Using Au-MPBen
Catalyst

3B.3.2. Recycling Experiment
3B.3.3. Gram Scale Synthesis
Mechanistic Pathway
Conclusion

Experimental Section

3B.6.1. Materials and Methods

3B.6.2. General Procedure for the Oxidative C—C Coupling of
Ketones and Primary Alcohols

3B.6.3. Recycling Experiment

3B.6.4. Gram-Scale Preparation of Chalcone (3a) and TON and
TOF Calculations

3B.6.5. Synthetic Procedure and Spectral Characterization of a,f3-
Unsaturated Ketones

References

81

91

96-120

96
96

99

100
101
101

106
106
107
108
108
108
108

109
109

110

118



Chapter 4

Lower Rim Modified Calix[4]arene-Bentonite Hybrid System as a 121-156
Green Reversible and Selective Colorimetric Sensor for Hg2+
Recognition

4.1 Introduction 121
4.1.1. Calixarenes 122
4.1.2. Lower Rim 1,3-Di-conjugates of Calix[4]arene as Hg*" 122
Receptors
4.1.2.1. Cyclic Conjugates 123
4.1.2.2. Non-Cyclic Conjugates 124
4.1.3. Organic-Inorganic Hybrid System 127
4.2 Statement of the Problem 128
4.3 Results and Discussion 129
4.3.1. Synthesis of QHQC, 7 129
4.3.2. Metal Ion Binding Studies 131
4.3.3. Naked Eye Detection Studies 133
4.3.4. 'H NMR Titration Studies 134
4.3.5. Mass Spectroscopic (ESI-HRMS) Titrations Studies 137
4.3.6. Computational Studies 138
4.3.7. Mechanistic Pathway 139
4.3.8. Synthesis and Characterization of QHQCalBen 140
4.3.9. Metal Ion Binding Studies of QHQCalBen 145
4.4 Conclusion 146
4.5 Experimental Section 147
4.5.1. Materials and Methods 147
4.5.2. Synthesis of Di-(bromopropyl)p-tert-butylcalix[4]arene, 148

Precursor 3

4.5.3. Synthesis of 8-Hydroxyquinaldine Derivative of p-tert-butyl 148
calix[4]arene, Precursor 5

4.5.4. Synthesis of Quaternized Salt of 8-Hydroxyquinaldine 149
Derived p-tert-butyl calix[4]arene, QHQC (7)

4.5.5. Intercalation of QHQC Salt on Bentonite Clay 150



4.5.6. General Procedure for the Metal Ion Binding Studies 151

4.5.7. Calculation of LOD 151
4.6 References 151
Summary 157

List of Publications 159

Xi



1.1
1.2

1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.1
2.2

23
24
2.5
2.6
3A.1
4.1
4.2
4.3
4.4
4.5
4.6
4.7

LIST OF FIGURES

Principles of green chemistry

Schematic representation of relation between catalysis and
sustainability

Energy profile diagram of catalyzed and uncatalyzed reaction

The impact of catalysis on the environmental E-factor

Reaction pathway for heterogeneous catalysis

Properties of nano-catalysis

Advantages of nano-catalysis

Proposed structures of MSIA before and after extraction with Cu®”
Synthesis of hybrid silica hollow-sensor

Structure of montmorillonite clay

(a) XRD pattern of acid activated bentonite (Ben-4h) and organo
functionalised bentonite (Ben-MP) and (2b). IR spectra of acid
activated bentonite (Ben-4h) and organofunctionalised bentonite (Ben-
MP)

TEM images of fresh Au-MPBen (scale bar = 50 nm and 100 nm)
XPS spectrum of Au-MPBen

NMR spectra of dimethylphenylsilane and dimethylphenylsilanol
TEM images of Au-MPBen after 1¥ and 5™ use (scale bar=50 nm)
TEM image of Au-MPBen, (a) fresh and (b) after 5™ use

Structures of some cyclic conjugates of calix[4]arenes

Structures of some non-cyclic conjugates of calix[4]arene receptors
Structures of some non-cyclic conjugates of calix[4]arenes

Structures of L20 and L21

"H NMR spectrum of QHQC 7

BC NMR spectrum of QHQC 7

Absorption spectra of QHQC with different metal ions in MeCN
(Inset shows the magnified absorption peak at 567 nm)

Xii

(e I =) T S

22
40
46

47
48
50
54
76
123
125
126
127
130
131
132



4.8

4.9
4.10

4.11
4.12

4.13

4.14
4.15
4.16

4.17

4.18
4.19
4.20
4.21
4.22
4.23
4.24

4.25
4.26

Changes in the absorption spectra of QHQC (2.7 x 10 M) by the
addition of Hg*" ions (2.57 x 10™ M)

Regression line for the determination of LOD

Photograph of naked eye detection of Hg®® with QHQC and its
reversibility with iodide solution

"H NMR titration spectra of QHQC with Hg*" in CD;CN

Expansion of 'H NMR titration spectrum of QHQC with Hg*" in
CD;CN

Expansion of '"H NMR titration spectrum of QHQC with Hg*" in
CD;CN

Isotherm resulting from the titration of QHQC with Hg*"

Modified Job’s Plot using 'HNMR titration data

Experimentally observed isotopic peak pattern of molecular ion peak
of [QHQC + Hg*"

Optimized structures of (a) QHQC and (b) QHQC-Hg2+complexes
using DFT method

Photograph of (a) Na-Ben and (b) QHQCalBen

XRD patterns of Na-Ben and QHQCalBen

IR spectra of QHQC, Na-Ben and QHQCalBen

TG/DTA curves of (a) Na-Ben and (b) QHQCalBen

TGA curves of Na-Ben and QHQCalBen

Solid-state absorption spectra of QHQC and QHQCalBen

Solid-state emission spectra of QHQC and QHQCalBen at excitation
wavelength (a) 367 nm and (b) 570nm

TEM images for (a) QHQC, (b) Na-Ben and (c) QHQCalBen
Photograph of naked eye detection of Hg*™ with QHQCalBen and its

reversibility with iodide solution

xiii

133

133
134

135
135

136

136
137
138

139

140
141
142
143
143
144
144

145
146



2.1
2.2
23
24
3A.1

3A2

3A3

3A4

3B.1

3B.2

3B.3

3B4.

LIST OF TABLES

Optimization of solvents in the oxidation of silanes

Comparison of various catalysts in the oxidation of silanes
Au-MPBen catalysed oxidation of various silanes

Recycling experiments of Au-MPBen catalyst

Optimization of solvents for Au-MPBen catalyzed reductive
amination

Comparison of various catalysts in reductive amination reaction
Substrate scope of reductive amination reaction

Recycling experiments of Au-MPBen catalyst

Optimization of solvents for the Au-MPBen-catalyzed C-C
coupling of acetophenone with benzyl alcohol

Comparison of various catalysts for the Au-MPBen-catalyzed C-
C coupling of acetophenone with benzyl alcohol

Substrate scope for the Au-MPBen-catalyzed C-C coupling of
ketone with primary alcohol

Recycling experiments with the Au-MPBen catalyst

Xiv

49
51
53
54
72

72

74

77

102

102

104

106



2.1
2.2
23

3A.1
3A.2

3B.1

3B.2

4.1
4.2

LIST OF SCHEMES

Synthetic methods for silanols

Gram scale oxidation of phenyldimethylsilane using Au-MPBen
Proposed mechanistic pathway for silane oxidation reaction using
Au-MPBen

Gram scale synthesis of N-benzylaniline using Au-MPBen
Proposed mechanism for Au-MPBen catalysed reductive
amination reaction

Gram-scale synthesis of ¢,f-unsaturated ketone 3a using Au-
MPBen catalyst

Oxidative cross-coupling reaction of primary alcohols with
ketones catalyzed by Au-MPBen

Synthetic pathway for the preparation of QHQC 7

Plausible mechanism of naked eye detection of Hg2+ with QHQC

and its reversibility with iodide solution

XV

77
78

107

107

130
140



Ar
brs
‘Bu
°C
calcd

cm

dd
DTA
equiv.

eV

FT

HRMS
HRTEM

ABBREVIATIONS

: angstroms

: argon

: broad singlet

: tertiary butyl

: degree Celsius

: calculated

: centimetre

: doublet

: doublet of doublet

: differential thermal analysis
: equivalents

: electron volt

: Fourier transform
: gram
: hours
: high resolution mass spectra

: high resolution transmission

electron microscopy

: hertz
: inductively coupled plasma
: intramolecular charge transfer
: infrared
: coupling constant
: association constant
: litre

: molar

Xvi

m : multiplet

Me : methyl

mg :mg

MHz : megahertz

mL : millilitre

mM : millimolar

mmole : millimole

MS : mass spectroscopy

mV : millivolt

nM : nanomolar

nm : nanometre

NMR : nuclear magnetic
resonance

(0] : ortho

P : para

Ph : phenyl

ppb : parts per billion

ppm : parts per million

Pt : platinum

Pr : isopropyl

q : quartet

RT : room temperature

s : singlet

t : triplet

THF : tetrahydrofuran

TLC : thin layer chromatography



TMS

TG
tert
Uuv
Vis

: tetramethylsilane

: thermo gravimetry
: tertiary
: ultraviolet

: visible

xvii

XPS

uL

umol

: X-ray photoelectron

spectroscopy

: microlitre
: micromolar

: micromol



PREFACE

Green chemistry is ‘the utilization of a set of principles that reduces or eliminates the use
or generation of hazardous substances in the design, manufacture, and application of
chemical products’. This thesis entitled “Bentonite Based Organic-Inorganic Hybrid
Materials: Application Towards Green Catalysis and as Mercury Sensor”, describes our
efforts towards development of a heterogeneous catalyst and a solid-state sensor for the
selective detection of Hg®" ions, using the environmentally benign bentonite as the support
material.

The thesis is divided into four chapters. The first chapter of the thesis gives an overview
of the various green approaches towards the two aspects dealt in this thesis- catalysis and
sensing applications of hybrid materials.

The second chapter outlines the synthesis and characterization of an efficient,
environmentally benign and reusable heterogeneous bentonite-gold nanohybrid catalyst (Au-
MPBen) and its application towards the selective oxidation of silanes to silanols. This
nanohybrid catalyst effectively oxidized various aromatic, aliphatic and sterically hindered
silanes to silanols under ambient reaction conditions without the formation of disiloxanes as
the by-product and is also applicable for the gram scale synthesis of silanols.

The efficacy of our bentonite-gold nanohybrid (Au-MPBen) catalyst towards green
heterogeneous catalysis is discussed in Chapter 3 and this chapter is divided into two parts.
Part A describes an efficient, green and reliable method for the direct reductive amination of
aldehydes using Au-MPBen and the use of this heterogeneous catalyst in the presence of
phenyldimethylsilane as a mild hydride donor affords a variety of secondary amines in
excellent yields under ambient reaction conditions. The catalyst is recyclable, selective and is
viable for the large scale synthesis of secondary amines. In Part B, we deal with the
application of this catalyst for the oxidative cross-coupling reaction of ketones with primary
alcohols to produce o,f-unsaturated ketones. The Au-MPBen catalyst effectively catalyzed
this cascade reaction under mild conditions and water is produced as the only by-product.

The synthesis and characterization of a new lower rim functionalized 1,3-di(quaternary
ammonium salt of 8-hydroxyquinaldine) derivative of p-tert-butylcalix[4]arene (QHQC) and
its sensing properties toward Hg*" ions using various physical techniques are discussed in the

last chapter. The potential of this molecule to act as a reversible chemosensor for Hg”" ions

XViii



selectively through naked eye detection prompted us to devise a solid state sensor with
enhanced chemical and thermal stability, by intercalating it into the bentonite galleries. The
characterization and Hg”" sensing studies of this hybrid material are also detailed in this
chapter.

It may be mentioned that each chapter of the thesis is presented as an independent
unit and therefore the structural formulae, schemes and figures are numbered chapter wise.

A summary of the work is given towards the end of the thesis.

XiX



CHAPTER 1

Green Approaches Towards Catalysis and Sensing: An
Overview
- — — |

1.1. Introduction

Green chemistry is “the utilization of a set of principles that reduces or eliminates the
use or generation of hazardous substances in the design, manufacture, and application of
chemical products.” The design of environmentally benign chemicals and processes are
steered by the 12 principles of green chemistry as formulated by Anastas and Warner.'” The
first principle depicts the fundamental idea of green chemistry that is protecting the
environment from pollution. The remaining principles are focused on concepts such as atom
economy, the design of energy-efficient processes, toxicity, application of raw materials from
renewable sources and degradation of chemical products to simple, nontoxic substances that
are safe and environmentally benign (Figure 1.1).> Green chemistry is a versatile discipline
that has been generated as a contribution of chemistry to sustainability and promotes
environmental and economic affluence in order to support the environment.

Chemical developments fetch new environmental problems and dangerous unexpected
side effects, which lead to the requirement for ‘greener’ chemical processes. Green chemistry
supports the invention of more ecological chemical processes which lessens or even
eliminates the generation of hazardous substances. Green chemistry is concerning the waste
minimization at source, using non-toxic reagents, use of catalysts in place of stoichiometric
reagents, improved atom efficiency, use of renewable resources and use of solvent-free or
recyclable environmentally benign solvent systems.”® Currently, the ever-increasing
concerns for a sustainable development and the realization of adverse consequences of
chemical industry have created the situations for the adoption of greener technologies that

protect the environment and human health in an economically advantageous approach.
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for accidents
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Figure 1.1. Principles of green chemistry

Green chemistry is not a solution to all environmental problems but the most
fundamental approach to prevent pollution and sustain the earth. This chapter comprises
various green approaches towards two aspects, explicitly catalysis and sensing applications
of hybrid materials. The strategic goal is the sustainable development of the chemical
industry and green chemistry is one of the practical approaches towards sustainability.
Catalysis plays as an important operational tool towards green chemistry which in turn to

sustainability (Figure 1.2).

1.2. Catalysis

Catalysis is defined as an acceleration in the rate of a chemical reaction due to the
participation of an additional substance named catalyst, which will return to its original form
without being consumed or destroyed at the end of the reaction and can continue to perform
repeatedly. Catalyst affects only the rate of the reaction and changes neither the
thermodynamics of the reaction nor the equilibrium composition. It lowers the activation
energy for both forward and reverse reactions. The catalyst provides a path between reactant

and product with a lower activation barrier contrast to the uncatalyzed process (Figure 1.3).
8,9
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Figure 1.2. Schematic representation of relation between catalysis and sustainability

Catalysis is one of the basic pillars of green chemistry by offering atom-economical,
selective, and energy-efficient solutions to several industrially important dilemmas. Catalysts
have an enormous impact on the chemical industry because they facilitate reactions to occur
and to formulate reaction processes more proficient. Catalysis plays a vital role in the
production of a variety of chemicals and materials and more than 90 % of all chemicals are

produced with the aid of catalysts.'®""
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Figure 1.3. Energy profile diagram of catalyzed and uncatalyzed reaction
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1.3. Environmental Impact of Catalysis

The environmental impact of catalysis is evidently demonstrated by the environmental
factor (E-factor).'” The E-factor is defined as the ratio of mass of waste produced to mass of
desired product.

kg of waste

E =
kg of desired product
The E-factor is found to be less than 0.1 in the oil refining industry where almost all

chemical conversions are catalyzed. But in the pharmaceutical industry, the syntheses are
clearly dominated by means of traditional, multistep and stoichiometric organic chemistry;
the amount of waste generated can exceed the amount of the targeted active pharmaceutical

product and the E - factor is higher than 25 (Figure 1.4)."!

Sector Volumes (tons per annum) E-Factor

Oil refining 108108 <01
Bulk chemicals 105108 <1-5
Fine chemicals 102104 5-50
Pharmaceuticals  10'-10° 25-100  catalysis

Figure 1.4. The impact of catalysis on the environmental E-factor

Another suitable measure for the ecological impact of chemical conversions is the atom
economy. Calculation of the atom economy is based on molecular weights (MW) and is
defined as the ratio of molecular weight of the desired product to the sum of molecular
weights of all products formed in the stoichiometric equation.'*"

MW of desired product

Atom Economy =
Sum of MWs of all products formed in the stoichiometric equation

1.4. General Considerations on Catalysis

In general, catalysis is divided into two categories, homogeneous and heterogeneous. In
homogeneous catalysis, the catalyst and the reactants are in the same physical phases, but in
heterogeneous catalysis, both are in different phase. A large variety of homogeneous
catalysts, for instance, Brensted and Lewis acids, metals ions, metal complexes,

organometallic complexes and biocatalysts (enzymes, artificial enzymes, efc.) are exploited
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in the field of organic synthesis. In most cases, these catalysts show excellent catalytic
activities and high selectivities as each single catalytic entity can act as a single active site.
But, the main disadvantage of homogeneous catalysis is in difficulty to separate the products
and catalyst from the reaction media. Even though, some energy intensive processes such as
distillation of the reaction products or elimination of the precipitating counter-ion, efc. are
used in order to re-utilize homogeneous catalysts, these operations may often lead to the
deactivation of the catalyst. These facts emphasize the paramount significance of the
preparation of heterogeneous catalysts via ‘heterogenize the homogeneous catalysts’ with the
aim of merging the advantages of the homogenous catalyst with the capability of the
heterogeneous systems to ensure reproducibility. Several methods were devised to anchor or
encapsulate the homogenous catalysts; these catalysts often suffer from the drawback of
leaching out of the catalyst during the catalytic run, leading to deactivation.'*"

Modern society has an escalating demand for environmentally benign catalytic processes
and catalysis research intended at the development of effective heterogeneous catalysts for
environment-allied applications is of great interest in both academic and industrial field.
Heterogeneous catalysts have a number of advantages compared to other catalytic systems
including ease of separation from the reaction mixture, recyclability, minimal pollution and
good thermal stability. These catalysts are easy to handle, avoid formation of inorganic salts,

safe to store and has long life time.'®

1.5. Heterogeneous Catalysis and Green Chemistry

Nowadays, heterogeneous catalysis constitutes the basis for numerous chemical
technologies and its applications cover from the production of chemicals, energy harvesting,
conversion and storage, to green technology.'” For more than one century, heterogeneous
catalysts have played a key role in chemical industry and replace conventional ones to reduce
the environmental pollutants. A chemical reaction with a heterogeneous catalyst occurs on
the surface of a catalyst and measured catalytic performance such as activity, stability, and
selectivity is the outcome of various structural and chemical factors that interrelate with each
other. The mechanistic pathway for heterogeneous catalysis consists of four steps (Figure
1.5)."® First step is the adsorption of reactants on the active sites of the surface of the catalyst.

It may utilize some of the bonding electrons in the molecules consequently weakening them
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and creating an environment for an easier subsequent reaction steps. In the second and third
steps, the molecules are arranged on the surface in the right orientation for favourable
collision and the reaction occurs. In the final step, there is a rearrangement of electrons and

the products are desorbed from the catalyst.

SURFACE OF CATALYST

Figure 1.5. Reaction pathway for heterogeneous catalysis

The relevance of catalysis towards minimal pollution, renewable energy systems, and
effectiveness formulates it as a fundamental area for green chemistry research. A green and
sustainable catalyst should possess higher selectivity, higher activity, recyclability, efficient
recovery from the reaction medium and cost-effectiveness.'> Green catalysis is not only
targeted for the development of new catalysts with high stability and effective catalytic
performances, but also considers the environmentally benign catalyst preparations.
Heterogeneous catalysis is an omnipotent tool contributing to green and sustainable
chemistry and acts as the key to achieve the E-factor and atom economy. The most important
drawback of conventional heterogeneous catalysts is the reduced surface area compared to
their homogeneous counterparts that is accessible to reactant molecules which limit their
catalytic activities and lead to high consumption of expensive catalyst materials.”” One
promising approach to solve this problem is to synthesize specifically engineered catalysts on
nanoscale with high surface to volume ratio (S/V) by reducing the size of the catalytically

active materials.?%?!

Nanotechnology is a rapidly developing area and heterogeneous
catalysts based on nano-scale materials have acquired more and more attention in synthetic

organic chemistry.
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1.6. Nano-catalysis

A nanomaterial is defined as a material in which one or more than one of its phase has the
dimension in the nanometer (1-100 nm) size range. Some of the examples of nanomaterials
include supported metal nanoparticles, nanometer sized porous materials, polycrystalline
materials, efc. Nanomaterials are a fruitful area for green catalysis as they can be engineered
suitably to possess different nano state and high surface area. The production of nanoparticles
by employing green chemistry principles can lead to less hazardous chemical syntheses and
an immense reduction in waste production.”” Nanostructured materials act as potential
candidates for the inventive catalyst since the nano-sized particles enhance the exposed
surface area of the dynamic part of the catalyst, thus dramatically increasing the contact
between reactants and catalyst and mimicking the homogeneous catalysts. Conversely, their
insolubility in solvents renders the easy separation of catalyst from the reaction mixture
similar to heterogeneous catalysts, which in turn makes the isolation of product
nonproblematic. Moreover, the activity and selectivity can be controlled by tailoring the
physical and chemical properties of nano-catalyst such as size, shape, morphology and
composition (Figure 1.6).” In view of a number of potential advantages (Figure 1.7),** nano-

catalysts have been the matter of substantial attention in academic and industrial research.

Nano-size.ie.
high surface
arga

Contact between
reactants and
catalyst
increases
dramatically

Can tailor the
physical and
chemical
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homogeneous
catalysts

Insoluble in the
reactionsolvent

Figure 1.6. Properties of nano-catalysis
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Figure 1.7. Advantages of nano-catalysis

1.7. Fundamentals in Catalyst Preparation

The design of a catalyst covers the entire aspects specifically from the selection of the
active phase to the preparation method and attempt to optimize factors such as turnover
number, stability, solubility, ease of separation from the reaction mixture, etc. Changes in the
selection of metal or ligand can afford significant improvements in energy consumption,
selectivity, and solvent utilization. The criteria for a good catalyst are homogeneity, uniform
particle size distribution, activity, selectivity, suitable shape, mechanical stability, efc.
Moreover, catalysts are often nano-structured and adapted pore structure. The heterogeneous
catalyst may generally be a solid or an active phase is immobilized on a solid inert matrix.
Generally, the catalysts are classified as bulk catalysts or supports and impregnated catalysts
according to the preparation procedure. Depends upon the preparation methods, the
catalytically active phase is created as a new solid phase or the active phase is fixed or
introduced on a pre-existing solid through a process which inherently depends on the surface

of the support.?

1.7.1. Preparation Techniques for Bulk Catalysts and Supports
Precipitation and co-precipitation method, sol-gel method, solvothermal reaction, solid-
state reaction and flame spray pyrolysis are the routes employed for the preparation of bulk

catalysts and supports.
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In the precipitation process, the desired constituent is precipitated from the solution and
using this method bulk catalysts and support material are prepared. Co-precipitation is
employed for the preparation of catalysts based on more than one component. In co-
precipitation method, the solutions containing the salt of the metal and the salt of a
compound that will be converted into the support are stirred with a base so as to precipitate
as carbonate and/or hydroxides. After washing, these can be converted to oxides via
heating.® Metal salt solutions and support precursors are mixed and then calcined. This
method was widely used owing to its simplicity, reproducibility and cost-effectiveness. The
co-precipitation method has some advantages such as production of nanoparticles in bulk
quantities in a relatively short time, make use of inexpensive and easily available chemicals
as precursors, easy control of composition and particle size, different possibilities to alter the
particle surface state and homogeneity.

In sol-gel method, the porous materials are prepared by solidification from a solution
phase (without precipitation). The reaction proceeds via two steps namely hydrolysis and
condensation. The mixed oxide catalysts are synthesized by sol-gel methods. The versatility
of this technique permits the control of the texture, homogeneity, composition, structural
properties of solids, low calcination temperatures (reducing the undesired aggregation of the
particles) and makes the feasible production of tailored materials.”’”*® In solvothermal
reaction, precursors are dissolved in hot solvents and if the solvent is water, the process is
named as the hydrothermal method. Solvent other than water can afford milder reaction
conditions.

The solid-state reaction method is the extensively used technique for the preparation of
polycrystalline solids starting from a mixture of solid materials. Solids do not react
simultaneously at room temperature at normal time gaps and it is essential to heat at higher
temperatures (1000-1500 °C) to occur the reaction at an appropriate rate. The feasibility and
rate of a solid-state reaction depend on reaction conditions, surface area of the solids,
structural properties of the reactants, reactivity and the thermodynamic free energy.”’ Flame
spray pyrolysis is a novel one step method for the preparation of nano-sized particles. In this
process, a liquid feed metal precursor is dissolved in an organic solvent and is sprayed as

micrometer sized droplets into a flame zone with an oxidizing gas. The spray is combusted
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and the precursor is transferred to nanosized metal oxide or metal particles, depending on the

operating conditions and the metal.*

1.7.2. Basic Preparation Techniques for Supported Catalysts

Several industrial catalysts contain metals and the interaction between the support phase
and the active phase can influence the catalytic activity. Impregnation method, deposition-
precipitation method, inert gas condensation method and inert structured media are the
techniques used for the preparation of supported catalysts.

Impregnation method is simple, economic and capable to furnish a reproducible metal
loading. In this procedure, the support makes contact with certain amount of solution of the
metal precursor, usually a salt and is aged for a short time, dried and calcined. There are two
types of impregnation method namely incipient wetness or wet impregnation which depend
on the amount of solution used for this process. In the wet impregnation method, an excess
amount of solution compared to the pore volume of the support is used.”® But in incipient
wetness impregnation method, the volume of the solution utilized is equal or slightly less
than the pore volume of the support. The loading is restricted by the solubility of the
precursor in the solution.” Replacement of an ion which is in an electrostatic interaction with
the surface of the support by another ion species is carried out via ion exchange process.

Deposition— Precipitation method includes two steps specifically precipitation from bulk
solutions or from pore fluids and interaction with the support surface. The metal precursor is
dissolved and the pH is adjusted to achieve a complete precipitation of the metal hydroxide.
Then it is deposited on the surface of the support, calcined and reduced to the elemental
metal.> The major problem is to permit the precipitation of the metal hydroxide particles
inside the pores of the support, consequently, the nucleation and growth on the support
surface occur which will lead to the uniform distribution of small particles on the support.*®

In the inert gas condensation technique, nanoparticles are produced by the evaporation of
a metallic source in the presence of an inert gas, and this method is used to generate fine
nanoparticles. Physical Vapour Deposition (PVD)-(no catalytic interaction) and Chemical
Vapour Deposition (CVD)-(with catalytic interaction) methods are the two processes used in
this technique. In chemical vapour deposition process, a solid is deposited on a heated

surface from the vapour or gas phase through a chemical reaction. In thermal CVD, the
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reaction is stimulated by a temperature higher than 900 °C. A typical device comprises a gas
supply system, an exhaust system and a deposition chamber.*'~

In inert structured media method, the particles are prepared in the structured medium by
imposing constraints in the form of matrices such as zeolites, layered solids, molecular
sieves, micelles or microemulsions, gels, polymers and glasses. By imposing the structure in
the form of matrices, the growth kinetics can be slowed down and the size can be limited
with well-defined structures.>

The obtained heterogeneous catalysts are characterized by structural analysis, thermal

analysis, spectroscopic techniques and microscopic techniques.

1.8. Catalytic Applications of Supported Metal Nanoparticles

Modern nanotechnology methods clearly propose an enormous potential for future
developments of supported nanoparticles based heterogeneous catalysts.** The unsupported
metal nanoparticles may undergo aggregation and poisoning under the reaction conditions
which lead to the deactivation with loss of catalytic activity. In order to inhibit the
aggregation and generating highly active well dispersed homogeneously sized metal
nanoparticles, supports are used and the resultant materials are termed as supported metal
nanoparticles. The properties of supported metal nanoparticles are associated with the
specific particle morphology (shape and size), concentration, metal dispersion and the

electronic properties of the metal inside the host environment.**

With the advantages of
heterogeneous supports, supported metal nanoparticles are considered as ‘green’ catalysts
and possess higher selectivity, yield, conversion, and catalyst recovery.

Porous and non-porous materials are used as supports for the preparation of supported
metal nanoparticles. A porous material is normally a solid that consists of an organized
network of pores. Various natural substances such as clays, rocks, biological tissues and
synthetic materials including metal oxides, ceramics, carbonaceous materials, membranes,
etc. can be regarded as porous materials. Nonporous materials do not have any voids or pores
in their structure and these comprise metals, glass, foils, hard plastic and various polymers
including polypropylene, polyethylene, etc. In spite of the utilization of these common

supports, other biomaterials and biomass have been used for the preparation of supported

metal nanoparticles. He and Zhao reported the preparation of supported metal nanoparticles
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using various biopolymers as supports including chitosan, cellulose and poly(allylamine)
gels.*

A broad range of supported noble metal nanoparticles (Ag, Au, Pt and Pd) and supported
transition-metal nanoparticles (Fe, Ni and Cu) have been reported. The supported metal
nanoparticles based on transition metals have been widely used in industrial processes such
as reforming, hydrogenations and Fischer-Tropsch synthesis. Metallic Au nanoparticles well
dispersed on different supports with sizes ranging from 1 to 10 nm have been extensively
employed in the oxidation of CO. Various supported metallic Au nanoparticles have been
synthesized and exploited in a wide range of catalytic applications in oxidation, epoxidation,
hydrogenation, C-C coupling reactions, etc.*

Supported metallic Pd nanoparticles have been widely employed in C-C bond forming
reactions such as Suzuki, Sonogashira, Heck and related C-C couplings. For eg. Metallic Pd
nanoparticles supported on carbonaceous materials, alumina-and silica-based oxides,
siliceous mesocellular foams (MCF), commercial magnetic nanoparticles, natural porous
materials, mesoporous biopolymers and other polymers such as polyaniline nanofibers,
polysilane, efc. have been accounted as highly active and reusable catalysts for the coupling
of a variety of aryl chlorides and bromides with aryl boronic acids. Budarin ef al. synthesized
biopolymers based highly active, dispersed and reusable metallic Pd nanoparticles that
afforded quantitative conversion of starting material to the cross-coupled product within a
few minutes. Gallon et al. prepared polyaniline nanofibers based supported metallic Pd
nanoparticles as semi-heterogeneous catalysts which is used for C-C couplings in water.
Sonogashira reaction, Heck reaction, oxidations, hydrogenations, hydrodechlorinations, C-H
activation, etc. were catalyzed by various supported Pd nanoparticles as heterogeneous
catalysts.”*’

Most of the supported Pt nanoparticles have been utilized in hydrogenations or in
electrocatalytic oxidations for fuel cell applications, selective oxidation of CO, alkenes,
alcohols, vitamin precursors such as I-sorbose to 2-keto- I-gulonic acid, and the
dehydrogenation of methylcyclohexane. Metallic platinum nanoparticles supported on acidic
AI-MCM-48 were reported by Campelo ef al. for the hydroisomerization of n-alkanes. In

addition, metallic Pt nanoparticles impregnated magnetic nanoparticles were used as

heterogeneous catalyst for the hydrogenation of alkynes and «,f-unsaturated aldehydes.
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Moreover, layered double hydroxide supported nanoplatinum catalysts were reported as good
catalysts for the allylation of aldehydes.*®®

Silver and silver-based compounds show antimicrobial properties. Consequently,
applications of metallic Ag nanoparticles have been related to medical/biological areas and
also find applications in catalytic fields. Supported metallic Ag nanoparticles found
application in industry for the synthesis of epoxides and aldehydes by means of the selective
oxidation of alkanes and alkenes and have employed in the hydrogenation of dyes including
rose bengal, methylene blue, eosin and rhodamine 6G. Metallic Ag nanoparticles supported
on alumina and calcium carbonate are selective and highly active in the epoxidation of
ethylene. In recent times, Chimentao et al. synthesized supported Ag metal nanoparticles on
alumina and MgO for the gas-phase oxidation of styrene and Mitsodume et al. reported
supported Ag nanoparticles on hydrotalcites for the oxidant-free dehydrogenation of
alcohols.’**

Supported metallic Rh nanoparticles were used as heterogeneous catalyst for the
reduction of 1-alkenes, arenes, ketones, various ,f-unsaturated compounds and CO.
Savastenko et al. reported the reduction of lean NOyx by means of supported metallic Rh
nanoparticles on SiO,. Bao and co-workers synthesized catalytically active Rh metal
nanoparticles impregnated carbon nanotubes for the transformation of CO and H, into
ethanol and alumina-supported metallic Rh nanoparticles were used for the ring opening of
cyclohexane producing n-hexane with n-pentane and benzene as major products. Rh/TiO,
materials with 0.004 % Rh loadings also found application in the partial oxidation of
propylene with 13 % yield.***

Supported metallic Ru nanoparticles are regarded as active heterogeneous catalyst in
diverse catalytic processes. Silica or alumina-supported ruthenium reduces nitrogen oxide to
nitrogen and the hydrogenation of aromatic compounds such as methyl benzoate, tetralin, 2-
methoxycarbonylphenyl-1,3- dioxane and CO were carried out using Ru/HY and Ru/Al,O3
catalysts. Moreover Miyazaki et al. prepared supported metallic Ru nanoparticles on y-Al,O3
for ammonia synthesis. Li et al. synthesized Ru nanoparticles on SBA-15 successfully and
used for the partial oxidation of methane with oxygen to provide a mixture of CO and H,. In

addition, Pan et al. reported the Ru multiwalled carbon nanotubes for preparing sorbitol by

the hydrogenation of glucose. Furthermore, Ru/y-Al,0; materials and Ru nanoparticles
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supported on hydroxyapatite were investigated in the Fischer-Tropsch synthesis and cis-
dihydroxylation and oxidative cleavage of alkenes respectively.’**!

In iron oxide nanoparticles preparation, the absolute reduction of Fe >* /Fe * " to metallic
iron is extremely challenging as compared to transition/noble metals due to its high
electropositive standard reduction potential. Consequently, only a small number of reports
can be found for the catalytic activity of supported metallic Fe nanoparticles. Various
supported metallic Fe nanoparticles were synthesized using a range of supports including
silica, MCM-41, starch and cellulose. Fe/MCM-41 materials were used in the oxidation of a
wide range of alcohols using hydrogen peroxide as green oxidant under microwave
irradiation.****

Ni metal nanoparticles supported on carbon and silica have been extensively investigated
for the hydrogenation of aromatic compounds in gas phase and Ni and Ni-Cu metal
nanoparticles supported on inorganic materials such as sepiolite and AIPO4 were also
explored in the liquid-phase hydrogenation of propargyl alcohols and fatty acid ethyl esters.
Ni/ZrO; and Ni/Al,0O; materials were reported for the steam reforming of methane and
supported nanosized nickel on carbon nanotubes catalyzed the thermal decomposition of
ammonium perchlorate, which is the common oxidizer used in composite solid propellants.
Kim et al. synthesized Ni on multiwalled carbon nanotubes that can efficiently catalyze the
gas-phase dissociation of hydrogen molecules to afford atomic hydrogen.’**

Cu metal nanoparticles on metal oxides were reported for the selective dehydrogenation
of methanol and Cu-Al,0O; materials were investigated as an active and selective
heterogeneous catalyst for the aziridination and cyclopropanation of a variety of alkenes such
as styrene, cyclohexene and related aromatics. Similarly, the same metal nanoparticles were
utilized in the synthesis of 1,2,3-triazoles, providing the products in moderate to high yields.
Lately supported Cu metal nanoparticles were found to be active in the water gas shift
reaction.”®**

1.9. Supported Gold Nanoparticles as Catalysts
Bulk gold metal is regarded as inactive; conversely, gold nanoparticles or nanoporous

gold possesses a high surface to volume ratio which leads to high chemical reactivity. To

date, the majority of work has been focused on gold nanoparticles based heterogeneous
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catalysis, due to their easy preparation methods along with remarkable synergistic effect of
support on various reactions. Moreover, size or distribution of gold nanoparticles on the
support can be controlled by the preparation method, and these heterogeneous catalysts often
exhibit high regio and chemo-selectivity compared to other transition metals. Catalysis using
supported gold nanoparticles is an area of great deal for organic chemists and researchers
owing to its green and sustainable chemistry exhibited in organic transformations and the
catalytic activity is directly correlated to the particle size in the nanometer scale. A variety of
reactions such as oxidation of alcohols and aldehydes, hydrochlorination of ethyne,
epoxidation of propylene, carbon-carbon bond formation, efc. are catalyzed by supported
gold nanoparticles as heterogeneous catalysts. Gold nanoparticles supported on different
materials such as Al,Os;, ZrO,, SiO,, TiO,, SBA-15, CeO,, C, efc. were used as
heterogeneous catalysts for investigating its catalytic activity towards various reactions. **°

Catalytic hydrogenation, one of the most important industrial reactions, was extensively
studied using supported gold nanoparticles and found that supported gold nanoparticles act as
a promising catalyst towards selective hydrogenation reactions. Selective hydrogenation of
1,3-butadiene, a,f- unsaturated aldehydes, efc. are some of the important reactions performed
by supported gold nanoparticles. In industry, the catalytic hydrogenation of nitroarene is
considered as an important technology and development of an effective catalyst for this
hydrogenation is extremely desirable. Supported gold nanoparticles effectively carried out
these conversions. In addition, the y-butyrolactone and pyrrolidone synthesis by succinic
anhydride hydrogenation or amination-hydrogenation using Au/Ti0O, catalyst was reported.
Recently, the nano-gold-catalyzed deoxygenation of epoxide, in presence of alcohols as the
reducing agent with Au/hydrotalcite (HA) catalyst and Au/TiO, catalyzed hydrogenative
reduction of aldehydes with isopropanol as the reducing agent were reported.

Selective oxidation reactions which convert bulk chemicals to valuable products of a
higher oxidation state using green oxidation systems is a fundamental goal in catalysis and
nano-gold catalysts offer an excellent choice to construct green oxidation methods. Selective
oxidation of benzylic and allylic C-H bonds, cyclohexane, etc. were carried out with the help
of Au/C or Bi, Au/C, Au/SiO;, Au/CeO,, Au/TiO, Au/ZSM, Au/MCM-4, Au/SBA-15,
Au/Al,O3, Au/TS-1 and Au-Pd/TiO, as heterogeneous catalysts. Moreover, selective

epoxidation of olefin especially, propylene epoxidation, with oxygen, air, or H/O, using
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supported nano-gold catalysts is the major achievement in gold catalysis. Also, aldehydes
and ketones are produced via selective oxidation of alcohols using supported gold
nanoparticles. Polyols such as ethylene glycol and 1,4-diols were selectively oxidized by
carbon- or alumina-supported nano-gold catalyst and Au/HT, Au/Fe;O4 respectively.

Nano-gold catalysts such as Au/CeO,, Au/C, Au/ZnO and Au/TiO, possess very good
catalytic activity towards aerobic oxidation of aldehydes. Furthermore, selective oxidation of
amines explicitly imine synthesis and N-formylation of amines were successfully performed
by Au/C, Au/TiO, Au/HAP, efc. Silanes oxidation and hydrosilylation reactions are other
two important reactions which were efficiently achieved by supported gold nanoparticles
(Aw/TiO,, AWHAP and Au/Al;O3) using H,O or molecular oxygen as oxidant. In addition,
oxidation of biomass such as glucose, glycerol, cellobiose and arabinose were made by
various supported gold nanoparticles as heterogeneous catalysts.

Green synthesis of vinyl chloride using a mercury-free catalytic system is an important
goal in catalysis and chemical industry. This was realized by hydrochlorination of alkynes
using Au-M/C (where M = Pd and Pt) bimetallic catalyst. Another important reaction is the
C-C bond formation reactions, the versatile tool in synthetic organic chemistry, and nano-
gold displayed specific activity in some of these types of reactions. Supported gold
nanoparticles specifically Au/CeO, catalyzed coupling reaction such as Suzuki Miyaura and
Sonogashira as well as nano-gold supported on aluminum oxyhydroxide (Au/AIO(OH) for
aerobic oxidation of alcohol and sequential C-C bond formation with ketone were also
reported. Besides, benzylation of aromatics by benzyl alcohol was catalyzed by Au/SiO, and
substituted phenols synthesized using Au/Ti0,.

Another important reaction is the C-N bond formation reaction which includes amination
reactions and nucleophilic addition reactions and a variety of supported gold nanoparticles
were effectively used for catalyzing these reactions. In addition, carbonylation reactions such
as carbamates synthesis, carbonates synthesis and hydroformylation reaction were catalyzed
by Au/polymer, Au/CeO,, Au/SiO;, Au/C or Co304 etc. Three-component coupling reactions,
cyclization reactions and epoxide isomerization to allylic alcohol are some of other reactions
which were accomplished by supported gold nanoparticles catalysts. Nano-gold catalysis

remains as a hot research area in catalysis owing to its application toward industrially
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important chemical reactions and plays a significant role in the development of green
chemistry and sustainable chemical industry.
The second aspect of this chapter illustrates the green approaches towards sensing

application of hybrid materials.

1.10. Chemosensors

Chemosensors are miniaturized devices that can deliver real time and online
information on the presence of specific compounds or ions in even complex samples™ and
play a vital role in the analytical chemistry, environmental chemistry and bio-medicinal
science.”’ Chemosensors afford a precise and inexpensive identification of toxic heavy metal
ions, anions and enzymes with high sensitivity and selectivity.’”> Chemosensors utilize
specific transduction techniques to report analyte information and the most extensively used
techniques are optical absorption, redox potential luminescence, spectroscopic parameters,
optical parameters, such as reflectivity, refractive index, efc.”> An optical change can be
evident as either an alteration to the colorimetric determination via UV/Vis spectroscopy, the
absorbance profile of the probe, or an enhancement or quenching of the emission profile of
the probe, enabling measurement of intensity and emission wavelength by fluorescence
spectroscopy. In addition, an electrochemical change ensuing from a change in redox
potential or current may be measured by voltammetry.

Sensors may be divided into two categories, namely electronic sensors and optical
sensors” which depend on the type of signals produced as a result of the binding event.
Electronic sensors produce changes in the electrochemical properties whereas optical sensors
bring changes in the optical properties. Electronic sensors are mainly classified into five
categories and they are ion-selective electrodes (ISEs), field-effect transistors (FETs),
electroactive sensors, biosensors and microelectrodes. The optical sensors can be divided into
two categories namely chromogenic chemosensors and fluorogenic chemosensors. In
chromogenic chemosensors, the host binds the guest and signaling unit exhibits changes in
colour but in fluorogenic chemosensors, the interaction between the host and the guest
moiety displays the change in fluorescence properties of the signaling unit. The development
of colorimetric sensors is significant as the naked eye detection can provide qualitative and

quantitative information devoid of any spectroscopic instrumentation. The fluorescence
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measurement is versatile, very sensitive, and gives the sub-micro molar level estimation of
guest species. A wide array of optical chemosensors have been reported and based on the
nature of analyte the chemosensors are broadly classified as cations sensors, anion sensors
and neutral sensors.

A variety of fluorescent probes have been developed for the detection of diverse analytes
via different types of emission mechanisms. If a fluorophore is used as the transducer
component of a chemosensor, fluorescence spectroscopy is utilized for the sensing studies.
Various photophysical mechanisms”® are used for the fluorescence sensing of analytes
which include photoinduced electron transfer (PET), Forster resonance energy transfer
(FRET), charge transfer (CT), excimer formation and aggregation induced emission (AIE) or
aggregation caused quenching (ACQ).”’

PET-based chemosensors comprise of a receptor-spacer-fluorophore system or intensity-
based probes which upon excitation, PET occurs from the receptor HOMO to the HOMO of
the excited fluorophore. The formerly excited electron is not capable to come back to its
original ground state, back-donated to the receptor and fluorescence is quenched (‘off state).
When a cation binds, electrons are donated from the receptor to the cation and the redox
potential of the receptor is increased. This lowers the energy of the HOMO of the receptor to
less than that of the HOMO of the fluorophore. Consequently, the PET process becomes
inactive and the excited electron in the LUMO of the fluorophore returns to its original
ground state with fluorescence emission (‘on’ state).

Many chemosensors utilize internal (or intramolecular) charge transfer (ICT)
mechanism, for which sensor molecules have both electron-rich and electron-deficient
moieties within a conjugated m system that incorporates both the receptor and the
fluorophore. Upon excitation, delocalization of electron density (CT) from the electron
donating group to the electron accepting group occurs and a dipole moment is produced
within the molecule. When an analyte binds, this dipole moment may be enhanced or reduced
which depends on the nature of the analyte and the sensor molecule. The reduced dipole
moment will effect in decreased molar absorptivity and absorbance and fluorescence
emission will be blue-shifted. Conversely, an increased dipole moment will result in an
enhancement in molar absorptivity and absorbance and fluorescence will be red-shifted.

Other charge transfer methods include twisted internal charge transfer (TICT) and metal-
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ligand charge transfer (MLCT). In addition, charge transfer pathways are greatly dependent
on polarity of the solvent.”

Excimers are dimers of fluorophores and are formed by the interaction of the excited
state fluorophore with the same fluorophore in its ground state. Exciplexes work on a similar
principle, but fluorophore in the excited state and the fluorophore in the ground state are
different. The emission spectrum is red-shifted for an excimer/exciplex compared to the
monomer, and a dual emission from the excimer/exciplex and the monomer is often observed
simultaneously. Moreover, stacking or deformation of fluorophore excimers upon analyte
binding may be perturbed which facilitate the exploitation of such systems as ratiometric
probes by monitoring the excimer/exciplex band.*

Forster resonance energy transfer (FRET) is a non-radiative energy transfer from an
excited energy donor fluorophore to an energy acceptor via long-range dipole-dipole
interactions. When FRET operates, emission from the original excited fluorophore is not
detected but from the acceptor is excited. If an appropriate fluorophore is selected, the
emission wavelength is far red-shifted compared to the original excitation wavelength of the
donor. The efficacy of a FRET process is established by the spectral overlap between the
emission and the absorption profile of the donor and the acceptor respectively, the orientation
of the dipole moments of acceptor and donor and the distance between the donor and
acceptor units. Thus ratiometric probes can be achieved by the disruption of a FRET process
upon analyte binding.!

Fluorophore aggregation is commonly escorted by a decrease in fluorescence intensity
(aggregation-caused quenching, ACQ), owing to the formation of species with inferior
fluorescence properties. The complementary phenomenon aggregation-induced emission
(AIE) works with molecules that consist of ‘rotors’ such as phenyl groups, enabling non-
radiative decay paths for electrons of excited AIE fluorophores. When such molecules
aggregate, the restriction of motion (RIM) or rotation (RIR) inhibits non-radiative pathways
because of steric interactions, which enables the radiative decay and fluorescence
enhancement is observed.*

UV/Vis absorption spectroscopy can be utilized to detect and quantify the hazardous
metals ions, hydrocarbons and volatile organic compounds based on the Beer-Lambert law

and the absorbing wavelengths are characteristic of each molecule and are termed as the
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absorption spectrum. The UV/Vis spectrum results from the transition of electrons and the
absorption spectrum consist of peaks (bands) of different wavelengths, each corresponding to
a fraction of light absorbed. Certain absorption bands are considerably more pronounced and
consequently more suitable for measurement. The quantity of light absorbed at a particular
wavelength is proportional to the concentration and strength of the molecule at that

wavelength and length of the optical path through the sample.®®

1.11. Hybrid Sensors

Development of sensors that consent to the sensitive, selective, and rapid recognition of
metal ions and anions constitutes a significant research area in the biological, environmental,
and industrial fields. In the past few decades, a variety of colorimetric and fluorescent probes
for the detection of metal ions or anions were reported based on small molecule sensors.**
However, a number of inevitable and important issues such as poor solubility in aqueous
solution, low detection sensitivity, easy photobleaching, and difficulties in terms of the
separation and removal of the sensors and metal ions or anions from the environmental and
biological samples limit their practical applications. Consequently, developing hybrid
sensing materials intended for the selective detection and efficient removal of analytes is also
an active and promising research area.

A hybrid material consists of minimum two components, typically an organic and an
inorganic component that are molecularly dispersed in the material. A number of hybrid
materials were investigated in the field of ion recognition. The receptor-grafted inorganic
supports have several significant benefits as heterogeneous hybrid sensing probes in the
solid—liquid phase. The grafted receptors on the inorganic matrices can release the guest
species from the contaminated aqueous solution. Subsequently, the hybrid sensing materials
can be recovered and reused by suitable chemical treatments. These hybrid materials exhibit
high sensitivity, selectivity, and rational absorption and fluorescence changes as a result of
their superior structural properties.®>*® Some inorganic materials, such as mesoporous silica,
Fe;O4 particles, polymer materials, core-shell silica materials, efc. can be employed as
inorganic supports in hybrid sensors as these materials can possess some good structural
properties.®’” According to the inorganic materials used in the hybrid material, hybrid sensors

are categorized into mesoporous silica-based hybrid sensors, magnetic nanoparticle based
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hybrid sensors, magnetic core-shell particle based hybrid sensors, surface-grafted composite
based hybrid sensors, polymer based hybrid sensors and host-guest interaction based hybrid

sensors.68

1.11.1. Mesoporous Silica-Based Hybrid Sensors

Bhaumik and Banerjee et al. reported a 3-aminopropyltriethoxysilane-functionalized,
2D-hexagonal mesoporous silica MCM-41 material grafted with 4-methyl-2,6-diformyl
phenol (DFP) as a hybrid sensing material®® for the selective detection of Zn®" with a
detection limit was 6.54 ng L. Additionally, this material was successfully exploited to
selectively image intracellular Zn®* ions. Han e al. reported a Cu®" sensing material
RSPMOs®® which showed high selectivity and sensitivity towards Cu®" in ethanol-HEPES
(9:1, v/v) aqueous solution with the detection limit of 6.5 ppb. A fluorescence sensor,
P(OEGMA-co-RhBHA) coated MSN(CQA) was constructed by the immobilization of
quinoline-based Zn*" probes and RhB-based Hg®' into the outer and inner surface of
mesoporous silica nanoprobe (MSN) respectively and this dual optical detection channels can
offer an excellent barrier for FRET between the two sensors as they showed concurrent
detection for Zn®" and Hg*" ions.””° In 2011, Li ef al. reported a novel mesoporous silica
nanoprobe decorated with a rhodamine derivative containing the thiourea group, MSN-
RBH® as a chemodosimeter-functionalized nanosensor for detecting Cu?" which offered a
selective detection of Cu®" over Hg*™ with an obvious solution color change (from colorless
to purple), even in the presence of other metal ions in aqueous solution. The detection limit
of this hybrid sensor was estimated to be 2 #M and it can be used to bio-image intracellular
Cu”" due to its water solubility, membrane permeability and nontoxic nature.

Tao et al developed multifunctional sensing material QC;,Et;Br/silica material®*®
having a strong blue-green fluorescence and its fluorescence intensity can be quenched with
the binding of PPi (pyrophosphate) and PP (phosphate) anions. The detection limit of this
sensor to PPi was 1.78 ppm and this synthetic strategy can provide a very important
development in the large-scale fabrication of high-quality sensing materials. Moreover, an
organic-inorganic silica material, SBA-P2°' exhibited a high affinity for Cu®" with
fluorescence quenching via photoinduced energy transfer (PET) mechanism in water solution

with a detection limit of 0.65 ppb. Kim ef al. prepared a mesoporous silica-based
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anthraquinone chemodosimeter, MSIA (Figure 1.8)"° which exhibited high selectivity
towards Cu®" over other metal ions with significant color change (red to yellow) and blue-
shifted absorption band in a 1: 1 stoichiometry. Furthermore, Jun and Kim et al. reported
pellet-type nanocomposites, MSIND-Cu®® and is used to selectively detect PPi in 100 %
aqueous solution with a low detection limit (10 ppb) as well as excellent reusability and

reproducibility.

Figure 1.8. Proposed structures of MSIA before and after extraction with Cu*

In 2011, Tian e al. synthesized a fluorescence sensing material, MCM-2T®" which
exhibited a ratiometric fluorescence change towards Hg”" ions with excellent sensitivity and
selectivity in CH;CN/H,O solution (1: 1, v/v) with a detection limit of 8.0 x 10°® M. Also,
this hybrid sensor showed good optical properties and removes the Hg>" from aqueous
solution with adsorption capacity of 234.88 mg g'. Rurack et al. reported a 3D hybrid
material U1%" for the colorimetric detection and removal of Hg*" with a significant

fluorescence response in aqueous solution with a detection limit of 0.1 ppm.

ms&m#uwoy‘
= Y

NEHG

Hollow-sensor

. - ‘ '—* channel
PS mirosphere Sensor  hollow microsphere

Figure 1.9. Synthesis of hybrid silica hollow-sensor

In 2015, Yan et al. synthesized a multifunctional organic-inorganic hybrid sensing

material, RB-KCC-1%% for the sensitive, selective and ‘‘naked-eye’” detection of Hg*" ion in
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aqueous solution with the detection limit of 9.05 x 107 M and was effectively exploited to
monitor the Hg”" ions during the growth of living SMMC-7221 cells. Li and Zhang et al.
reported a highly sensitive hollow-sensor (Figure 1.9)’" as a naked eye Hg*" detector over a
large pH range and removed the Hg®" ions from aqueous solution with the adsorption

capacity of 32.2 mg g™

1.11.2. Magnetic Core-Shell Particle Based Hybrid Sensors

Jung’s group developed a BODIPY-functionalized magnetic silica sensor, N-17** for the
in vivo monitoring of Pb>". Upon the addition of Pb>" ions, N-1 showed a chelation enhanced
fluorescence (CHEF) which was characteristic of the blocking of PET and the association
constant was calculated to be 1.05 x 10° M. Wang and He et al. reported hybrid sensing
silica material Fe;O4@nSiO,@ mSiOz-T-TRDNA72b which can concurrently detect and
remove the Hg”" ions from the water samples and about 80 % of Hg”" was removed within
1h. In 2012, Li et al. synthesized a novel magnetic core-shell MMS-Py’* for highly selective
and sensitive monitoring and removal of Hg”" in aqueous solution with a detection limit of
1.72 ppb. The fluorescence properties of this hybrid sensor are stable and reversible over a
pH range between 4.0 and 9.0 and it can be employed as a recyclable sensor for fast and
efficient removal of Hg2+.

Xiao et al. developed a sensitive and selective magnetic core-shell chemosensor NDPA-
Fe304@Si0272d system for detecting glutathione disulfide (GSSG). The addition of Cu*" to
NDPA-Fe304@SiO2 solution resulted in an observable decrease in the fluorescence
emission intensity at 497 nm and a new emission peak at 450 nm appeared simultaneously. In
the presence of GSSG, the emission intensity of NDPA-Fe;04@Si0,-Cu”>" was recuperated
due to the strong binding of Cu®" with GSSG and the detection limit was found to be 50 pM.
In 2014, Liu et al. reported a hybrid sensor R6&MCM-41&F630472e for the detection and
removal of Hg2+. Upon the addition of Hg2+, R6&MCM-41&Fe;04 exhibited “‘off-on’’
emission effect towards Hg®™ ions when the Hg* concentration was as high as 15 x 107 M.
Chen’s group and Yang’s group reported hybrid sensing probes Rd-MCM-41@Fe3O472f and
Fe304@MCM-41@RB72g for the detection of Hg2+ with fluorescence emission ‘‘off-on’’
property and these hybrid sensors can be reused for practical applications. Yan et al. also

synthesized a multifunctional sensing material AQ-Fe3O4@SiOZ@KCC-172h for the detection
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and removal of Zn>" ions. This hybrid sensor exhibited enhanced fluorescence intensity and a
high selectivity and sensitivity toward Zn®" over other metal ions in the aqueous solution. A

72i

novel, ‘all-in-one’ hybrid sensing probe MMMs'~ was developed by Tao et al. which

exhibited excellent sensitivity and selectivity towards Hg*" with the detection limit of 10 ppb.

1.11.3. Magnetic Nanoparticle Based Hybrid Sensors

Wu et al. developed a new reversible magnetic hybrid sensor Fe;04-R6G™* for the
selective detection and removal of Hg*" from aqueous solution with detection limit of 1.5 x
107 M. In 2013, a multifunctional hybrid material BR6G-Fe;04”*° was reported by Wang et
al. which showed high selectivity and sensitivity for AI’" over other competing metal ions in
aqueous solution at pH 7.0. This hybrid sensing probe showed a detection limit of 0.3 ppb
and eliminated excess AI’" in water using an external magnet which indicated that this hybrid
sensor acquired practical application in toxicology and biology. Additionally, Wang’s group
also reported another hybrid sensor that is luminescent europium complex hybrid Fe;Oq4

nanoparticles’™

which can operate as a fluorescent probe for ultrasensitive detection and
removal of Cu®" from the aqueous solution based on the fluorescence quenching method.
This multifunctional hybrid sensor exhibited high sensitivity and selectivity towards Cu®"
ions compared to other metal ions with the detection limit of 0.1 nM and can be used to

detect Cu®" in living HeLa cells.

1.11.4. Polymer Based Hybrid Sensors

Yu et al. reported a rhodamine and quinoline-functionalized nanofilm sensing material
poly(MMA-co-RQ)"* as a colorimetric sensor for Fe*"and PPi. In 2011, Liu ez al. developed
rhodamine functionalized sensing polymer poly(VP-co-GMA-g-RhBH) 7** which exhibited
selective and sensitive detection of Hg”" in water solution with considerably enhanced
fluorescence intensities, and showed color change from colorless to pink. The color change
and off—on fluorescence confirmed that poly(VP-co-GMA-g-RhBH) could act as a naked-eye
detector and selective fluorescent switcher for Hg* ions. A new FRET-based ratiometric
probe using polymer particles as scaffold’*® was reported by Wu and Zeng et al. for sensing
Hg”" in aqueous solution and this sensor offers a method for ratiometric fluorescence sensing

of metal ions in the environmental and biological field.
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Yang et al. reported a nanofibrous film sensor PMAR™*! as a colorimetric and *‘turn-on”’
fluorescent senor for Cu®’ in the aqueous solution with a detection limit of 1.5 x 10° M. In
addition, Chen and Wang e al. synthesized the Cu”" sensing probe based on the electrospun
rhodamine derivative doped poly(ether sulfones) nanofibrous film™* in 2013. Ozay et al.
developed rhodamine-based colorimetric naked eye hydrogel sensors p(AAm-co-RH6GAC)
and p(HEMA-co-RH6GAC) ™ for Fe*' detection in aqueous solution and showed a
minimum detection limit of 0.1 ppm for the p(HEMA-co-RH6GAC) hydrogel hybrid sensor.
Moreover, the hydrogel sensors can be recycled by the treatment with EDTA. In 2011, Wu
and Zeng et al. reported two FRET-based ratiometric hybrid sensors’® for the detection of
Hg”" in aqueous solution utilizing polymeric nanoparticles.

Yi et al. developed a dual-emission ratiometric fluorescent hybrid sensor SiNP-PEIQ"*"
which can afford naked-eye detection of Zn®" This hybrid sensing probe is used for
monitoring and intracellular imaging of Zn®" ions and exhibited good biocompatibility, cell
permeability, water dispersivity, and high selectivity and sensitivity over other metal ions
with a lower detection limit of 0.5 mM. In 2010, Wu et al. reported a FRET-based

™ with the cross-linked polyvinyl alcohol film as the

ratiometric polymeric film probe
support which exhibited high selectivity for Fe’" ions compared to other relative metal ions

and reversibility could be achieved via the treatment with EDTA solution.

1.11.5. Surface-Grafted Composite Based Hybrid Sensors

Shi et al. reported a hybrid sensing material R6G-SiNWs’™

by immobilizing thodamine
6G derivative (R6G) on the surface of silicon nanowires for the selective detection of Cu®*
which displayed an exceptional fluorescence enhancement over other metal ions. Moreover,
the interaction between the R6G-SiNWs and Cu’’ is capable of releasing the fluorophore
moiety from the R6G-SiNWs leading to a significant application in the living cell. In 2012,
Li et al. synthesized a fluorescence-quenching-hybrid sensor, Rh 6G-SiO,”" by the
immobilization of p-hydroxybenzaldehyde rhodamine 6G hydrazone on the SiO, nanosphere
surface for the detection of NO,". The detection limit of this sensing probe was found to be
1.2 mM and the process is reversible.

A reusable dual-functional hybrid sensing material FS” for simultaneous detection and

removal of Hg”" in aqueous solution and serum was reported by Qian and Zhu et al. FS was
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synthesized by grafting naphthalimide derivative of 2,6-bis(aminomethyl)pyridine to the
silica particle surface and this sensing approach possessed some advantages such as
simplicity, low cost and rapidity. Ren ef al. developed a hybrid sensing probe MMZ-RH"**
for sensing, and removing Hg®" with high selectivity over other environmentally and
biologically competing metal ions. This sensor was synthesized by doping multifunctional
magnetic mesoporous nanocomposites and Fe;O4 particles in the zeolite material and the
rhodamine derivative grafted on the surface and the detection limit was calculated to be 3.2 x
107 M. Moreover, MMZ-RH can be employed to efficiently and rapidly remove the Hg*"
from the wastewater.

In 2008, Kim et al. reported a thiol-functionalized rhodamine-based chemodosimeter on
platinum films, PFIR”® which can be exploited as a molecular switch for the recognition of
Cu®’. This hybrid sensing material exhibited a selective, sensitive, and reversible,
fluorescence response to Cu’’ in both the organic and aqueous solution and the detection
limit was about 10 M. Besides, at high concentration of Cu®" (10 M), this hybrid showed
colorimetric response (colorless to pink) and can be realized by the naked eye. Shen et al.
employed a hybrid sensor SAM-1"" by the synthesis of a fluorescent self-assembled
monolayer (SAM) on the glass substrate utilizing the ““click> reaction to detect Hg*" in

aqueous solution and is unaffected over a pH range between 2.0 and 11.0.

1.11.6. Host-Guest Interaction Based Hybrid Sensors

1°* in which the

Yang et al. developed a nanofibrous film based sensing materia
rhodamine-cyclodextrin framework was loaded on the cross-linked adamantane-
functionalized poly(MMA-co-ADMA) nanofibrous film surface by host-guest interaction.
The interactions can be simply controlled by the appropriate selection of geometrically
complementary guest and host molecules such as f-cyclodextrin (host) and adamantane
(guest). When Hg”" was added to the solution of the nanofibrous film probe in DMF-H,O,
the fluorescence intensity was significantly increased, and an observable color change from
white to pink-red was perceived. Furthermore, this hybrid sensing probe can sensitively and
selectivity detect Hg>" over other competing metal ions, and the lower limit of detection was

found to be 6.0 x 10° M. Moreover, in 2013, Yang’s group reported the fluorescent

TSRh6G-p-cyclodextrin  fluorophore/adamantine-functionalized magnetic nanoparticles,
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TFIC MNPs’® as a hybrid Hg”" sensing probe and the results displayed the highly selective
““turn-on’’ type fluorescence emission enhancement with an obvious color change from light
brown to pink. The hybrid material, TFIC MNPs can be used as an efficient adsorbent for the
removal of Hg*" from the aqueous environments.

Organic-inorganic hybrid materials owing to its complementary or synergetic effects
between organic and inorganic components, might result in enhanced performances or
properties and provide promising applications in the field of optics, electronics, mechanics,
ionics, energy, environment, biology and medicines as smart membrane and separation
devices, catalysts, catalyst supports, functional smart coatings, sensors, smart
microelectronics, cosmetics, intelligent therapeutic vectors, efc. Numerous hybrid material
were synthesized via polymerization of macromonomers, functional organosilanes, and metal
alkoxides, the encapsulation of organic moieties in sol-gel derived silica or metallic oxides,
the organic functionalization of nanoclays, nanofillers, or other compounds possessing
lamellar structures, etc. and template growth or self-assembly, nano-building block
approaches, integrative synthesis or coupled processes, bio-inspired processes, etc.’’

In the organic-inorganic hybrid materials, the inorganic host matrices can offer high
thermal, mechanical and chemical stability to the organic molecules. Different types of
supporting materials used for the preparation of hybrid material includes metal oxides,
zeolites, clay minerals, active carbon, carbon nanotubes, carbides and nitrides, magnetic
nanoparticles, hydroxyapatite, hydrotalcite, efc.”® Among them, clay minerals, the materials
of increasing attention because of both structural features and functional relevances including
environmental and biomedical uses, are widely used as support, for the preparation of hybrid

materials, especially as catalysts and catalytic supports.

1.12. Clays

Clay minerals are essentially hydrous aluminosilicates having microcrystalline materials
of very fine particle size usually less than 2um.” While magnesium and iron substitute
aluminium in varying degrees, alkali and alkaline earth elements are also the essential
constituents in clay minerals. Clays consist of continuous two-dimensional sheets of
tetrahedral silica sandwiching octahedral alumina. Water is present in both within the

structure and sorbed on the surface. These substitutions cause wide diversity in clay minerals.
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According to the difference of charges on clays, there are two types of clay minerals namely
cationic clays and anionic clays. Cationic clays consist of negatively charged aluminosilicate
layers with small cations in the interlayer space to balance the charge and anionic clays have
positively charged brucite- type metal hydroxide layers with anions intercalated in the
interlayer region together with water molecules. Cationic clays are widespread in nature but
anionic clays are rare and are usually synthesized.®

Based on the structure, clays can have a 1:1 and 2:1 layered structure. When one
octahedral sheet is linked to one tetrahedral sheet, it is called 1:1 silicate. In 2:1 silicate, one
octahedral alumina sheet is sandwiched between two tetrahedral silica sheets. Kaolin and
serpentine are the examples of 1:1silicates, smectites and vermiculites constitute 2:1 silicates.
Smectites groups are widely used in various branch of industry due to their high cation
exchange capacity, swelling ability and high surface area. These properties are critical for the
successful development of sorbents. The most common smectite is montmorillonite whose
octahedral sites are occupied mainly by AI’", but partly by Fe’" and Mg®". The tetrahedral
sites of montmorillonite normally contain Si** as the central atom with some A’
substitution.

The distinguishing feature of the smectite structure is that water and other polar
molecules (in the form of certain organic substances) can enter into the unit layers, causing
the structure to expand but kaolin does not allow expansion.®" Surface modifications of clay
minerals have received attention because it allows the creation of new materials and new
applications. Active sites in clay mineral surfaces are very important because they determine
the chemical reactions that the clay can undergo. There are six kinds of active sites namely
isomorphic substitution sites, hydrophobic sites, broken edge sites, neutral siloxane surface,
metal cations occupying cation exchange sites and water molecules surrounding the
exchangeable cations. Among these active sites, the first four sites are more important for
modifying clays to be developed as sorbents.

Isomorphic substitution can create a kind of active site in the clay lattice of 2:1 layer
silicates. For the sorption of polar and charged organic materials, isomorphic substitution
sites are important. Hydrophobic sites are also one of the active sites in clays. Sorption of
organic molecules on clay surfaces can create a hydrophobic nature to the clay surface. The

most common example is the exchange of interlayer cations with organic cations (eg.
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tetraalkylammonium cations) on montmorillonite. Smectite surfaces have a high selectivity
for organic cations such as hexadecyltrimethyl ammonium cations. The edges of the particles
which bear broken- end hydroxyls such as Si-OH and AI-OH are very important sites for
adsorption. These active sites are dependent on pH value of the solution. In some cases,
organic molecules (example phenol) do not replace the exchangeable metal cations, but
coordinate directly to the metal cations which occupy the exchangeable cation sites. Neutral
siloxane surface also acts as active sites in clay minerals.™

General methods for the synthesis of organoclays include displacement reactions,
grafting reactions, cation exchange reactions and solid-state reactions. Displacement
reactions occur when water molecules in the interlayer space of smectites and vermiculites
are displaced by polar molecules. The interlayer cations can be exchanged by various types
of organic cations. Grafting reactions, i.e., the reaction in which covalent bonds are formed
between reactive surface groups and organic species, are important steps to hydrophobise the
surface of many clay mineral particles. Only the 2:1 clay minerals that provide the silanol
and aluminol groups on the edge surface react with organic compounds by grafting reactions.
Intercalation reaction occurs by topotactic insertion of mobile guests into an accessible
crystallographic site in the layers in the layered host structures.

Cation exchange technique consists of the exchange of interlayer cations of the clay
mineral by quaternary alkylammonium cations in aqueous solution. In some cases other
kinds of organic compounds have been used. The quaternary alkylammonium salts are
cationic surfactants and are the most used organic compounds to prepare organoclays.
Modifications of clay minerals also have been performed with quaternary alkyl ammonium
salts associated with other organic compounds. Organic molecules can be intercalated in
dried clay minerals by solid-state reaction without the use of solvents. The absence of
solvents in the preparation is environmentally good and makes the process more suitable for
industrialization. The cations can remain in contact with one silicate layer, i.e., the oxygen
atoms of the silicate surface occupy the coordination sites of the cations.®

Natural and modified clays have attracted considerable attention owing to their
enormously versatile properties.”” The application of these clays as catalysts in organic
synthesis was reported while many clay based catalysts such as claycopTM, clayzincTM,

clayfenTM, envirocatTM, etc. are commercially available. Among them, the two most
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common modified clays applied in organic synthesis are the K-10 and KSF montmorillonites.
Both are synthetic clays produced from natural montmorillonites and are available from
many suppliers in large quantities.** The most important challenges for chemists are to design
clean or ‘green’ chemical transformations which constitute an exciting aspect of green
chemistry.

Bentonite is a member of 2:1 clay minerals contains mostly montmorillonite.*> A
negative surface charge is created by the isomorphous substitution of AI’" for Si*" in the
tetrahedral layer and Mg”" for AI’" in the octahedral layer. It has a very high expansion and
ion exchange capacity and is very active as a catalyst in organic reactions. Clays are
environmentally benign, non-corrosive, safe to handle, non-toxic, economical and

recyclable.®

1.13. Objectives of the Present Investigation

Green and sustainable chemistry based on the catalytic activity of very small and
monodispersed gold particles on a suitable support has attracted tremendous attention from
the synthetic community. In addition, there is a great demand to develop a simple, rapidly
responsive, inexpensive, portable and environmentally benign hybrid sensor for the selective
recognition of hazardous metal ions. To develop a stable, efficient and reliable organic-
inorganic hybrid sensing system, selection of appropriate supporting materials is crucial and
explicitly the selection of green material as support is an important criterion for
sustainability. Considering the importance and several advantages of Bentonite, such as
sustainability, environmentally benign nature and cost-effectiveness we chose this
ubiquitousness material as a support for developing organic-inorganic hybrid systems. The
synthesis and characterization of two different bentonite based organic-inorganic hybrid
systems and the application of one as a green catalyst towards organic reactions and the other
as a solid-state colorimetric sensor for micromolar detection of mercury ions form the subject
matter of this thesis.

Chapter 2 describes the synthesis and characterization of an efficient, environmentally
benign and reusable heterogeneous bentonite-gold nanohybrid catalyst (Au-MPBen) and its
application towards the selective oxidation of silanes to silanols under ambient reaction

conditions. This nanohybrid catalyst effectively oxidized various aromatic, aliphatic and
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sterically hindered silanes to silanols in excellent yields without the formation of disiloxanes
as the by-product. The present silane oxidation reaction in the presence of Au-MPBen is
environmentally benign, 98.7 % atom economical and proceeds with low catalyst loading.

The third chapter is divided into two parts. In Part A, an efficient, green and reliable
method for the direct reductive amination of aldehydes using Au-MPBen is discussed. Use of
this heterogeneous catalyst affords a variety of secondary amines in excellent yields under
ambient reaction conditions in the presence of phenyldimethylsilane as a mild hydride donor.
The catalyst is recyclable, selective and is well applicable for the gram-scale preparation of
secondary amines. Part B describes the application of this catalyst for the efficient oxidative
cross-coupling reaction of ketones with primary alcohols to produce a,f-unsaturated ketones,
and water as the only by-product, under mild conditions.

In the last chapter, the synthesis and characterization of a new lower rim functionalized
1,3-di(quaternary ammonium salt of 8-hydroxyquinaldine) derivative of p-tert-butylcalix
[4]arene (QHQC) and its sensing properties toward Hg”™ ions using various physical
techniques are discussed. The capability of this molecule to act as a reversible chemosensor
for Hg”" ions selectively through naked eye detection prompted us to devise a solid-state
sensor with enhanced chemical and thermal stability, by intercalating it into the bentonite
galleries. The characterization of this hybrid material by FT-IR spectroscopy, powder XRD,
TG/DTA techniques, solid-state absorption and emission studies and the studies towards its

application as a colorimetric solid-state Hg*" sensor are also detailed in this chapter.
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CHAPTER 2

Design, Synthesis and Characterization of a Bentonite-
Gold Nanohybrid as Green Heterogeneous Catalyst for
the Selective Oxidation of Silanes

—— /|

2.1. Introduction

Heterogeneous catalysis is one of the most potent tools for implementing green
chemistry. The design and application of green catalyst protect environment, economy and
human health; subsequently, both academic and industrial researchers have a great interest in
developing greener methodologies. Hybrid nanomaterials based on natural and synthetic clay
minerals which are suitably modified for achieving the properties of green catalyst are
promising candidates in organic synthesis. Supported gold nanoparticles attract enormous
research interest especially in green heterogeneous catalysis on account of their inimitable
properties and potential that is directly correlated to their particle size. Support materials
enhance the stability of the catalyst, provide increased surface area, reducing cost and allow
high dispersion of active component which are essential for the high activity and selectivity

of the catalyst.

2.1.1. Clay Minerals

Clays are ubiquitous and inexpensive materials which provide distinct nanometer-scaled
layers and interlayers for the strategic design and preparation of a variety of active catalysts
including acidic activated clay catalysts, ion exchanged catalysts, intercalated catalysts, clay-
supported catalysts, pillared clay catalysts, hierarchically structured solid catalysts and
inorganic and inorganic-organic hybrids. In several cases, the combinations of different
protocols are executed for the catalyst preparation and the resultant materials exhibit
enhanced performance or work in a synergic manner. Moreover, synthetic clay minerals such
as layered double hydroxides and their derivatives showed a complementary correlation with

naturally-occurring counterparts and were transformed to catalysts by proper engineering.
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The invention of functional solid materials with high catalytic performance is essential to the
majority of chemical processes owing to the replacement of polluting homogeneous catalysts
by means of reusable heterogeneous catalysts. The clay-based heterogeneous catalysts have
numerous practical and potential applications in green and sustainable catalysis including
chemical, biological, photonic and electric processes.'

In ‘clay-based catalysts’, clay minerals are used in four ways, explicitly the framework
of clay minerals itself contains active species; functional nanoparticles (NPs) or clusters are
built onto or within the clay nanostructure; the ions within the interlamellar space are
exchanged with active components for catalytic purpose and clay minerals or their
derivatives are used as catalyst supports. A variety of clay-based solids are exploited as
catalyst supports and the catalytically active species are dispersed on the surface of the
support by impregnation methods. Often, the support materials and catalytically active
components interact to each other and function through a synergistic effect. The dispersion of
expensive catalysts (e.g., Au, Pd, Ru and Rh) on such a support material significantly
improves the catalytic efficiency. In addition, supported catalysts can reduce the cost of the
production of catalysts in consequence of the decrease of metal dosage with easy separation
and reuse.' Clays and clay-based catalysts can catalyze a variety of organic reactions such as
oxidation, addition, epoxidation, allylation, alkylation, hydrogenation, acylation,
condensation, esterification, rearrangement, isomerization, diazotization, cyclization,
polymerization, etc.’

Grafting method is one of the important methods of functionalization of clay minerals.
In grafting reactions, covalent bonds are formed between reactive surface groups and organic
species which hydrophobise the surface of clay minerals. Only the 2:1 clay minerals that
afford the aluminol and silanol groups on the edge surface endure grafting reactions.”
Moreover, the surface modifications of clay minerals using grafting reaction with silane
coupling agents enhance the interfacial interaction.”” In silane-grafted clays, the organic
molecule is tightly attached to the clay surface as a result of the condensation between silane
and clay minerals. Besides, grafting efficacy of the silane molecules in the clay minerals
depends on the silane coupling agents, nature of the clay minerals, reaction temperature,

dispersing medium and so on.
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Three basic models have been proposed for the interaction between clay and silane
agents namely external surface, interlayer, and broken edge grafting. The interlayer grafting
occurs within the clay gallery which results in the prominent enhance of the basal spacing of

the clay minerals.'®"

For the external surface grafting, the silylation takes place on the
external surface and the basal spacing of the clay remain unchanged whereas the ‘broken’

edge grafting associated with an increase in the basal spacing of the clay mineral.

2.1.2. Bentonite as Support Material

In the area of heterogeneous catalysis, selection of support together with appropriate
functionalization is the key factor for the effective performance of the catalyst. Clays are safe
to handle, inexpensive, reusable, environmentally benign and promote atom economy. Use of
clays as catalysts permits them to be recycled, which further enhances their economic
efficacy and are extremely easy to work-up. Application of eco-friendly substances like
Montmorillonite clays as catalysts for chemical reactions comprises an exciting part of green
chemistry and in recent years, montmorillonite especially montmorillonite K-10 emerges as a

green heterogeneous acidic catalyst in synthetic organic chemistry.'>'*

Bentonite is a cheap,
ubiquitous and environmentally benign support material among a wide range of catalyst
supports. It belongs to 2:1 clay mineral and mostly containing montmorillonite. The structure

of montmorillonite clay is shown in Figure 2.1."°
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Figure 2.1. Structure of montmorillonite clay
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The broken bonds on the edges of bentonite lead to the formation of free hydroxyl
groups, which can be utilized for chemical modification.'™'” When bentonite is acid
activated, dealumination occurs and additional hydroxyl groups are generated in the clay
skeleton, leading to the easy grafting of organic groups.'® In 1993, Mendioroz and co-
workers reported Ni/Clay catalysts for vegetable oil hydrogenation in which two naturally
occurring clays of Spanish origin, bentonite and palygorskite, had been used as support
material.'”® Hu et al. introduced a bentonite clay-based Fe-nanocomposite for photo-Fenton
discoloration and mineralization of Orange II. This heterogeneous catalyst exhibited a high
catalytic activity and complete discoloration and mineralization of 0.2 mM Orange II could
be attained in less than 60 and 120 min, respectively.19b Yan et al. synthesized an acid-
activated bentonite supported Au catalyst and Au-Ce catalyst for the CO oxidation and
CTAB was utilized to modify the surface of the acid-activated bentonite.'”® Zamian et al.
developed a propyl sulfonic acid group functionalized bentonite as the catalyst for the
esterification reaction of acetic acid and l-propanol.19d This catalytic system enhanced the
reaction rate and improved the yield by 12% compared to the uncatalyzed reaction.

In 2012, Ambaryarmo and co-workers prepared a variety of catalysts using noble metals
(Os, Ru, Pd and Au) supported on bentonite by impregnation method for the hydrogenolysis
of glycerol and found out that Os/bentonite and Ru/bentonite catalyst exhibited high activity
and selectivity for hydrogenolysis at 150 °C."”® In 2012, Gil and co-workers developed a
heterogeneous catalyst by immobilizing a pincer-type ligand containing Pd(Il) on a modified
bentonite for arylation of alkenes under room temperature. This catalyst showed high
selectivity and activity, could be reused three times without loss of activity.19f In addition, a
silicotungstic acid intercalated bentonite was employed as an efficient catalyst for the
synthesis of acetal derivatives of aldehydes and ketones by M. Datta et al.'*®

Han et al. reported a Pd/bentonite heterogeneous catalyst for Suzuki-Miyaura coupling
reaction and the catalyst is very effective towards arylboronic acid and aryl halides with
different electronic substituent. All the substrates could be converted into the corresponding
coupling products at room temperature with excellent yields. b Moreover, in 2017,
Ghaziaskar’s group reported an arenesulfonic acid-functionalized bentonite as catalyst for
glycerol esterification with acetic acid. In this catalyst, bentonite acts as a support and

functionalization was achieved by grafting with benzylsulfonic acid groups.'*®
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2.1.3. Silanes to Silanols Oxidation
Organosilicon compounds, especially silanols, are useful synthons in various fields of
organic synthesis as well as in material science.”>* Silanols are considered as nucleophilic

partners in metal catalyzed carbon-carbon cross-coupling reactions,”®”® hydrogen bond

32-35

donors in organocatalysis,””>' directing groups in C-H bond activation, and isosteres of

38,39

bioactive compounds.’®*” Hydrolysis of chlorosilanes, nucleophilic substitution of

siloxanes,*’ and oxidation of hydrosilanes‘“'47 afford silanols (Scheme 2.1)*® and we are
focused on the synthesis of silanols from hydrosilanes. The classical methods for the

oxidation of silanes to silanols involve the use of stoichiometric amounts of oxidants such as

7

peracids,43 dioxiranes,44 oxaziridines,45 permanganate,46 osmium tetroxide,4 silver sal‘[s,49

ozone, ™" erc. But these methods are not environmentally benign because of the formation of

toxic by-products and generation of disiloxanes as side product consequent from the
condensation of silanols. For that reason, there is a huge demand for highly efficient catalytic

systems from both environmental and synthetic point of view.

Hydrolysis
(H-0, NaDH, elc.)
R, SiX . = RpSi(OH),s.
) HX acceptor nS(OH)gn)
X = halide or (PhNH;, CgHsN, or EtsN)
alkoxy

RySH ) Stoichiometric oxidant R, Si(OH).ny *+ by-product

Metal catalyst
RHSIIH{_.;_M sl L an RHSI(DH}H-n:l + Hg ar HED
Oxidant
{HED. HEOQ. or Dg)

Scheme 2.1. Synthetic methods for silanols

Development of efficient methods which minimizes environmental problems is a great
challenge for chemists in both industrial and academic research. Even though some
homogeneous transition metal catalysts such as TBAg[Ags(y-H2SiW10036)2], [RuCly(p-
cymene)],, [IrCl(CgHj2)]o, Re(V) complex, [PhsPCuH]s, methyltrioxorhenium, diorgano
telluride, efc. have emerged to overcome some of the above mentioned problems, their use is

escorted with a difficulty of residual metal impurities, leading to serious problems in
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pharmaceutical products. In the case of silane oxidation, they have often shown inadequate
practical utility.”'? Subsequently, heterogeneous catalytic systems have emerged as potential
alternatives.

Different nanohybrid catalyst systems were developed utilizing support materials like
hydroxyapatite, carbon nanotube, amorphous carbon, etc. with anchored metal nanoparticles
(Ag, Au, Pd, etc.) for the selective oxidation of silanes.”® Some of these nanometal supported
heterogeneous catalysts showed a major drawback of ‘leaching out’ of metal nanoparticles
during the reaction leading to the formation of larger nanoparticles which in turn makes them
less active. Consequently, various surface modified supports were used for the stabilization
of metal nanoparticles against aggregation and to produce highly active, homogeneous size
dispersed metal nanoparticles. For instance, in 1966, Norman and co-workers reported metals
on alumina or charcoal support such as Pd/Al,03;, Ru/C, Ni powder for the oxidation of
hydrosilanes.™® Recently, Park et al. developed metal nanoparticles embedded aluminum
oxyhydroxide [M/AIO(OH), M = Pd, Au, Rh, Ru, and Cu] as heterogeneous catalysts for the
catalytic oxidation of hydrosilanes. Among these catalysts, Pd/AIO(OH) exhibited the
highest activity for a wide variety of hydrosilanes and was applicable for large-scale
reactions and reusable at least for 10 times. But, the partial hydrogenation of the alkynyl
group was observed in the case of some alkynylsilanes, which could be rectified using
Auw/AIO(OH). >

Shimizu et al. studied the significant effect of oxygen absorbed on the surface of
palladium nanoparticles (Pd/C-500H) on the hydrolytic oxidation of hydrosilanes and found
out that oxygen-absorbed Pd surfaces showed high activity.”** A nanoporous gold catalyst
(Au NPore) was introduced by Yamamoto and co-workers®*" for the hydrolytic oxidation and
the gold pieces were recovered and reused at least five times devoid of the loss of activity. A
variety of hydrosilanes including alkynylsilanes, dihydrosilanes and trihydrosilanes were
selectively converted into the corresponding silanols. Moreover, Doris and co-workers

54c to

introduced a layer-by-layer assembly of gold nanoparticles on a carbon nanotube, CNT
construct a gold nanohybrid catalyst and described its efficacy towards oxidation of
hydrosilanes and its activity was comparable to Au/AIO(OH) in the 0.20 mmol scale

oxidation of dimethylphenylsilane.
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Metal nanoparticles embedded in hydroxyapatite (HAP) were utilized in the hydrolytic
oxidation of hydrosilanes by Kaneda et al. and for ruthenium catalyst (RuUHAP) molecular
oxygen was an essential component while that with silver catalyst (AgHAP) didn’t require
molecular oxygen. AgHAP catalyst exhibited higher activity than that of the RuHAP in water
though this catalyst was efficient only for aromatic silanes. The limitation on substrate scope
was overcome by the oxidation with AuHAP. When the concentration of nucleophiles (OH-
or H,O) on the AgHAP surface increased, silanols were formed by suppressing the
condensation to disiloxane by-product.”®® Chang and co-workers reported a heterogeneous
ruthenium catalyst [RuCl,(p-cymene)], on active carbon by a simple adsorption process and
demonstrated its utility in the hydrolytic oxidation of silanes into silanols. The recycling
experiment was carried out in tetrahydrofuran and the reaction grabbed longer times over the
cycles. °

Chauhan et al. employed a platinum nanoparticle catalyst for the preparation of silanols,
which was synthesized by the reduction of Me,Pt(COD) with poly(methylhydro)siloxane
(PMHS).”® This heterogeneous catalyst was recovered by centrifugation and reused four
times without considerable loss of selectivity and activity. Remarkably, synthetically
valuable silanols possessing alkenyl or alkynyl functional groups were achieved in
quantitative yields. Nickel catalysts such as nickel powder and Ni/AlIO(OH) were
investigated as the catalysts for the preparation of silanols and the activities are lower than
those of other metal catalysts, and the reactions need higher temperature 60-110 °C to

complete the oxidation.>®

Weichold and co-workers analyzed a Ti-doped zeolite as
heterogeneous catalyst for the catalytic oxidation of hydrosilanes which transformed small
and medium-sized hydrosilanes into the corresponding silanols with excellent selectivity and
high conversion with H,O; as oxidant.>®

RuHAP was found to be an efficient heterogeneous catalyst for the oxidation of silanes
utilizing water and molecular oxygen as oxidants.”” This oxidation reaction proceeded with
functional group tolerance and the catalyst was reusable with retention of selectivity and
activity. Kanada and co-workers reported hydroxyapatite-supported gold nanoparticles,
AuHAP for the oxidation of silanes in water and this catalytic methodology is a potential
candidate for the green oxidation of silanes.””™ Gold NPs embedded within the poly(ionic

liquid) brushes attached to a SBA-15 support was developed by Duan et al. which exhibited
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high catalytic activity, reusability and excellent selectivity for the oxidation of diverse silanes
into silanols under mild conditions.”’

In 2015, Doris and group employed an organic nanotube-gold hybrid (AuONT) as a
heterogeneous catalyst for the aerobic oxidation of silanes and the recyclable nanocatalyst
oxidized alkyl and aryl silanes under mild conditions, in high yields without the formation of
disiloxane by-product.”® Moreover, Kaneda et al. reported Gold nanoparticles supported on
hydroxyapatite (Au/HAP) for the catalytic oxidation of hydrosilanes under oxygen at 30 °C
in the presence of water in acetone to afford the corresponding silanols in high yields. The
catalyst was recyclable and ICP-AES analysis displayed that gold was not leached out from
the catalyst during the reaction. In addition, TEM analysis revealed the absence of
aggregation of gold nanoparticles on the recovered catalyst.’*

Among the transition metal nanoparticles, gold plays an important role in various
organic transformations by making them proceed under mild conditions with high regio- and

chemo-selectivities and the details are discussed in the first chapter.

2.2. Statement of the Problem

Green and sustainable chemistry based on the catalytic activity of very small and
monodispersed gold nanoparticles on a suitable support have attracted tremendous attention
from the synthetic community. The selection of a support being an important aspect in
designing heterogeneous catalysts, it is proposed to make use of the advantages of bentonite
as a ubiquitous, environmentally benign and inexpensive support material for the design of a
bentonite-gold nanohybrid heterogeneous catalyst. In order to ensure monodispersibility of
Au nanoparticles inside the support material for maximum catalytic efficiency, suitably
organofunctionalized bentonite is proposed to be used for the design. The details of the
synthesis and characterization of the new bentonite-gold nanohybrid catalyst thus developed

and its efficiency towards silane oxidation reaction are the subject matter of this chapter.

2.3. Results and Discussion
2.3.1. Synthesis and Characterization of Bentonite-Gold Nanohybrid
Heterogeneous Catalyst

The assembly of the nanohybrid catalyst commenced with the acid activation of

bentonite by refluxing bentonite with 4 N HCI for 4 h. The resultant product was then stirred
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with (3-mercaptopropyl)trimethoxysilane (MPTMS) and phenyltriethoxysilane (PTES) at
room temperature in dried toluene for 12 h under argon atmosphere to give organo
functionalized bentonite (Ben-MP). The thiol group in MPTMS helps in the uniform
distribution of Au nanoparticles and holds these particles strongly during the catalytic runs.
The function of the PTES is to enhance the surface hydrophobicity of the catalyst which will
in turn favour the adsorption of substrate molecules onto the catalyst surface. Finally, gold-
bentonite nanohybrid (Au-MPBen) was synthesized by impregnating Ben-MP with HAuCl,
followed by reduction using NaBH4. The Au-nanoparticles formed in situ then covalently
link with the S atom of the thiol group of MPTMS to form the Au-S bond leading to a stable
catalyst system in total. The nanohybrid system was then characterized using XRD, FT-IR,
ICP-MS, XPS and TEM techniques.

The XRD spectrum of the acid activated bentonite (Ben-4h) showed a basal spacing (d
value) of 12.12 A. On examining the XRD spectrum of Ben-MP it was found that the d value
had increased to 65.8 A, arriving at a conclusion that the organic molecules (MPTMS and

PTES) had successfully been intercalated into the bentonite gallery (Figure 2.2(a)).
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Figure 2.2(a). XRD pattern of acid activated bentonite (Ben-4h) and organofunctionalised bentonite
(Ben-MP) and (2b). IR spectra of acid activated bentonite (Ben-4h) and organofunctionalised
bentonite (Ben-MP)

To give more evidence for successful grafting, FT-IR analysis of Ben-4h and Ben-MP
was performed (Figure 2.2(b). The peak at 3646 cm™ is attributed to the structural hydroxyl

stretching vibrations and the peak at 3426 cm™ is assigned to the OH stretching vibration of
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the adsorbed water. The peak around 1051 cm™ is assigned to Si-O stretching vibrations. In
the organofunctionalized bentonite, peaks at 2933cm™ and 1428 cm™ are attributed to the
antisymmetric stretching and bending vibrations of CH2 respectively. Peak at 2565 cm™ is
assigned to the presence of thiol group.

The presence of reduced gold nanoparticles on the organofunctionalized bentonite was
confirmed by TEM analysis which showed the presence of mono-dispersed, spherically
shaped Au nanoparticles with an average size of 4 nm on the support (Figure 2.3). This size
of the Au nanoparticles is very suitable for catalysing organic reactions. Though small sized
nanoparticles have the tendency to aggregate leading to the formation of inactive catalyst, the
presence of thiol moiety on the clay surface was found to facilitate the mono-dispersion and
stabilization of gold nanoparticles on the support. This has been unequivocally proved as

detailed in subsequent pages of this chapter.

Figure 2.3. TEM images of fresh Au-MPBen (scale bar = 50 nm and 100 nm)

The gold concentration on the catalyst was measured by ICP-MS analysis and it was
found to be 5.24x107 M in 1 mg of catalyst. The electronic state of the Au center was
investigated using XPS analysis (Figure 2.4) which revealed that all the Au species in the
catalyst were present in its metallic state, corresponding to the binding energies of 88.1 and

91.8 eV, which are characteristics of the 4f "% and 4f > peaks of Au(0).
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Figure 2.4. XPS spectrum of Au-MPBen

2.3.2. Activity of Bentonite-Gold Nanohybrid Heterogeneous Catalyst Towards
Silane Oxidation

Upon successful synthesis and characterization of a bentonite-Au nanohybrid
heterogenous material (Au-MPBen), we decided to evaluate its performance as a catalyst for
organic reactions. Considering the importance of silane-silanol conversion, as silanols are
valuable nucleophilic partners in many metal catalyzed C-C coupling reactions, we chose to
study the activity of the catalyst in catalyzing this reaction. Dimethyphenylsilane was chosen
as the model substrate and an initial reaction was carried out in the presence of oxygen
atmosphere at room temperature using THF and H,O as solvent, dimethylphenylsilanol was
afforded as product. This result prompted us to optimize the silane-silanol transformation
conditions and the results are presented in table 2.1. Initially the reactions were carried out by
changing the ratio of THF and H,O and the optimized solvent condition was found to be a
mixture of THF and H,O in a ratio of 7:3. Then the reactions were performed in the presence
and absence of O, as well as in the open air which revealed that O, accelerated the rate of

silane oxidation (Table 2.1, entries 4, 5 & 7).
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Moreover it was observed that water played an important role in the oxidation reactions
of silanes and no silanol was detected in the absence of water (Table 2.1, entry 1). When the
reaction was carried out using water alone as solvent, silanol was obtained in 95% yield but
the reaction took 24 h for completion without the formation of disiloxane (Table 2.1, entry
6). Finally the optimized condition for the silane oxidation with Au-MPBen catalyst was
found to be a combination of 0.37 mmol of silane in a 7:3 mixture of THF:H,O (1 mL) in
presence of 1 atm of O,. This reaction afforded dimethylphenylsilanol in 99 % yield within
30 min (Table 2.1, entry 4) with 98.7 % atom economy. It’s worthy to mention that
disiloxane was not detected as a by-product and notably further purification was not required
for this reaction. In addition, the conversion of silane to silanol was confirmed by the
disappearance of the peak at 8 4.5 ppm of dimethylphenylsilane and appearance of the peak
at § 2.35 ppm of dimethylphenylsilanol in the '"H NMR spectra (Figure 2.5).

Table 2.1. Optimization of solvents in the oxidation of silanes

Me Me
Ph—Si-H + H.0 AuMPBen Ph-Si-OH + H,
Me solvent, RT, O, Me
Entry Solvent Time (h) Yield (%)
1 THF 24 0
2 THF/H,0 (9:1) 25 99
3 THF/H,0 (1:1) 1 99
4 THF/H,0 (7:3) 0.5 99
5 THF/H,0 (7:3) 5 992
6 H20 24 95
7 THF/H,0 (7:3) 3 99°

Reaction conditions: phenyldimethylsilane (0.37 mmol), Au-MPBen (52 gmol %), room temperature,
solvent (1 mL), O, balloon (1 atm). * Without O, ° With open air.
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Figure 2.5. NMR spectra of dimethylphenylsilane and dimethylphenylsilanol

To highlight the supremacy of Au-MPBen catalyst, the above reaction was performed

using Ben-4h, Ben-MP, Au-Ben (gold nanoparticle impregnated bentonite with no additional

stabilizing agents), Au-MPBen catalytic systems and AuCl; (Table 2.2). When the oxidation

of dimethylphenylsilane was performed with Ben-4h/ Ben-MP as catalysts, silanol was not

formed even after 24 h. When Au-Ben was used as the catalyst, though the conversion of

silane to silanol occurred, Au nanoparticles were found to leach out from the support,

decreasing its credibility as a viable catalyst. The oxidation of silane with 0.1 mol % loading

of AuCl; gave less than 10% of silanol. Only the Au-MPBen gave efficient conversion of

silane to silanol. The covalent linkage of Au nanoparticles through the sulphur atom to the

support in Au-MPBen resulted in a stable nanohybrid assembly thereby preventing leaching

of Au nanoparticles.
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Table 2.2. Comparison of various catalysts in the oxidation of silanes

M.e Catalyst Me
Ph—§|—H + HO m Ph—§|—OH + Hs
Me Me
Entry Catalyst Yield (%)
1 Ben-4h 0
2 Ben-MP 0
3 Ben-Au 90
4 Au-MPBen 99
52 AuCl3 <10 %

Reaction conditions: phenyldimethylsilane (0.37 mmol), catalyst (52 gmol %), room temperature,
THF:H,0 / 7:3 (1 mL), 1 h, *AuCl; (0.1 mol %).

In order to prove the stability of Au nanoparticles in Au-MPBen, the oxidation of
dimethylphenylsilane under the optimized condition was performed. After 15 min, half of the
reaction mixture was siphoned out and the catalyst was removed by centrifugation. This
reaction was kept for stirring to monitor the progress of the reaction in the absence of the
catalyst. The remaining half of the reaction mixture was kept stirring without disturbance.
After an additional 30 min, both the reactions were analysed. The reaction was completed in
the gold-nanohybrid containing sample whereas no further progress was detected without
Au-nanohybrid indicating the absence of leached out gold nanoparticles in the reaction
mixture. This proves the reliability of the Au-nanohybrid as a stable catalyst.

To further confirm the role of both water and oxygen in the silane oxidation reaction,
two experiments were carried out. While the first reaction was performed using dried THF
under oxygen atmosphere, the second reaction was run under inert atmosphere in the
presence of water. It was observed that the first reaction totally failed to convert the silane to
silanol. The second reaction was completed very slowly (5 h) in comparison with the
optimized reaction time which was less than 30 min. But when oxygen was bubbled through
the second reaction mixture and water was added to first reaction mixture, oxidation was
completed within 30 min. From these observations, it is evident that water plays an important

role in silane oxidation using gold-bentonite nanohybrid as catalyst and oxygen enhances the
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reaction rate of silane oxidation. To elucidate the role of water as the prominent oxygen
source, we carried out the oxidation reaction of phenyldimethylsilane using D,O instead of
H,0O and confirmed with the help of mass spectroscopy that D atom was transferred to the
product. The same reaction was also run with CD;OD which afforded the corresponding
deuteriated methoxysilane and these observations revealed that water acts as oxidant in the
silane oxidation reaction.

The generality of the silane-silanol oxidation reaction using Au-MPBen was established
and the details are presented in table 2.3. The sterically hindered triisopropylsilane was
quantitatively oxidized to triisopropylsilanol in 2 h. Benzyl dimethylsilanol was obtained by
the reaction of benzyldimethylsilane in 99 % yield within 1 h. Diphenylmethylsilane was also
converted to the corresponding silanol in 97 % yield within 3 h. Oxidation of deactivated
triphenylsilane afforded triphenylsilanol in excellent yield (95 %) in 5 h. In addition,
diphenylsilane was quantitatively transformed to diphenylsilanediol and 1,4-bis
(dimethylsilyl)benzene was doubly oxidized into the corresponding bis-silanol within 1 h in
excellent yield (99 %). Moreover no disiloxane was detected as by-product for all of the

examples.

2.3.3. Gram Scale Synthesis

The applicability of Au-MPBen towards gram scale synthesis of silanol was investigated
by selecting dimethylphenylsilane as model substrate (Scheme 2.2). 1 g of dimethylphenyl
silane was successfully transformed to dimethylphenyl silanol in 99 % yield (1.11 g) where
the turn over number (TON) and turn over frequency (TOF) were calculated as 1990 and 332
h™ respectively. But based on the fraction of gold nanoparticles that are exposed to the
substrate, the TON and TOF values reached 8844 and 1475 h™' respectively. Moreover the

reaction is 98.7% atom economic and environmentally benign.

Me Me

Ph=Si-H + H.0 %» Ph—Si-OH + H,
Me 02,’6h Me
(19) (99 %, 1.11 g)

Scheme 2.2. Gram scale oxidation of phenyldimethylsilane using Au-MPBen



53 Chapter 2

Table 2.3. Au-MPBen catalysed oxidation of various silanes

R R
Ry—SiH + Ho —uMPBeN o —Si—OH + H
—Si— — R,—Si— +
2] 2 THE,RT,0, ° 1 2
R3 R3
Entry Silane Silanol Time (h)  Yield (%)
o Ho
OB Ofw e
CH, CH,
fPr fPr
2 iPr—Si—H Pr—Si—OH 2 o1
Pr Pr

4 QSi—H QSi—OH 5 95

CHs CHs
Si-H Si-OH
H
HaC~gj-CHs HaC~gj-CHa
7 © 1 99
Si_ Si_
HyC” [y CHa HoC” b, CHa

Reaction conditions: silane (0.37 mmol), Au-MPBen (52 zmol %), THF:H,O / 7:3 (1 mL), O, (1
atm), room temperature.
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2.3.4. Recycling Experiment

The recyclability of Au-MPBen for the silane oxidation was investigated by performing
five consecutive reactions (Table 2.4) using the same catalyst which was recovered by simple
centrifugation. After fifth run, TEM analysis showed that the morphology of the catalyst
remained unchanged (Figure 2.6). These observations confirmed the higher efficacy and

stability of Au-MPBen nanohybrid catalyst.

Table 2.4. Recycling experiments of Au-MPBen catalyst

Ph—l\$ﬂie—H + H,0 %::eg» Ph—'gie—OH + H,
Me r M2 Me
Entry Catalyst Yield (%)
1 Fresh 99
2 Reuse 1 94
3 Reuse 2 95
4 Reuse 3 94
5 Reuse 4 96

Reaction conditions: phenyldimethylsilane (0.37 mmol), Au-MPBen ( 52 gmol %), THF:H,O / 7:3 (1
mL), 30 min, O, (1 atm), room temperature.

50 nm
Caze U

F igure 2.6. TEM images of Au-MPBen after 1 and 5" use (scale bar=50 nm)
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2.4. Mechanistic Pathway

A plausible mechanism for the oxidation of silanes using Au-MPBen catalyst is
illustrated in Scheme 2.3. The reaction occurs through the insertion of Si-H bond on AuNPs,
followed by nucleophilic attack of water molecule producing silanol together with the
generation of H,. Oxygen adsorbed on to the surface of AuNPs enhances the silane oxidation
by increasing the electron deficiency of AuNPs through charge transfer from AuNPs to O,

for Si-H bond activation of silanes.”

0
o1
AuNP R3Si-H
H0 —O2 H, T \\
’\ OZ o) QIH
*A NP;S'[R;
u
H-{AUNP AuNP
HO™Y
0
RaSi-OH H,0
AuNP
v
RaSi |i| {-:3
O~-H
H

Scheme 2.3. Proposed mechanistic pathway for silane oxidation reaction using Au-MPBen

2.5. Conclusion

In conclusion, we have successfully developed a new, green and reusable, heterogeneous
bentonite-gold nanohybrid catalyst, Au-MPBen which can be prepared from readily available
cheap reagents, under mild reaction conditions through simple processes. This nanohybrid
catalyst effectively oxidised various aromatic, aliphatic and sterically hindered silanes to
silanols in excellent yields without the formation of disiloxanes. The present silane oxidation
with Au-MPBen catalyst is environmentally benign, 98.7 % atom economic and proceeded
with low catalyst loading. This catalyst was also applicable for the gram scale preparation of

silanols.
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2.6. Experimental Section

2.6.1. Materials and Methods

The bentonite clay used in the experiments was supplied by M/s Sigma Aldrich. The
reagents and solvents were purchased from Alfa Aesar, Spectrochem and Merck and used
without further purification. All reactions were carried out in oven dried glassware. Progress
of the reactions was monitored by thin layer chromatography. Solvents were removed using
Buchi E.L. rotary evaporator.

NMR spectra were recorded on Bruker Avance 500 NMR spectrometer at 500 MHz (‘H)
and 125 MHz ("*C). Chemical shifts are reported in & (ppm) relative to TMS as internal
standard. Mass spectrum was recorded under ESI-HRMS using analyser type, orbitrap mass
spectrometer (Thermo Exactive). IR spectra were recorded on Bruker Alpha-T FT-IR
spectrometer and transmittances are reported in cm™. X-ray diffraction studies were carried
out using a powder X-ray diffractometer (Philips X Pert Pro) with Cu Ka radiation. Surface
morphology was analysed using a FEI, TECNAI S Transmission Electron Microscopy
(TEM). The electronic structure aspects of the sample were investigated using ESCA+
Omicron Nanotechnology apparatus with Al source by XPS (X-ray photoelectron
spectroscopy). Elemental analysis was performed by ICP-MS (Inductively coupled plasma

mass spectroscopy) using a Thermo Scientific ICAP Qc instrument.

2.6.2. Syntheses of Au nanoparticles Loaded Organofunctionalized Bentonite
2.6.2.1. Synthesis of Acid Activated Bentonite (Ben-4h)

Bentonite (10 g) was dispersed in 200 mL 4M hydrochloric acid and refluxed for 4 h.
After cooling, the supernatant liquid was discarded and the activated bentonite was
repeatedly dispersed in deionised water until the supernatant liquid was free from CI ions.
Then it was freeze dried using lyophilizer for overnight. All measurements were done at

room temperature unless otherwise stated.

2.6.2.2. Synthesis of Organofunctionalized Bentonite (Ben-MP)
0.5 g of acid activated bentonite was mixed with (3-mercaptopropyl)trimethoxysilane,
MPTMS (0.525 g, 0.0027 moles) and phenyltriethoxysilane, PTES (0.502 g, 0.0021 moles)

in toluene (15 mL) and stirred for 12 h at room temperature in argon atmosphere. Then the
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solvent was removed by filtration and the functionalized clay was washed with the same

solvent followed by drying under vacuum.

2.6.2.3. Synthesis of Au Nanoparticles Embedded Organofunctionalized Bentonite (Au-
MPBen)

0.5 g of organofunctionalized bentonite was impregnated with 30 mL aqueous solution
of HAuCly (0.200 g, 0.005 moles) under vigorous stirring condition for 3 h. The filtrate was
removed by centrifugation, resulted the formation of Au loaded organofunctionalized
bentonite. Then it was dispersed in 10 mL water and reduced with NaBHy4 (0.275 g in 20 mL
distilled water, 0.007 moles) which was added slowly under vigorous stirring condition at
room temperature for 3 h. Finally the product was centrifuged, washed several times with

distilled water and dried at 60 °C for 12 h.

2.6.3. General Procedure for the Catalytic Activity of Au-MPBen Towards the
Oxidation of Silanes

To a solution of silane (0.37 mmol,) in THF:H,O / 7:3 (ImL) under O, atmosphere, the
catalyst (52 umol %) was added. The reaction mixture was allowed to stir at room
temperature till the completion of the reaction was verified by TLC. The catalyst was
removed by centrifugation, washed three times with ethylacetate, dried over Na,SO, and
concentrated under vacuum. The product (silanol) was obtained in 99 % yield without further

purification.

2.6.4. Experimental Procedure for Mechanism Study
a. Using D,0

To a solution of dimethylphenylsilane (0.37 mmol, 50 mg) in THF:D,O / 7:3 (1mL)
under O, atmosphere, the catalyst (52 gmol %) was added. The reaction mixture was allowed
to stir for overnight at room temperature. The catalyst was removed by centrifugation,
washed three times with ethylacetate, dried over Na,SO4 and concentrated under vacuum to
afford deuterium incorporated silanol in quantitative yield. This was confirmed by ESI-

HRMS analysis which gave M ion peak at 153.
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b. Using CD;OD

To a solution of dimethylphenylsilane (0.37 mmol, 50 mg) in THF:CD;OD / 7:3 (ImL)
under O, atmosphere, the catalyst (52 #mol %) was added. The reaction mixture was allowed
to stir for overnight at room temperature. The catalyst was removed by centrifugation,
washed three times with ethylacetate, dried over Na,SO4 and concentrated under vacuum to
afford deuterium incorporated methoxydimethylphenylsilane in quantitative yield. This was

confirmed by ESI-HRMS analysis which gave [M+H]" ion peak at 170.

2.6.5. Calculation of Atom Economy
Atom economy of the reaction was calculated using the formula,
Atom economy = (mass of product/mass of all product) x 100

For the oxidation of silane to silanol,

Me Me
Au-MPB
Ph—Si-H + H,0 ———=C1,  ph_Si-OH + H,
I\III e solvent, RT, O, I\III e
136 18 152 2

Atom Economy = (152 x 100)/154 = 98.7%

2.6.6. Calculation of TON and TOF
TON and TOF values based on the total amount of gold were calculated as
TON = total amount of product (mol)/total amount of gold (mol)
=0.0073/3.67 x 10°°
=1990

TOF = TON/time (h)
=1990/6
=332h’

The fraction of gold atoms exposed to the surface of AuNP was calculated based on the
work of Boudart and Djega-Mariadassou.”’ The strength or percentage of gold nanoparticles
that are exposed to substrate is approximately 0.9/d, where d is the spherical metal particle

diameter in nm. Thus gold nanoparticles with a diameter of 4 nm have about 22.5 % (0.9/4
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nm) of their atoms lying at the surface of the AuNP. As a result, adjusted TON and TOF

values based on surface atoms are 8844 and 1475 h™', respectively.

2.6.7. Recycling Experiment

To a solution of dimethylphenylsilane (0.37 mmol, 50 mg) in THF:H,O / 7:3 (ImL)
under O, atmosphere, the catalyst (52 gmol %) was added. The reaction mixture was allowed
to stir for 30 min at room temperature. The catalyst was removed by centrifugation, washed
three times with ethylacetate, dried over Na,SO4 and concentrated under vacuum. The
product (silanol) was obtained in 99 % yield without further purification. The catalyst was
reused for the second reaction after washing with THF. The oxidation reaction was repeated
for four more cycles by reusing the recycled catalyst from the previous reaction. After fifth

run, TEM analysis was carried out to ensure the morphology of the catalyst.

2.6.8. Synthetic Procedure and Spectral Characterization of Silanols™

2.6.8.1. Dimethylphenylsilanol

To a solution of dimethylphenylsilane (0.37 mmol, 50 mg) in THF:H,O / 7:3 (ImL)
under O atmosphere, the catalyst (52 gmol %) was added. The reaction mixture was allowed
to stir for 0.5 h at room temperature. The catalyst was removed by centrifugation, washed
three times with ethylacetate, dried over Na,SO4 and concentrated under vacuum. The
product dimethylphenylsilanol was obtained in 99 % yield (55 mg) without further

purification.

'H NMR (500 MHz; CDCls) & (ppm): 7.59-7.57
(m, 2H), 7.39-7.35 (m, 3H), 2.35 (brs, 1H), 0.39

CHs (s, 6H).
! C NMR (125 MHz; CDCl3) & (ppm): 139.2,

CHs
133.2, 129.8, 128.0, 0.09.
MS (ESI-HRMS): Caled for CsH;,0Si, [M-HJ:
151.0584, Found: 151.0570.
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2.6.8.2. Triisopropylsilanol

To a solution of triisopropylsilane (0.37 mmol, 59 mg) in THF:H,O / 7:3 (ImL) under
O, atmosphere, the catalyst (52 zmol %) was added. The reaction mixture was allowed to stir
for 2 h at room temperature. The catalyst was removed by centrifugation, washed three times
with ethylacetate, dried over Na;SOs and concentrated under vacuum. The product

triisopropylsilanol was obtained in 91 % yield (59 mg) without further purification.

'"H NMR (500 MHz; CDCl;) & (ppm): 5.01 (s,
1H), 1.43 (s, 21H).

P 3C NMR (125 MHz; CDCls) & (ppm): 30.3,
iPr—Si—OH -
/Pr . .

MS (ESI-HRMS): Calcd for CoH»,OS1, [M-H]:
173.1367, Found: 173.1364

2.6.8.3. Methyldiphenylsilanol

To a solution of methyldiphenylsilane (0.37 mmol, 73 mg) in THF:H,O / 7:3 (ImL)
under O, atmosphere, the catalyst (52zmol %) was added. The reaction mixture was allowed
to stir for 3 h at room temperature. The catalyst was removed by centrifugation, washed three
times with ethylacetate, dried over Na,SO4 and concentrated under vacuum. The product

methyldiphenylsilanol was obtained in 97 % yield (77 mg) without further purification.

'H NMR (500 MHz; CDCL3) & (ppm): 7.58-7.57
(m, 4H), 7.41-7.33 (m, 6H), 2.68 (s, 1H), 0.63 (s,

CHs 3H).
QSi-OH "
C NMR (125 MHz; CDCIl3) 6 (ppm): 137.2,

134.1, 130.0, 128.0, -1.16.
MS (ESI-HRMS): Calcd for C;3H;408S1, [M-H]:
213.0741, Found: 213.0739.
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2.6.8.4. Triphenylsilanol

To a solution of triphenylsilane (0.37 mmol, 96 mg) in THF:H,O / 7:3 (ImL) under O,
atmosphere, the catalyst (52 umol %) was added. The reaction mixture was allowed to stir for
5 h at room temperature. The catalyst was removed by centrifugation, washed three times
with ethylacetate, dried over Na,SO4 and concentrated under vacuum. The product

methyldiphenylsilanol was obtained in 97 % yield (97 mg) without further purification.

'H NMR (500 MHz; CDCls) & (ppm): 7.60 (d,
1Hz, 6H), 7.44-7.40 (m, 3H), 7.37-7.34 (m, 6H),
2.84 (brs, 1H).

QS‘”OH 13C NMR (125 MHz; CDCLy) & (ppm): 1352,
135.0, 130.1, 128.0.
MS (ESI-HRMS): Caled for CisH OSi, [M-H]"
275.0897, Found: 275.0894.

2.6.8.5. Diphenylsilanediol

To a solution of diphenylsilane (0.37 mmol, 68 mg) in THF:H,O / 7:3 (ImL) under O,
atmosphere, the catalyst (52 umol %) was added. The reaction mixture was allowed to stir for
2 h at room temperature. The catalyst was removed by centrifugation, washed three times
with ethylacetate, dried over Na,SO4 and concentrated under vacuum. The product

methyldiphenylsilanol was obtained in 96 % yield (77 mg) without further purification.

"H NMR (500 MHz; acetone-dg) & (ppm): 7.57-
oH 7.56 (m, 4H), 7.26-7.18 (m, 6H), 5.86 (s, 2H).
QS'—OH BC NMR (125 MHz; acetone-de) & (ppm): 138.3,
135.2, 130.3, 128.3.
MS (ESI-HRMS): Calcd for Ci,H;,0,Si1, [M-H]":
215.0534, Found: 215.0532.



Synthesis and Characterization of Au-MPBen &Silane Oxidation 62

2.6.8.6. Benzyldimethylsilanol

To a solution of benzyldimethylsilane (0.37 mmol, 56 mg) in THF:H,O / 7:3 (ImL)
under O, atmosphere, the catalyst (52 p#mol %) was added. The reaction mixture was allowed
to stir for 1 h at room temperature. The catalyst was removed by centrifugation, washed three
times with ethylacetate, dried over Na,SO4 and concentrated under vacuum. The product

benzyldimethylsilanol was obtained in 99 % yield (61 mg) without further purification.

"H NMR (500 MHz; CDCL3) & (ppm): 7.25-7.21
(m, 2H), 7.10-7.05 (m, 3H), 2.17 (s, 2H), 1.89

CHs (brs, 1H), 0.13 (s, 6H).
SI\—OH
CHs BC NMR (125 MHz; CDCl3) & (ppm): 139.2,
128.5, 128.3, 124.4, 28.2, -0.59.

MS (ESI-HRMS): Calcd for CoH;40Si, [M-H]
:165.0741, Found: 165.0739.

2.6.8.7. 1, 4-Bis(hydroxydimethylsilyl)benzene

To a solution of 1,4-bis(dimethylsilyl)benzene (0.37 mmol, 72 mg) in THF:H,O / 7:3
(ImL) under O, atmosphere, the catalyst (52 zmol %) was added. The reaction mixture was
allowed to stir for 1 h at room temperature. The catalyst was removed by centrifugation,
washed three times with ethylacetate, dried over Na,SO4 and concentrated under vacuum.
The product 1, 4-bis(hydroxydimethylsilyl)benzene was obtained in 99 % yield (83 mg)

without further purification.

OH "H NMR (500 MHz; DMSO-dy) & (ppm): 7.53 (s,
H3C\S|i’CH3
4H), 5.88 (brs, 2H), 0.23 (s, 12H). *C NMR (125
MHz; DMSO-dg) & (ppm): 141.3, 132.1, 0.57.
MS (ESI-HRMS): Calcd for CoH;50,Si,, [M-H]:

Si_
HyC” b, M 225.0772, Found: 225. 0771.
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CHAPTER 3

Application of Bentonite-Gold Nanohybrid Towards
Green Heterogeneous Catalysis

PART A

Direct Reductive Amination of Aldehydes via Bentonite-Gold
Nanohybrid Catalysis

3A.1. Introduction

Secondary amines are the constructive intermediates with incredible potential in organic
synthesis, biological systems, materials science, agrochemicals and pharmaceuticals.' The
simplest method for the synthesis of secondary amines involves the reductive amination of
carbonyl compounds via an intermediate imine, which is the widely utilized method in
pharmaceutical industry.” Reductive amination of carbonyl compounds or reductive
alkylation of amines is the reaction of aldehyde or ketones with primary or secondary amines
in the presence of a reducing agent and the reaction involves the formation of the addition
product aminol or carbinol amine which undergo dehydration to form the imine intermediate.
The protonation of imine and subsequent reduction results in the respective alkylated amine.
Direct reductive amination constitutes a more proficient and undemanding route’ contrary to
indirect methods, which involves the isolation of the unstable imine intermediate.* However,
overalkylation of amines is a major problem of direct reductive amination of aldehydes.’

Traditional methods including various tin® and boron’ complexes as catalysts for
secondary amine formation often suffered from harsh reaction conditions, low selectivity,
poor yields and toxic by-products. For. eg. NaBH, sometimes necessitated harsh reaction
conditions but NaBH3;CN is highly toxic and produces toxic by-products such as HCN or
NaCN. Pyridine-BH3 is unstable to heat and must be handled with care. Catalytic
hydrogenation® is incompatible with the compounds that contain reducible functional groups

such as cyano and nitro compounds, double and triple bonds, etc. In recent times, precious
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metal (Rh, Ir, and Ru) based catalysts and H, gas have been reported to promote direct
reductive amination.”'* In addition, bio-relevant metals such as iron'' and copper'? based
catalytic systems were also developed. In the developed methods for reductive amination,
molecular hydrogen, silanes, formates, iso-propanol, and Hantzsch esters are used as
hydrogen donors.'™ '*"'® Among these, silanes act as mild hydride sources which can reduce
imines in combination with Lewis or Bronsted acids. However, the homogeneous catalytic
systems are plagued with the problems of catalyst-product separation and recyclability, and
hence industrial applications of these catalysts, especially in the pharmaceutical industry
remain as a challenge. Consequently, developing a suitable heterogeneous catalyst for the
reductive amination reaction becomes significantly desirable.

The reaction of alcohols and amines through borrowing hydrogen strategy17 is one of the
most powerful methods to prepare secondary amines. In this method, first step is the
oxidation of alcohol followed by the formation of an imine. Finally, imine will be reduced to
the N-alkyl amine and the hydrogen transfer process being executed by the catalyst during
oxidation and reduction steps. Pd, Ru, Ir, Rh, Cu, and Fe based homogenous catalysts and Pd,
Ru, Pt, Au, Ag, Ni, Mn, Cu and Fe based heterogeneous catalysts were reported for the N-
alkylation reaction by borrowing hydrogen strategy with more or less efficiency. However, a
majority of these types of reactions are conducted at high temperatures with high loadings of
precious metal catalysts and a large amount of starting materials in comparatively non-polar
aromatic solvents such as xylene and toluene. As a result, improved methods capable of
generating secondary amines at room temperature are needed for green organic synthesis and
in this context, direct reductive amination remains as a potent tool in the field of synthetic
organic chemistry.

In recent times, some palladium based heterogeneous catalysts were developed for the
one-pot reductive amination of aldehydes. In 2007, a recyclable Pd/C catalyzed one-pot
reductive amination was established by Rhee and co-workers and this protocol utilized
readily available, stable, cheap and nontoxic ammonium formate as in situ hydrogen donor
under neutral and aqueous alcoholic conditions.'® In 2008, Hu and co-workers reported an
efficient and chemoselective direct reductive amination of benzaldehyde and primary amine
to directly yield N-monosubstituted benzylamine hydrochloride using a Pd/C catalytic
hydrogenation system. This procedure was proceeded by adding a few milliliters of CHCl;
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into a conventional Pd/C catalytic system and the Pd/C catalyzed hydrodechlorination of
CHCI; to release HCl was the essential step in this reaction. The procedure is generally
applicable for diverse benzaldehydes and primary amines and N-monosubstituted
benzylamine hydrochloride was obtained as a single product in quantitative yields."” Ma ez al.
developed a simple, efficient and eco-friendly method for the reductive amination using an
easily recoverable Pd/Fe;O4 catalyst under mild reaction conditions. This protocol afforded a
variety of amines in good to excellent yields. The catalyst exhibited high activity even after
eight cycles and was applicable to large-scale industrial synthesis.*

In 2014, Shi et al. explored a simple Pd/NiO catalytic system for the reductive amination
reaction under ambient reaction conditions. This catalyst showed excellent selectivity and
activity in the reductive amination reaction towards a variety of amines and aldehydes and
can be easily recycled for several runs without loss of activity.”' A convenient methodology
for the reductive amination of aldehydes and hydrogenation of unsaturated ketones in the
presence of an air and moisture stable and highly active gum stabilized palladium
nanoparticles as recyclable heterogeneous catalysts was reported by Nasrollahzadeh.” This
catalyst can be recovered and recycled several times without considerable loss of catalytic
activity.

In 2016, Mazaheri’s group reported a simple, well efficient and environmentally benign
method for one-pot reductive amination, using a bi-functional heterogeneous catalyst, Pd/H-
hierarchical ZSM-5. This catalytic system is stable and recyclable, provides an economical
and clean method for the synthesis of amines under mild reaction conditions. Moreover, this
method can be used to produce a variety of amines in good to excellent yields. This catalyst
exhibited high activity and stability even after six cycles and used for the large-scale
industrial syntheses.”” In addition, heterogeneous catalysts such as RANEY®-nickel, Pt/C,
Pd/C, Pd/Al,03, Pd/CaCOs3, PA(OH); efc. were used in the reductive amination reaction in the
presence of dihydrogen gas as a reducing agent.”* Moreover, Huang et al. demonstrated a
supported cobalt catalyst on nitrogen doped carbon, Co@NC (800-2h), for the reductive
amination of aldehydes and ketones with primary and secondary amines to generate
secondary and tertiary amines respectively using H, gas without any additives. In addition,
this catalyst is recyclable for at least 5 times and is applicable for the synthesis of

biologically active N-substituted isoindolinones in one step.*
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Even though AuNPs exhibited high efficiency in hydride transfer processes, the
exploitation of AuNPs for amine synthesis through reductive amination strategy is rare. For
instance, Doris et al. reported a highly efficient method for the reductive amination of
aldehydes via a CNT/gold nanohybrid catalyst using phenyldimethylsilane as hydride
source.”® In 2016, Xu and co-workers developed an efficient reductive amination strategy
using an easily recyclable and commercially available heterogeneous Au/Ti0; catalyst. Cost-
effective and eco-friendly formic acid was utilized as transfer hydrogen reagent and this
combination tolerated the formation of a range of amines from aldehydes and ketones with
good reactivity.”’

An efficient and easily recoverable magnetic nanoparticle-supported phosphine gold(I)
catalyst, Fe;04@SiO,-P—AuCl was developed by Cai et al. in 2016 for the direct reductive
amination of aldehydes or ketones with amines with the help of commercially available and
inexpensive ethyl Hantzsch ester as the hydrogen donor. The reaction was carried out at
room temperature under neutral conditions and produced diverse secondary amines in
excellent yields. Moreover, this heterogeneous catalyst can be recovered by applying an
external magnet and reused at least ten times without deactivation.” In 2016, Shi et al. also
reported an efficient alumina supported nano-gold as the heterogeneous catalyst, for the
reductive N-methylation reaction of amine and formaldehyde under relatively mild reaction
conditions. The hydrogen atoms inside the water molecules can be utilized as the hydrogen
source in the direct reductive amination reaction of O-containing organic molecules with the

concurrent emission of molecular oxygen.”’

3A.2. Statement of the Problem

As per the above discussion, it is obvious that even though a variety of heterogeneous
catalysts were developed for the one-pot reductive amination of aldehydes, the exploitation
of AuNPs for amine synthesis through reductive amination strategy is rare. Although the
reported catalysts are dynamic for reductive amination reaction, development of more
efficient, green, selective, reusable and cost-effective catalytic systems under ambient
reaction condition still remain as a challenge in both industrial and academic research field
and in this milieu, we introduced our newly synthesized bentonite-gold nanohybrid catalyst,

Au-MPBen to examine its efficacy towards direct reductive amination reaction. This chapter
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illustrates a detailed experimental investigation of the direct reductive amination of
aldehydes using Au-MPBen with dimethylphenylsilane as a mild reducing agent at room
temperature and explores its efficiency to afford a variety of secondary amines in excellent
yield. Dimethylphenylsilane was utilized in the present reaction due to their low toxicity,
mild reducing ability and in addition, due to the mild environmental impact of the byproduct

silanol.

3A.3. Results and Discussion
To facilitate the applicability of our Au-MPBen -catalyst towards heterogeneous

catalysis, we selected the direct reductive amination reaction of aldehydes and studied its

efficiency in detail which is discussed in the following sections.

3A.3.1. Syntheses of Secondary Amines Using Au-MPBen catalyst

Our studies commenced with a one-pot condensation of benzaldehyde 1 (1.0 equiv.) and
aniline 2 (1.0 equiv.) in the presence of dimethylphenylsilane (1.5 equiv.) as the hydride
source and a catalytic amount of Au-MPBen (420 gmol %) in acetonitrile at room
temperature under an argon atmosphere. The reaction was found to be completed in an hour
and after removal of the catalyst by centrifugation column chromatography was performed,
the product obtained in 95 % yield was characterized to be the secondary amine 3a by NMR
and Mass spectroscopic techniques. The optimum amount of the catalyst was determined via
performing individual experiments by changing the amount of catalyst. This promising result
prompted us to investigate the effect of solvents on the reaction and the results are given in
Table 3A.1 (entries 1-5). It was found that under similar reaction conditions, an optimum
yield of 95 % of N- benzylaniline was produced when acetonitrile was used as the solvent.

The superiority of Au-MPBen catalyst in the direct reductive amination was established
by performing the reaction using acid activated bentonite (Ben-4h), organofunctionalised
bentonite (Ben-MP), gold nanoparticle impregnated bentonite (Au-Ben) with no additional
stabilizing agents and bentonite-gold nanohybrid (Au-MPBen) as catalyst. When the
reductive amination of benzaldehyde was performed with Ben-4h/ Ben-MP as catalysts
(Table 3A.2, entry 1 & 2), N-benzyl aniline (3a) was not formed even after 24 h. When Au-
Ben was used as the catalyst (Table 3A.2, entry 3), though the transformation of

benzaldehyde to N-benzylaniline occurred, AuNPs were found to leach out from the support,
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lessening its reliability as a feasible catalyst. Only the Au-MPBen (Table 3A.2, entry 4) gave

the efficient conversion of benzaldehyde to N-benzylaniline.

Table 3A.1. Optimization of solvents for Au-MPBen catalyzed reductive amination

Au-MPBen
SRS = OO
RT, solvent, Ar H
3a
Entry Solvent Yield (%)
1 MeCN 95
2 THF 93
3 Toluene 70
4 Methanol 80
5 Acetone 58

Reaction conditions: benzaldehyde (0.5 mmol), aniline (0.5 mmol), dimethylphenylsilane (0.75
mmol), room temperature, Argon atmosphere, 1 h, solvent (1 mL), Au-MPBen (420 zmol %).

Table 3A.2. Comparison of various catalysts in reductive amination reaction

Catalyst
CHO NHz  ph(Me),SiH @A @
1 2 3a
Entry Catalyst Yield (%)
1 Ben-4h
2 Ben-MP
3 Ben-Au 80
4 Au-MPBen 95

Reaction conditions: benzaldehyde (0.5 mmol), aniline (0.5 mmol), dimethylphenylsilane (0.75
mmol), room temperature, Argon atmosphere, 1 h, MeCN (1 mL), catalyst (420 zmol %).
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In order to explore the generality of Au-MPBen catalyst in direct reductive amination
reaction, under optimized reaction conditions, a variety of aldehydes and amines were
reacted and the results are detailed in Table 3A.3. Para and ortho halogenated aromatic
aldehydes (entries 2 & 4) provided the corresponding secondary amines (3b and 3d) in
quantitative yields (93-94 %) within 2 h. In the case of aldehydes containing electron
releasing groups (entries 3 & 5), the reaction proceeded very efficiently within 2 h resulting
in the products 3¢ and 3e in 92 and 91 % yields respectively. Besides, 2-bromoaniline and 2-
iodo-4-bromoaniline (entries 9 & 10) reacted with benzaldehyde, furnishing corresponding
products 3i and 3j in quantitative yield (93 & 91 %). Bulkier aldehydes such as 1-pyrene
carboxaldehyde and 2-naphthaldehyde (entries 6 & 7) were readily converted to the desired
secondary amines (3f and 3g) in 85 and 89 % yield within 4 h and 2 h respectively.

This methodology was also found to be applicable to heterocyclic aldehydes and amines.
When 8-aminoquinoline (entry 8) was employed as the amino component, the corresponding
secondary amine 3h was obtained in 91% yield within 3 h. The reaction of 2-aminothiazole
with benzaldehyde (entry 11) required more time (5 h) for completion and afforded the
corresponding secondary amine 3k in 71% yield. In addition, thiophen-2-aldehyde and 2-
furfuraldehyde (entries 12 & 13) were converted to corresponding amines (31 and 3m) in
almost quantitative yields (94 and 92 %) in a short time. Furthermore, the selectivity of the
Au-MPBen catalyst towards reductive amination reaction was unambiguously established by
the reactions of cinnamaldehyde and perillaldehyde (entries 14 & 15) which provided the
corresponding secondary amines 3n and 3o very effectively with 92 and 91 % yield and both
the reactions were completed within 2 h.

In order to extend the substrate scope of the catalyst, aliphatic aldehydes and amines
were introduced in the reaction. Propionaldehyde and butyraldehyde (entries 16 & 17)
delivered the corresponding products 3p and 3q in good yields (80 % & 82 %) within 12 h
but aliphatic amines exhibited very low reactivity towards reductive amination reaction. Even
after 24 h, the reactions of isopropylamine and benzylamine with benzaldehyde did not

furnish the products (3r & 3s) in isolable yield.
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Table 3A.3. Substrate scope of reductive amination reaction
o Au-MPBen,
Ph(Me),SiH
_C R,—NH, R1/\NHR2
Ri MeCN, RT, Ar
2 3
Entry Aldehyde 1 Amine 2 Product 3 Time (h) Yield (%)
CHO O 1 95
] NH, N
H
3a
BNl SN A S
H
Br Br 3b
CHO NH, N/@ 2 92
s T O
HCO H3CO 3c
CHO NH, N/@ 2 94
NG 9 LM
Br Br
3d
5 CHO NH, N@ 2 o
©/ /©/\H
HsC
3 HsC 3e
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NH
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N 2 89
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Table 3A.3. Continued...

0 Au-MPBen,
I Ph(Me),SiH o "NHR,
CL + Ry—NH, ————> ™
R H MeCN, RT, Ar
2 3
Entry Aldehyde 1 Amine 2 Product 3 Time (h) Yield (%)
H
NH
o o 90 s
Br 3i Br
NH, H
Br | Br I3
CHO S _NH /E—ﬁ
11 Wk N 5 71
N H
3k
H s
S+ -CHO ke N\/@
12 @/ 3 2 94
NH, H O
O, _cHo ©/ ®/ N\/Q
13 2 92
r -
NH
14 ’ N N/@ 2 92
= H
CHO 3n
15 NH, N/@ 2 91
H
CHO 30
NH
16 2 N
/>cHo and 12 80

3p




76 Chapter 34
Table 3A.3 Continued...

0 Au-MPBen,
[l Ph(Me),SiH
_C. + Ry—NH _ PhiMe),SiH R NHR;
R™ H MeCN, RT, Ar
1 2 o 3
Entry Aldehyde 1 Amine 2 Product 3 Time (h) Yield (%)

NH; N
17 _~_-CHO ©/ N\© 12 82
™ 3
CHO ,<
18 ©/ >—NH2 ©/\H 24 Trace amount
3r
CHO
o ©/ ©/\NH2 ©/\N/\© 24 Trace amount
3s

Reaction conditions: aldehyde (0.5 mmol), amine (0.5 mmol), dimethylphenylsilane (0.75mmol),

room temperature, Argon atmosphere, MeCN (1 mL), Au-MPBen (420 zmol %).

3A.3.2. Recycling Experiment

The recyclability of Au-MPBen for direct reductive amination reaction was investigated
by carrying out the reaction using benzaldehyde and aniline. Au-MPBen catalyst was
recovered by centrifugation or filtration and reused in five consecutive runs without the loss
of efficiency (Table 3A.4). After fifth run, TEM images (Figure 3A.1) showed no significant
change in the morphology of the catalyst. These observations confirmed the high efficacy
and robust nature of Au-MPBen nanohybrid catalyst.

(a)

100 nm

Figure 3A.1. TEM image of Au-MPBen, (a) fresh and (b) after 5" use
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Table 3A.4. Recycling experiments of Au-MPBen catalyst

Au-MPBen

©/CH0 @NHz Ph(Me),SiH ®/\ @
+
RT, MeCN, Ar

Entry Catalyst Yield (%)

1 Fresh 95

2 Reuse 1 93

3 Reuse 2 9

4 Reuse 3 92

5 Reuse 4 94

Reaction conditions: benzaldehyde (0.5 mmol), aniline (0.5 mmol), dimethylphenylsilane (0.75
mmol), room temperature, Argon atmosphere, 1 h, MeCN (1 mL), Au-MPBen (420 pmol %).

3A.3.3. Gram Scale Synthesis

The feasibility of Au-MPBen catalyst for the large scale synthesis of secondary amines
was examined by performing the reaction using benzaldehyde and aniline as model reactants
(Scheme 3A.1). When 1 g of benzaldehyde was treated with 0.878 g aniline in the presence
of Au-MPBen (1.05 mmol %) and dimethylphenylsilane (1.92 g) as hydride source, N-
benzylaniline 3a was isolated in 75 % yield (1.3 g) within 6 h. Under these conditions, turn
over number (TON) and turn over frequency (TOF) were calculated as 676 and 113 h™'
respectively. But based on the percentage of surface gold atoms (not the actual gold loading)
that are exposed to the substrate, TON and TOF values reached to 3004 and 502 h

respectively.

CHO NH, Au-MPBen
@ . @ Ph(Me),SiH
RT, MeCN, Ar
1(1g) 2 3a (75 %,1.3 g)

Scheme 3A.1. Gram scale synthesis of N-benzylaniline using Au-MPBen



78 Chapter 34

3A.4. Mechanistic Pathway

The presumed mechanism for the direct reductive amination of aldehydes with
phenyldimethylsilane as the hydride donor is similar to the pathways suggested for similar
noble metal hybrid catalysts (Scheme 3A.2).*° The reaction starts with the formation of imine
A by the condensation of aldehyde and amine. Dimethylphenylsilane undergoes oxidative
insertion of Si-H bond on the surface of the gold nanoparticles, which produces an activated
silane B that is capable of reducing the imine. This activated silane species then reacts with
the imine, hydrosilylation occurs and N-silylated amine is generated. Water produced as a
result of condensation reaction is used for the hydrolysis of N-silylated amine to produce
corresponding secondary amine and silanol is produced as by product. Silylation of nitrogen
atom and reduction are concurrent reactions that ensue during direct reductive amination

reaction.

AuNPMM:r((; é

/—\H_AUNP

Ry
Q, R, m | AuNP
N
Ry”

C_H + N - . .
R1 H™ H _H0 A \/SlMe2Ph
1 2 B
R, R H
r@ H,0 Y
- N<a.
RQ/ 3 Rz/ SIMezph

Scheme 3A.2: Proposed mechanism for Au-MPBen catalysed reductive amination reaction

3A.5. Conclusion
In conclusion, we have explored an efficient and green method for the direct reductive
amination of aldehydes using a bentonite-gold nanohybrid, Au-MPBen as a heterogeneous

catalyst with a mild reducing agent phenyldimethylsilane. The catalytic system has a number
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of advantages such as easily separable, reusable, economical, selective, environmentally
benign, and mild reaction conditions furnishing the amines in excellent yield. Au-MPBen
afforded secondary amines with a wide variety of aldehydes and amines very effectively.

This catalyst was also applicable for the gram scale preparation of secondary amines

3A.6. Experimental Section

3A.6.1. Materials and Methods

The reagents and solvents were purchased from Alfa Aesar, Spectrochem and Merck and
used without further purification. All reactions were carried out in oven dried glassware.
Progress of the reactions was monitored by thin layer chromatography, while purification
was done by column chromatography using neutral alumina. Solvents were removed using
Buchi E.L. rotary evaporator. All measurements were done at room temperature unless
otherwise stated. NMR spectra were recorded on Bruker Avance 500 NMR spectrometer at
500 MHz ('H) and 125 MHz (**C). Chemical shifts are reported in & (ppm) relative to TMS
as internal standard and CDCIl; was used as solvent. Mass spectrum was recorded under
ESI/HRMS using analyser type, orbitrap mass spectrometer (Thermo Exactive). Surface

morphology was analysed using a FEI, TECNAI S Transmission Electron Microcopy (TEM).

3A.6.2 General Procedure for the Direct Reductive Amination of Aldehydes

To a mixture of aldehyde 1 (0.50 mmol) and amine 2 (0.50 mmol) in dry MeCN (1 mL),
dimethylphenylsilane (0.75 mmol) and catalyst, Au-MPBen, (420 umol %) were added and
allowed to stir at room temperature under argon atmosphere. The progress of the reaction
was monitored by TLC. After the reaction, the catalyst was removed by centrifugation and
washed three times with MeCN. The filtrate was concentrated under vacuum and the crude

product was purified by column chromatography to afford the secondary amine (3).

3A.6.3. Recycling Experiment

To a mixture of benzaldehyde 1 (0.50 mmol) and aniline 2 (0.50 mmol) in dry MeCN (1
mL), phenyldimethylsilane (0.75 mmol) and catalyst, Au-MPBen, (420 zmol %) were added
and allowed to stir at room temperature under argon atmosphere. The progress of the reaction
was monitored by TLC. After the reaction, the catalyst was removed by centrifugation and

washed three times with MeCN. The filtrate was concentrated under vacuum and the crude
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product was purified by column chromatography to afford N-benzylaniline (3a). The catalyst
was reused for the second reaction after washing with MeCN. The reductive amination
reaction was repeated for four more cycles by reusing the recycled catalyst from the previous
reaction. After fifth run, TEM analysis of the catalyst was carried out to check for any

changes in the morphology.

3A.6.4. Gram Scale Preparation of N-benzylamine and TON and TOF
Calculations

To a mixture of 1 g of benzaldehyde and 0.88 g of aniline in dry MeCN (7 mL), 1.92 g
of phenyldimethylsilane and catalyst, Au-MPBen, (1.05 mmol %) were added and allowed to
stir at room temperature under argon atmosphere. The progress of the reaction was monitored
by TLC. After the reaction, the catalyst was removed by centrifugation and washed three
times with MeCN. The filtrate was concentrated under vacuum and the crude product was
purified by column chromatography. N-benzylaniline (3a) was obtained successfully in 75 %

yield (1.3 g) within 6 h.

TON and TOF values based on the total amount of gold were calculated as
TON = total amount of product (mol)/total amount of gold (mol)
=0.0071/0.0000105
=676
TOF = TON/time (h)
=676/ 6
=113k

The percentage of gold atoms exposed to the surface of AuNP was calculated based on
the work of Boudart and Djega-Mariadassou, which is approximately 0.9/d, where d is the
spherical metal particle diameter in nm. Thus gold nanoparticles with a diameter of 4 nm
have about 22.5 % (0.9/4 nm) of their atoms lying on the surface of the AuNP. As a result,
adjusted TON and TOF values based on surface atoms were obtained as 3004 and 502 h™'

respectively.
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35%6.5. Synthetic Procedure and Spectral Characterization of Secondary Amines
3A.6.5.1. N-benzylaniline (3a)

To a mixture of benzaldehyde (0.50 mmol, 53 mg) and aniline (0.50 mmol, 47 mg) in
dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-MPBen,
(420 ymol %) were added and allowed to stir for 1 h at room temperature under argon
atmosphere. After the reaction, the catalyst was removed by centrifugation and washed three
times with MeCN. The filtrate was concentrated under vacuum and the crude product was

purified by column chromatography (neutral alumina) to afford the N-benzylaniline (3a) in

"H NMR (500 MHz, CDCls), § (ppm): 7.38-7.33 (m,
4H), 7.27 (d, J = 7 Hz, 1H), 7.19-7.16 (m, 2H), 6.72

@ (t, J=17.5 Hz, 1H), 6.64 (d, J = 7.5 Hz, 2H), 4.34 (s,
©ﬂN 2H), 4.10 (brs, 1H).
H
3a BC NMR (125 MHz, CDCl3), & (ppm): 148.2, 139.5,

129.3, 128.6, 127.5, 127.2, 117.6, 112.9, 48 4.
MS (ESI-HRMS): Caled for C;3Hj;3N, [M+Na]':
206.0946, Found: 206.0954.

95 % yield (87 mg).

3A.6.5.2. N-(4-bromobenzyl)aniline (3b)

To a mixture of 4-bromobenzaldehyde (0.50 mmol, 93 mg) and aniline (0.50 mmol, 47
mg) in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-
MPBen, (420 xmol %) were added and allowed to stir for 2 h at room temperature under
argon atmosphere. After the reaction, the catalyst was removed by centrifugation and washed
three times with MeCN. The filtrate was concentrated under vacuum and the crude product

was purified by column chromatography (neutral alumina) to afford the N-(4-bromobenzyl)

aniline (3b) in 93 % yield (122 mg).
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Br/©/3:

"H NMR (500 MHz, CDCls), & (ppm): 7.46-7.44 (m,
2H), 7.24 (d, J = 8 Hz, 2H), 7.16 (t, J = 8.5 Hz, 2H),
6.72 (t, J=7 Hz, 1H), 6.60 (d, J = 7.5 Hz, 2H), 4.28
(s, 2H), 4.05 (brs, 1H).

BC NMR (125 MHz, CDCl;), & (ppm): 147.8, 138.6,
132.5, 131.7, 131.0, 129.3, 129.1, 120.9, 117.8,
112.9,47.7.

MS (ESI-HRMS): Caled for CjsH;,BrN, [M+H]':
262.0231, Found: 262.0225.

3A.6.5.3. N-(4-methoxybenzyl)aniline (3c)

To a mixture of 4-methoxybenzaldehyde (0.50 mmol, 68 mg) and aniline (0.50 mmol,

47 mg) in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-

MPBen, (420 xmol %) were added and allowed to stir for 2 h at room temperature under

argon atmosphere. After the reaction, the catalyst was removed by centrifugation and washed

three times with MeCN. The filtrate was concentrated under vacuum and the crude product

was purified by column chromatography (neutral alumina) to afford the N-(4-methoxy

benzyl)aniline (3¢) in 92 % yield (98 mg).

Ioh

"H NMR (500 MHz, CDCl;), & (ppm): 7.29 (d, J =
8.5 Hz, 2H), 7.19-7.16 (m, 2H), 6.89-6.87 (m, 2H),
6.73-6.70 (m, 1H), 6.64 (dd, J, =8.5 Hz, J,= 1 Hz,
2H), 4.25 (s, 2H), 3.95 (brs, 1H), 3.79 (s, 3H).

BC NMR (125 MHz, CDCl3), & (ppm): 158.9, 148.0,
131.3, 129.2, 128.8, 117.6, 114.0, 113.0, 55.3, 47.9.
MS (ESI-HRMS): Caled for C4H;sNO, [M+H]":
214.1232, Found: 214.1228.

3A.6.5.4. N-(2-bromobenzyl)aniline (3d)
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To a mixture of 2-bromobenzaldehyde (0.50 mmol, 92 mg) and aniline (0.50 mmol, 47
mg) in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-
MPBen, (420 xmol %) were added and allowed to stir for 2 h at room temperature under
argon atmosphere. After the reaction, the catalyst was removed by centrifugation and washed
three times with MeCN. The filtrate was concentrated under vacuum and the crude product
was purified by column chromatography (neutral alumina) to afford the N-(2-bromobenzyl)

aniline (3d) in 94 % yield (122 mg).

"H NMR (500 MHz, CDCl3), § (ppm): 7.56 (dd, J; =
7.5Hz, J, =1 Hz, 1H), 7.40 (dd, J; = 7.5 Hz, J, = 1.5
Hz, 1H), 7.27-7.24 (m, 1H), 7.18-7.11 (m, 3H), 6.73-

@ 6.70 (m, 1H), 6.61 (dd, J; = 8.5 Hz, J, = 0.5 Hz, 2H),
©\A” 4.40 (s, 2H), 4.19 (brs, 1H).
Br BC NMR (125 MHz, CDCl3), 8 (ppm): 147.7, 138.2,

3d 132.8, 1293, 1292, 1287, 127.6, 1233, 1178,

113.0, 48.4.
MS (ESI-HRMS): Caled for Ci3HnBrN, [M+H]':
262.0231, Found: 262.0242.

3A.6.5.5. N-(4-methylbenzyl)aniline (3e)

To a mixture of 4-methylbenzaldehyde (0.50 mmol, 60 mg) and aniline (0.50 mmol, 47
mg) in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-
MPBen, (420 xmol %) were added and allowed to stir for 2 h at room temperature under
argon atmosphere. After the reaction, the catalyst was removed by centrifugation and washed
three times with MeCN. The filtrate was concentrated under vacuum and the crude product
was purified by column chromatography (neutral alumina) to afford the N-(4-

methylbenzyl)aniline (3e) in 91 % yield (90 mg).
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H30/©A

3e

N
H

J

"H NMR (500 MHz, CDCl), & (ppm): 7.26 (m, 2H),
7.18-7.14 (m, 4H), 6.71 (t, J =5 Hz, 1H), 6.64 (dd, J,
= 8.5 Hz, J, =1 Hz, 2H), 4.28 (s, 2H), 4.08 (brs, 1H),
2.34 (s, 3H).

3C NMR (125 MHz, CDCl3), & (ppm): 149.1, 137.0,
129.3, 127.6, 118.0, 113.3, 48.4, 21.1.

MS (ESI-HRMS): Caled for Ci4H;sN, [M]":
197.1204, Found: 197.1216

3A.6.5.6. N-(pyren-1-ylmethyl)aniline (3f)

To a mixture of pyrene-1-carboxaldehyde (0.50 mmol, 115 mg) and aniline (0.50 mmol,

47 mg) in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-

MPBen, (420 xmol %) were added and allowed to stir for 4 h at room temperature under

argon atmosphere. After the reaction, the catalyst was removed by centrifugation and washed

three times with MeCN. The filtrate was concentrated under vacuum and the crude product

was purified by column chromatography (neutral alumina) to afford the N-(pyren-1-yl
methyl)aniline (3f) in 85 % yield (130 mg).

"H NMR (500 MHz, CDCl3), & (ppm): 8.33 (d, J=9
Hz, 1H), 8.20 (dd, J; = 7.5 Hz, J, = 1.5 Hz, 2H),
8.16-8.13 (m, 2H), 8.08-8.06 (m, 3H), 8.02 (t, J =
7.5Hz, 1H), 7.24-7.22 (m, 2H), 6.79-6.75 (m, 3H),
5.00 (s, 2H), 4.15 (brs, 1H).

BC NMR (125 MHz, CDCl;), & (ppm): 131.8, 131.3,
131.1, 130.8, 129.4, 129.1, 128.0, 127.4, 126.9,
126.0, 1253, 125.1, 124.8, 123.0, 1182, 113.3,
100.0, 47.0.

MS (ESI-HRMS): Caled for C,sHppN, [M+H]™:
308.1439, Found: 308.1427.
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3A.6.5.7. N-(naphthalen-2-ylmethyl)aniline (3g)

To a mixture of 2-naphthaldehyde (0.50 mmol, 78 mg) and aniline (0.50 mmol, 47 mg)
in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-MPBen,
(420 ymol %) were added and allowed to stir for 2 h at room temperature under argon
atmosphere. After the reaction, the catalyst was removed by centrifugation and washed three
times with MeCN. The filtrate was concentrated under vacuum and the crude product was
purified by column chromatography (neutral alumina) to afford the N-(naphthalen-2-yl
methyl)aniline (3g) in 89 % yield (104 mg).

"H NMR (500 MHz, CDCls), & (ppm): 7.84-7.79 (m,
4H), 7.54-7.45 (m, 3H), 7.19-7.16 (m, 2H), 6.72 (t, J
@ = 7.5 Hz, 1H), 6.69 (d, J = 1 Hz, 2H), 4.50 (s, 2H),

“ o 1
H
BC NMR (125 MHz, CDCl3), & (ppm): 147.2, 133.5,

132.8, 129.3, 1284, 127.8, 127.7, 1262, 126.0,
125.8, 125.7, 124.5, 124.0, 117.8, 113.1, 48.6.

MS (ESI-HRMS): Caled for C7H;sN, [M+H]™:
234.1283, Found: 234.1275.

3A.6.5.8. N-benzylquinolin-8-amine (3h)

To a mixture of benzaldehyde (0.50 mmol, 53 mg) and 8-aminoquinoline (0.50 mmol,
72 mg) in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-
MPBen, (420 xmol %) were added and allowed to stir for 3 h at room temperature under
argon atmosphere. After the reaction, the catalyst was removed by centrifugation and washed
three times with MeCN. The filtrate was concentrated under vacuum and the crude product

was purified by column chromatography (neutral alumina) to afford the N-benzylquinolin-8-

amine (3h) in 91 % yield (106 mg).

'H NMR (500 MHz, CDCl3), & (ppm): 8.72 (dd, J; =
4 Hz, J,=1.5 Hz, 1H), 8.07 (dd, J; =8 Hz, J,= 1.5
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Hz, 1H), 7.44 (d, J = 8 Hz, 2H), 7.39-7.29 (m, 4H),
7.26 (t,J=7.5 Hz, 1H), 7.06 (d, J= 8 Hz, 1H), 6.64
(d, J=17.5 Hz, 1H), 6.60 (brs, 1H), 4.56 (s, 2H).
@ﬂ” ' BC NMR (125 MHz, CDCly), & (ppm): 147.0,
Nx 1447, 139.4, 1362, 128.8, 127.9, 127.6, 127.3,
3h 121.6, 114.3, 105.3, 47.8.

MS (ESI-HRMS): Caled for CigH14Na, [M+H]™:
235.1235, Found: 235.1230.

3A.6.5.9. N-benzyl-2-bromoaniline (3i)

To a mixture of benzaldehyde (0.50 mmol, 53 mg) and 2-bromoaniline (0.50 mmol, 86
mg) in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-
MPBen, (420 xmol %) were added and allowed to stir for 2 h at room temperature under
argon atmosphere. After the reaction, the catalyst was removed by centrifugation and washed
three times with MeCN. The filtrate was concentrated under vacuum and the crude product

was purified by column chromatography (neutral alumina) to afford the N-benzyl-2-

bromoaniline (3i) in 93 % yield (122 mg).

'H NMR (500 MHz, CDCl3), § (ppm): 7.44 (dd, J; =
8 Hz, J> = 1.5 Hz, 1H), 7.36-7.34 (m, 4H), 7.30-7.28
(m, 1H), 7.14-7.11 (m, 1H), 6.62-6.56 (m, 2H), 4.76

Brj@ (brs, 1H), 4.41 (d, J= 4.5 Hz, 2H).
@/\H BC NMR (125 MHz, CDCl3), & (ppm): 144.8, 138.7,
" 132.4, 128.7, 128.5, 127.3, 127.2, 118.0, 111.6,
1
109.7, 48.0.

MS (ESI-HRMS): Caled for C;3H,BrN, [M+H]":
262.0231, Found: 262.0242.

3A.6.5.10. N-benzyl-4-bromo-2-iodoaniline (3j)
To a mixture of benzaldehyde (0.50 mmol, 53 mg) and 4-bromo-2-iodoaniline (0.50
mmol, 194 mg) in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and
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catalyst, Au-MPBen, (420 gumol %) were added and allowed to stir for 3 h at room
temperature under argon atmosphere. After the reaction, the catalyst was removed by
centrifugation and washed three times with MeCN. The filtrate was concentrated under

vacuum and the crude product was purified by column chromatography (neutral alumina) to

afford the N-benzyl-4-bromo-2-iodoaniline (3j) in 91 % yield (176 mg).

"H NMR (500 MHz, CDCls), & (ppm): 7.77 (d, J =2
Hz, 1H), 7.37-7.32 (m, 4H), 7.30-7.26 (m, 1H), 7.23
(dd, J; = 8.5 Hz, J, = 2 Hz, 1H), 6.38 (d, J = 8.5 Hz,

HQ 1H), 4.65 (brs, 1H), 4.38 (d, J= 5.5 Hz, 2H).

N BC NMR (125 MHz, CDCl3), & (ppm): 146.3, 140.5,

Br/©i| 3 138.2, 132.2, 129.0, 127.6, 127.2, 112.0, 109.0, 85.3,
48.5.

MS (ESI-HRMS): Caled for Ci3Hy BrIN, [M+H]':
387.9198, Found: 387.9189.

3A.6.5.11. N-benzylthiazol-2-amine (3Kk)

To a mixture of benzaldehyde (0.50 mmol, 53 mg) and 2-aminothiazole (0.50 mmol,
194 mg) in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 50 mg) and catalyst, Au-
MPBen, (420 xmol %) were added and allowed to stir for 5 h at room temperature under
argon atmosphere. After the reaction, the catalyst was removed by centrifugation and washed
three times with MeCN. The filtrate was concentrated under vacuum and the crude product

was purified by column chromatography (neutral alumina) to afford the N-benzylthiazol-2-

amine (3k) in 71 % yield (67 mg).

'H NMR (500 MHz, CDCls), § (ppm): 7.37-7.36 (m,
i@ 4H), 7.32-7.31 (m, 2H), 7.14 (d, J = 3.5 Hz, 1H), 6.51
g NTN (d, J=4 Hz, 1H), 4.50 (s, 2H).
3k 13C NMR (125 MHz, CDCl3), 5 (ppm): 170.4, 142.5,
133.8, 128.8, 127.8, 127.6, 106.9, 49.8.
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MS (ESI-HRMS): Calcd for C;oH;oN,S, [M+H]":
191.0643, Found: 191.0634.

3A.6.5.12. N-(thiophen-2-ylmethyl)aniline (31)

To a mixture of thiophene-2-aldehyde (0.50 mmol, 56 mg) and aniline (0.50 mmol, 47
mg) in dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-
MPBen, (420 xmol %) were added and allowed to stir for 2 h at room temperature under
argon atmosphere. After the reaction, the catalyst was removed by centrifugation and washed
three times with MeCN. The filtrate was concentrated under vacuum and the crude product
was purified by column chromatography (neutral alumina) to afford the N-(thiophen-2-yl
methyl) aniline (3/) in 94 % yield (89 mg).

"H NMR (500 MHz, CDCl3), & (ppm): 7.22-7.18 (m,
3H), 7.02 (dd, J; = 3.5 Hz, J; = 1 Hz, 1H), 6.96 (dd,
H S\ J; =5 Hz, J, = 3Hz, 1H), 6.75 (s, 1H), 6.69 (t, J = 4
© NS Hz, 2H), 4.52 (s, 2H), 4.13 (brs, 1H).
3 13C NMR (125 MHz, CDCly), 8 (ppm): 129.3, 126.8,
125.2, 124.6, 118.3, 113.4, 43.6.
MS (ESI-HRMS): Caled for C;;H;NS, [M+H]":
190.0691, Found: 190.0687.

3A.6.5.13. N-(furan-2-ylmethyl)aniline (3m)

To a mixture of 2-furfuraldehyde (0.50 mmol, 48 mg) and aniline (0.50 mmol, 47 mg) in
dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-MPBen,
(420 ymol %) were added and allowed to stir for 2 h at room temperature under argon
atmosphere. After the reaction, the catalyst was removed by centrifugation and washed three
times with MeCN. The filtrate was concentrated under vacuum and the crude product was
purified by column chromatography (neutral alumina) to afford N-(furan-2-yl methyl) aniline
(3m): in 92 % yield (80 mg).
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"H NMR (500 MHz, CDCls), 8 (ppm): 7.36 (dd, J; =
2 Hz, J> = 0.5 Hz, 1H), 7.20-7.17 (m, 2H), 6.75-6.72
(m, 1H), 6.68 (dd, J; = 8.5 Hz, J, = 0.5 Hz, 2H), 6.32-
HJ@ 6.31 (m, 1H), 6.24 (dd, J; = 3 Hz, J, = 0.5 Hz, 1H),
O o 4.32 (s, 2H), 4.01 (brs, 1H).
3C NMR (125 MHz, CDCl;), & (ppm): 152.7, 147.6,
141.9, 129.2, 118.0, 113.2, 110.3, 107.0, 41.5.
MS (ESI-HRMS): Caled for Ci;H;;NO, [M+H]':
174.0919, Found: 174.0927.

3A.6.5.14. N-cinnamylaniline (3n)

To a mixture of cinnamaldehyde (0.50 mmol, 66 mg) and aniline (0.50 mmol, 47 mg) in
dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-MPBen,
(420 ymol %) were added and allowed to stir for 2 h at room temperature under argon
atmosphere. After the reaction, the catalyst was removed by centrifugation and washed three
times with MeCN. The filtrate was concentrated under vacuum and the crude product was
purified by column chromatography (neutral alumina) to afford N-cinnamylaniline (3n) in 92

% yield (95 mg).

'H NMR (500 MHz, CDCly), & (ppm): 7.37 (d, J =
7.5 Hz, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.23 (s, 1H),
7.21-7.17 (m, 2H), 6.73 (s, 1H), 6.67 (d, J = 7.5 Hz,
/@ 2H), 6.61 (s, 1H), 6.34 (d, J = 15.5 Hz, 1H), 3.94 (dd,

©/\WH J;=5.5Hz,J,=1.5 Hz, 2H), 3.88 (brs, 1H).

o BC NMR (125 MHz, CDCl3), & (ppm): 148.1, 136.9,
131.6, 129.3, 128.6, 127.5, 127.1, 126.3, 117.7,
113.1, 46.2.

MS (ESI-HRMS): Caled for CisHisN, [M+H]":
210.1283, Found: 210.1289.
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3A.6.5.15. N-((4-(prop-1-en-2-yl)cyclohex-1-enyl)methyl)aniline (30)

To a mixture of perillaldehyde (0.50 mmol, 75 mg) and aniline (0.50 mmol, 47 mg) in
dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-MPBen,
(420 ymol %) were added and allowed to stir for 2 h at room temperature under argon
atmosphere. After the reaction, the catalyst was removed by centrifugation and washed three
times with MeCN. The filtrate was concentrated under vacuum and the crude product was
purified by column chromatography (neutral alumina) to afford N-((4-(prop-1-en-2-
yl)cyclohex-1-enyl)methyl)aniline (30) in 91 % yield (103 mg).

"H NMR (500 MHz, CDCl5), & (ppm): 7.18-7.14 (m,

2H), 6.70-6.67 (m, 1H), 6.62-6.60 (m, 2H), 5.70 (s,
@ 1H), 4.72-4.71 (m, 2H), 3.78 (brs, 1H), 3.63 (s, 2H),

2.17-2.09 (m, 4H), 1.99-1.92 (m, 1H), 1.87-1.83 (m,

1H), 1.74 (s, 3H), 1.52-1.49 (m, 1H).

BC NMR (125 MHz, CDCl3), & (ppm): 149.9, 134.9,

129.2, 122.4, 117.2, 112.8, 108.6, 50.0, 41.2, 30.5,

27.6,27.2,20.8.

MS (ESI-HRMS): Caled for Ci¢HyN, [M+H]™:

228.1752, Found: 228.1746.

Iz

3o

3A.6.5.16. N-propylaniline (3p)
To a mixture of propionaldehyde (0.50 mmol, 29 mg) and aniline (0.50 mmol, 47 mg) in

dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-MPBen,
(420 ymol %) were added and allowed to stir for 12 h at room temperature under argon
atmosphere. After the reaction, the catalyst was removed by centrifugation and washed three
times with MeCN. The filtrate was concentrated under vacuum and the crude product was
purified by column chromatography (neutral alumina) to afford N-propylaniline (3p) in 80 %
yield (54 mg).

"H NMR (500 MHz, CDCls), & (ppm): 7.19-7.15 (m,

2H), 7.04-7.00 (m, 1H), 6.69-6.66 (m, 2H), 3.80 (brs,
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H 1H), 3.14-3.10 (m, 2H), 1.62-1.56 (m, 2H), 0.97 (m,
Vand 3p\© 3H).

BC NMR (125 MHz, CDCl3), & (ppm): 148.9, 129.5,
129.4,123.5,112.6, 112.5, 51.9, 27.9, 13.9.

MS (ESI-HRMS): Caled for CoHjsN, [M+H]™:
136.1126, Found: 136.1142.

3A.6.5.17. N-butylaniline (3q)

To a mixture of butyraldehyde (0.50 mmol, 36 mg) and aniline (0.50 mmol, 47 mg) in
dry MeCN (1 mL), dimethylphenylsilane (0.75 mmol, 102 mg) and catalyst, Au-MPBen,
(420 gmol %) were added and allowed to stir for 12 h at room temperature under argon
atmosphere. After the reaction, the catalyst was removed by centrifugation and washed three
times with MeCN. The filtrate was concentrated under vacuum and the crude product was
purified by column chromatography (neutral alumina) to afford N-propylaniline (3p) in 82 %
yield (61 mg).

"H NMR (500 MHz, CDCl;), & (ppm): 7.19 (t, 7.5Hz,
2H), 6.70 (t, 7Hz, 1H), 6.67-6.65 (m, 2H), 3.90 (brs,

H 1H), 3.42-3.39 (m, 2H), 1.58-1.53 (m, 4H), 0.93 (t,
~ \© 7Hz, 3H).

3q BC NMR (125 MHz, CDCL3), & (ppm): 144.8, 127.4,
127.0,116.4, 114.2, 49.2,29.7, 24.6, 15.6.
MS (ESI-HRMS): Caled for CjoH;sN, [M+H]™:
150.1282, Found: 150. 1273.
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CHAPTER 3

Application of Bentonite-Gold Nanohybrid Towards
Green Heterogeneous Catalysis

PART B

Bentonite-Gold Nanohybrid Catalyzed Oxidative Cross-Coupling
of Ketones with Primary alcohols

3B.1. Introduction

Carbon-carbon bond forming reactions, the most essential approach to increase the
molecular complexity, are utmost potent and versatile tool in synthetic organic chemistry.
Carbon-carbon cross-coupling reactions, often catalyzed by the transition metals, have been
extensively exploited in the areas of organic synthesis and materials science, and in the
pharmaceutical, agrochemical and fine chemical industries."® Chalcones, which are
o, f—unsaturated ketones, act as an important intermediate in the synthesis of a large number
of pharmaceuticals and belong to one of the vital compounds as Michael acceptors in organic
synthesis.”® Moreover, chalcones and their derivatives exhibit a diverse array of biological
properties such as antioxidant, antimalarial, antileishmanial, anti-inflammatory, antibacterial,
antimicrobial, antitumor, anticancer, radical scavenger, inhibitor of topoisomerase, etc.”?

Consequently, development of efficient protocols for the synthesis of chalcone derivatives is

of great interest in both academic and industrial research fields.

3B.1.1. Syntheses of o,f~Unsaturated Ketones via Claisen-Schmidt Condensation
Reactions

Generally, a,f-unsaturated ketones are synthesized by Claisen-Schmidt condensation
reactions which describe a method in which a benzaldehyde and a methyl ketone are
condensed by means of acid or base catalysis. Even though chalcones are easily

synthesizable, several new procedures have recently been emerged because of their
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remarkable biological activities.”> Conventionally, o,/ unsaturated ketones are synthesized
by homogeneous catalysis under basic medium such as KOH, NaOH, ezc. and acidic medium
such as HCI, p-toluene sulfonic acid, TiCly, BF;—Et,0, ete.*** In base-mediated catalysis,
the «, [/~ unsaturated ketone is produced from the aldol product by dehydration via enolate
mechanism, while in acid-mediated catalysis, it is afforded via an enol mechanism. But these
methodologies often have the disadvantages of catalyst recovery and waste-disposal
problems. Chalcones were also synthesized via a solvent-free conditions such as grinding or
microwave irradiation. The solvent-free microwave strategy avoids the influence of the
solvent and decreases the by-products. It also facilitates greater flexibility for the reaction
temperature and significantly reduces the reaction time.*’

Moreover, a variety of heterogeneous catalysts were developed for the preparation of
a, f—unsaturated ketones which consent to catalyst-product separation, recyclability of the
catalyst, etc. For instance, Pagni et al. developed a facile synthesis of chalcones and enones
in a solvent-free aldol condensations of benzaldehyde derivatives with ketones using basic
alumina as heterogeneous catalyst.31 In 1990, HY zeolites were employed to catalyze the
Claisen-Schmidt condensation to produce frans- and cis-chalcones using acetophenone with
benzaldehyde, in benzene at 80 °C together with 3,3-diphenylpropiophenone as by-product.
Geneste and co-workers reported hydrotalcites as base catalyst for the Claisen-Schmidt
condensation for the intramolecular condensation of acetonylacetone in 95 % ethanol as
solvent and afforded chalcone in 20 % yield.* In addition, the Claisen—Schmidt condensation
was performed with natural phosphate (NP) as catalyst with or without the use of a solvent.*

Potassium fluoride supported on natural phosphate has a strong basic activity which
could be efficiently used to promote the Claisen-Schmidt reaction of 2'-hydroxy
acetophenones with benzaldehydes.”> In 2005, two basic activated carbons (Na- and Cs-
Norit) were used for the Claisen—Schmidt condensation between benzaldehyde and
acetophenone by sonochemical irradiation and Cs-doped carbon was found to be as the
optimum catalyst. A significant increase in the yield was detected when the carbon catalyst
was stimulated using ultrasonic waves and offered excellent activity and selectivity towards
the synthesis of several chalcones.’® Yeung et al. reported an efficient and eco-friendly
strategy to synthesize ¢ f-unsaturated ketones using an amino grafted zeolites by

sonochemical and thermally activated methods and this simple method afforded chalcones
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with nearly 100 % conversion with in 3 h.’ Wu et al. developed a solid acidic catalyst,
hydrotalcite in presence of 1,3-dibutyl-2-methylimidazoliumtetrafluoroborate ([dbmin]BF,4)
as the ionic liquid to generate chalcones with a yield of 98.5 % and this method has a
number of advantages such as the convenient product separation, low catalyst loading and
catalyst recycling without loss of its activity.*®

Trabelsi et al. reported a solvent-free synthesis of 1,3-diaryl-2-propenones using
commercial acid-clays as heterogeneous catalyst under ultrasound irradiation for the
synthesis of trans-chalcones in 85-95 % yields with excellent selectivity in a short reaction
time.” In 2010, Garcia and co-workers developed a simple and efficient synthetic protocol
utilizing a metal-organic framework based Fe(BTC) as heterogeneous catalyst to synthesize a
variety of chalcones using various aldehydes and ketones under mild reaction conditions. The
catalyst could be easily recovered and reused without any loss of the product yield and could
be employed for the large-scale synthesis of chalcones.*” Moreover, Thirunarayanan and co-
workers unveiled a microwave assisted sulphated titania catalyzed aldol condensation for the
synthesis of some naphthalene substituted chalcones under solvent-free conditions with
yields of more than 90 %.*' In 2014, Koner e al. employed two alkaline earth MOF
compounds [Mg(HL)(H,0),], and [Ca(H,L),], as heterogeneous catalysts to catalyze the
Claisen—Schmidt reaction and found out that [Ca(H,L),], is more effectively catalyzed the
condensation reaction compared to [Mg(HL)(H,O),], under environmentally friendly
conditions.*

In 2015, a highly crystalline nanoporous metal-organic framework, IRMOF-3 was
synthesized by Liu’s group and used this heterogeneous catalyst for the Claisen-Schmidt
reaction of benzaldehyde with acetophenone to afford chalcone as the major product. The
product was obtained with a yield of 78 % under optimal reaction conditions and the catalyst
was industrially viable.*® Furthermore in 2017, Siddiqui et al. reported an efficient and
recyclable silica supported copper doped phosphotungstic acid (CuPTA/SiO;) a
heterogeneous catalyst for Claisen-Schmidt condensation reaction to synthesize phenoxy
pyrazolyl chalcones under solvent free conditions. The catalyst can be reused for six runs and

the products were obtained in shorter time period with excellent yield.**
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3B.1.2. Syntheses of a,f-Unsaturated Ketones via Carbon-Carbon Cross-
coupling Reactions

Even though a plethora of methods were reported for the synthesis of chalcones,
development of highly proficient catalytic systems are significantly desirable from both
synthetic and ecological point of view. One-pot synthesis is a methodology to enhance the
efficacy of a reaction via avoiding the purification of intermediates and recently the chalcone
scaffolds have been prepared by one-pot synthesis using alcohols and ketones. It is obvious
that the alcohol, the greener reactant, undergoes oxidation to produce aldehyde in situ and the
aldehyde reacts with the ketone to afford the corresponding product, a,f-unsaturated ketone.
In recent times, some heterogeneous catalysts have been reported for the cross-coupling of
ketones with primary alcohols to produce chalcones.

Park et al. reported a heterogeneous recyclable palladium catalyst, Pd/AIO(OH) which is
composed of palladium nanoparticles embedded in aluminum hydroxide, for the carbon-
carbon cross-coupling reaction. The C-C reaction between alcohols and ketones in the
presence of oxygen to produce a,f-unsaturated ketones.*’ Uozumi and co-workers reported a
water-soluble nanopalladium (nano-Pd-V) catalyst for effectively catalyzing the C-C
coupling reaction of ketones and alcohols and the product was achieved in 92 % yield.** In
2008, Goettmann et al. described the synthesis and applications of sustainable catalytic
systems namely mesoporous TiO, and TiN, to catalyze different types of aldol
condensations, particularly for the alkylation of ketones with alcohols. Both mesoporous
TiO; and TiN can be used as important alternatives to noble-metal complexes in C-C bond-
forming reactions and the required reaction conditions are harsher compared to noble-metal
catalysts. The synthesis of the catalyst was based on graphitic carbon nitride, which acts as
the nitrogen source during nitrification of titanium oxide. It also prevents the collapse of the
pores because of its favourable mechanical properties. The activity of these catalysts
originated from the combination of Lewis acidic and Brensted basic properties.*’

In 2011, Daoyong and co-workers reported an effective and simple procedure for the
preparation of ¢, f-unsaturated ketones directly from aromatic alcohols and ketones in the
presence of CrO; as catalyst and the product was achieved in 98 % yield. The method
describes a step towards a wide range of accessible substrates and reduced cost of

production.*® Recently, Wang et al. employed the ceria catalyst for the cascade synthesis of
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o,f-unsaturated ketones by oxidative carbon-carbon cross-coupling of ketones and primary
alcohols in the absence of alkaline additives and the catalytically active sites of CeO,
comprise surface redox and base sites. The mechanism of the reaction involves the oxidation
dehydrogenation of benzyl alcohol on the redox sites and the aldol condensation of
benzaldehyde and acetophenone on the base sites.” Although these catalysts are efficiently
catalyzed the carbon-carbon bond formation, the reactions often necessitate high temperature.

In 2009, a nano-gold supported on aluminum oxyhydroxide, Au/AIO(OH) was reported
as heterogeneous catalysis by Park et al. for the aerobic oxidation of alcohol and sequential
carbon-carbon bond forming reaction with ketone to generate o,f-unsaturated ketones with
the addition of 3 equiv. of Cs,CO; under oxygen atmosphere at room temperature. The
aromatic a,f-unsaturated ketones were afforded in 70-90 % yields, however, no desired
product was obtained while using aliphatic primary alcohols as starting materials.’® The
potency of this application is to broaden the classical Claisen-Schmidt condensation using

benzyl alcohols in place of aldehydes as starting materials.

3B.2. Statement of the Problem

In order to achieve greener and sustainable methodology, alcohols, which are readily
accessible both from biomass and from the hydroformylation reaction of oil derivatives, can
be used as the reactant in C-C coupling reactions. For that reason, catalytic systems which
facilitate the production of ¢,f—unsaturated ketones via the oxidative cross-coupling of
alcohols with ketones under mild reaction conditions remain as a powerful tool in synthetic
organic chemistry. Although a large number of heterogeneous catalysts were reported for
efficiently catalyzing the carbon-carbon bond formation reaction to produce «,f—unsaturated
ketones, the reactions often necessitate high temperature. Much effort has been taken by the
scientific community to develop more efficient, environmentally benign, cost-effective,
selective and reusable catalytic system which affords a large substrate scope and lower
catalyst loading under ambient reaction conditions. Consequent to this, in the part B section
of this chapter, we present our systematic investigation on the coupling reaction of ketones

with primary alcohols in the presence of Au-MPBen, the catalyst that we developed.
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3B.3. Results and Discussion
In order to confirm the efficacy of our Au-MPBen catalyst, we selected the carbon-
carbon cross-coupling reaction of ketones with primary alcohols and investigated its

performance which are detailed in the following sections.

3B.3.1. Syntheses of o,#~Unsaturated Ketones Using Au-MPBen Catalyst

In an initial reaction, the oxidative C-C coupling reaction of ketones with primary
alcohols using Au-MPBen catalyst was performed by selecting acetophenone 1 and benzyl
alcohol 2 as model substrates. The reaction was carried out by reacting 1 (1.0 equiv.) and 2
(3.0 equiv.) in the presence of Cs;CO; (3.0 equiv.) under oxygen atmosphere at room
temperature using catalytic amount of Au-MPBen (524 gmol %) in acetonitrile. The reaction
was completed in 12 h as evidence by TLC. The catalyst was removed by centrifugation and
the crude product after removal of the solvent was purified by column chromatography. The
product was obtained in 90 % yield which was characterized to be the «,f—unsaturated
ketone 3a. Subsequently, we investigated the effect of different solvents in this reaction and
the results are shown in Table 3B.1(entries 1-6). The reaction using acetonitrile as the solvent
provided the chalcone 3a selectively with the optimum yield of 90 % in the presence of
Cs,COs as the base. Experiments using K,COs, Na,COs3 and Cs,CO; under the optimized
reaction conditions revealed that Cs;COj; is most efficient base for this reaction. The only by-
product in this cascade reaction is water.

The supremacy of Au-MPBen catalyst in the oxidative C-C coupling was established by
conducting the reaction using different catalysts such as Ben-4h (acid activated bentonite),
Ben-MP (organofunctionalized bentonite), Au-Ben (gold nanoparticle-impregnated bentonite
with no additional stabilizing agents) and Au-MPBen (bentonite-gold nanohybrid). The
results confirmed that Ben-4h/Ben-MP catalysts (Table 3B.2, entries 1 and 2) were unable to
generate the product 3a even after 24 h. Even though Au-Ben (Table 3B.2, entry 3) catalyzed
the reaction and produced the product in 80 % yield, Au NPs were found to leach out from
the support which decreased its reliability as a feasible catalyst. Only Au-MPBen (Table
3B.2, entry 4) provided the «, f-unsaturated ketone 3a effectively by oxidative C-C bond

forming reaction.
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Table 3B.1. Optimization of solvents for the Au-MPBen-catalyzed C-C coupling of
acetophenone with benzyl alcohol

(0] (0]
©)J\ +(jﬁ(m Au-MPBen, Cs,CO3 O = O
1 ) solvent, RT,12 h, O, 3a

Entry Solvent Yield[%]
1 MeCN 90
2 Toluene 80
3 Chloroform 82
4 THF 70
5 DCM 81
6 Ethanol 65

Reaction conditions: acetophenone (0.4 mmol), benzyl alcohol (1.2 mmol), Cs,COj3 (1.2 mmol), room
temperature, oxygen atmosphere, 12 h, solvent (2 mL), Au-MPBen (524 gmol %).

Table 3B.2. Comparison of various catalysts for the Au-MPBen-catalyzed C-C coupling of
acetophenone with benzyl alcohol

e) (0]
©)\ +©AOH Catalyst, Cs,CO;3 O 7 O
. ) MeCN, RT,12 h, O, 3a
Entry Catalyst Yield [%]

1 Ben-4h 0
2 Ben-MP 0
3 Ben-Au 75
4 Au-MPBen 90

Reaction conditions: acetophenone (0.4 mmol), benzyl alcohol (1.2 mmol), Cs,COs5 (1.2 mmol), room
temperature, oxygen atmosphere, 12 h, MeCN (2 mL), catalyst (524 pmol %).
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In order to explore the generality of our Au-MPBen catalyst in oxidative C-C coupling
reaction, we extended the reaction to a a wide range of ketones and primary alcohols under
the optimized reaction conditions and the details are depicted in Table 3B.3. We introduced
two different approaches to investigate the efficacy of Au-MPBen catalyst for the synthesis
of a wide variety of ¢, f-unsaturated ketones. In the first approach, different ketones were
allowed to react with benzyl alcohol. For instance, substituted acetophenones such as para-
nitroacetophenone and para-fluoroacetophenone (entries 2 & 3) reacted with benzyl alcohol,
furnishing the corresponding o,f-unsaturated ketones 3b and 3¢ in 92 and 85 % yield
respectively. Besides, this methodology was found to be applicable for various heterocyclic
ketones. When 2-acetylpyridine (entry 4) reacted with benzyl alcohol, the corresponding
chalcone 3d was obtained in 89 % yield. In addition, 2-acetylfuran and 2-acetylthiophene
(entries 5 & 6) were converted to the corresponding products 3e and 3f in almost quantitative
yields (91 and 93 %). The reaction is also well applicable for the cross-coupling reaction
between a,f-unsaturated ketone such as benzilideneacetone and benzyl alcohol (entry 7) and
afforded the desired product, dibenzilideneacetone 3g in 82 % yield. Furthermore, in order to
extend the substrate scope of the catalyst for diverse ketones, aliphatic ketones were
introduced in the reaction. Cyclopropyl ethanone and 2-butanone (entries 8 & 9) provided the
corresponding chalcones 3h and 3i in good yields (83 & 84 %).

In the second approach, various primary alcohols were allowed to react with
acetophenone or its derivatives to ensure the tolerance of catalyst. 9-fluorenemethanol, the N-
protecting reagent used in peptide synthesis underwent the oxidative C-C bond formation
with p-nitroacetophenone (entry 10) and the desired product, 3j was achieved in 91 % yield.
This sequential oxidation-addition protocol is well suitable for different polycyclic primary
alcohols. When 1-pyrenemethanol was employed as the alcohol component (entry 11), the
reaction occurred effectively and resulted in the product 3k in 80 % yield. Moreover, 1-
naphthalenemethanol and 9-anthracenemethanol (entries 12& 13) were converted to the
corresponding o, f-unsaturated ketones 31 and 3m in almost quantitative yields (82 & 85).
Meanwhile, the aliphatic primary alcohols (entries 14& 15) didn’t afford the desired products
even after 24 h.
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Table 3B.3. Substrate scope for the Au-MPBen-catalyzed C-C coupling of ketone with

primary alcohol

@)

0
RAK + o Au-MPBen, Cs,CO5 o JK/\RZ
3

MeCN, RT, 12 h,0,

1 2
Entry Ketone 1 Alcohol 2 Product 3 Yield[%]
O O
=
1 o™ OT0o -
3a

o 0
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Table 3B.3. Continued...

0] O

R1/U\ + Rz/\OH Au-MPBen, Cs,CO4 R1)v\R2

MeCN, RT, 12 h,0,

1 2 3
Entry Ketone 1 Alcohol 2 Product 3 Yield[%]
0] OH
10 Q)k QO 91
O:N ON
OH
O
ot O so
0] OH O
12 7
99 e -
OH O
Q =
; rry U LT .
w
O
14 ©)J\ ~"0H No reaction 0
@)
15 ©)J\ ~OH No reaction 0

Reaction conditions: ketones (0.4 mmol), primary alcohols (1.2 mmol), Cs,CO; (1.2 mmol), room
temperature, oxygen atmosphere, 12 h, MeCN (2 mL), Au-MPBen (524 zmol %).
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3B.3.2. Recycling Experiment

The recyclability of Au-MPBen catalyst for the oxidative C-C coupling of ketones with
primary alcohols was examined by performing the reaction using acetophenone and benzyl
alcohol. The catalyst was recovered by centrifugation, reused in five successive runs (Table
3B.4). Even after the fifth run, the efficiency of the catalyst remained almost unchanged. This
observation confirmed the efficacy and stability of Au-MPBen nanohybrid catalyst.

Table 3B.4. Recycling experiments with the Au-MPBen catalyst

0] (0]
©)‘\ . ©/\OH Au-MPBen,Cs,CO4 Z O
1 2 MeCN, RT,12 h, O, O 3a
Entry Catalyst Yield [%]
1 Fresh 90
2 Reuse 1 88
3 Reuse 2 89
4 Reuse 3 87
5 Reuse 4 89

Reaction conditions: acetophenone (0.4 mmol), benzyl alcohol (1.2 mmol), Cs,COs3 (1.2 mmol), room
temperature, oxygen atmosphere, 12 h, MeCN (2 mL), Au-MPBen (524 zmol %).

3B.3.3. Gram Scale Synthesis

The applicability of Au-MPBen catalyst towards the gram scale synthesis of «,/f-
unsaturated ketones was studied by selecting acetophenone and benzyl alcohol as model
substrates (Scheme 3B.1). When 1 g of acetophenone 1 was treated with benzyl alcohol 2 in
the presence of Au-MPBen (1.572 mmol %) and Cs,COs as base, the product 3a (1.2 g) was
isolated in 69.4 % yield within 24 h where the turnover number (TON) and turnover
frequency (TOF) were calculated as 367 and 15 h™', respectively. But the adjusted TON and
TOF values according to the percentage of gold atoms (not the actual gold loading) that are
exposed to the substrate reached to 1629 and 67 h™', respectively.
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o (@)
. ©/\o|-| Au-MPBen,Cs,CO3 F
MeCN, RT,24 h, O, O O
1(19) 2 3a (69.4%, 1.2 g)

Scheme 3B.1. Gram-scale synthesis of o,f-unsaturated ketone 3a using Au-MPBen catalyst

3B.4. Mechanistic Pathway
The proposed reaction mechanism for Au-MPBen catalyzed oxidative C-C coupling
reaction of primary alcohols with ketones is exemplified in scheme 3B.2. The important steps

that lead to the formation of ¢,/ - unsaturated ketones involve the oxidative dehydrogenation

of alcohol followed by aldol condensation of aldehyde with ketone. The oxidation reaction of

alcohols starts with the adsorption of alcohol molecules on the surface of gold nanoparticles
to generate metal alcoholates. Subsequently, metal alcoholate species undergo A-hydride
elimination and produce the active carbonyl product, aldehyde and a metal-hydride
intermediate. Then metal-hydride is oxidized by oxygen to restore the gold surface and water
is produced as the by-product. Eventually, the base, Cs,CO; catalyzed aldol condensation

occurs between aldehyde and ketone to generate the desired ¢,/ - unsaturated ketone.

elimination

H
Rﬁ\o

H ™

_‘AuNP

H
O,
Reoxidatio
Alcoholate 0
formation
AuNP H20 o 1J\ 0
R
Rz/\OH . . RZJJ\H R1)J\/\R2
Oxidation Base Promoted

Aldol Condensation

Scheme 3B.2. Oxidative cross-coupling reaction of primary alcohols with ketones catalyzed by Au-
MPBen
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3B.5. Conclusion

In conclusion, we have explored an efficient, green and sustainable method for the
oxidative C—C coupling of ketones and primary alcohols to produce ¢,f-unsaturated ketones
using a bentonite-gold nano hybrid (Au-MPBen) as a heterogeneous catalyst in the presence
of Cs,COs as base. The cascade C-C bond formation strategy using our Au-MPBen catalyst is
environmentally benign, economical, selective, easily separable and reusable, and works
under mild reaction conditions. This nanohybrid system afforded a wide variety of «,f-
unsaturated ketones in excellent yield with water as the only byproduct. In addition, this
heterogeneous catalyst was well applicable for the gram scale synthesis of «,/-unsaturated

ketones.

3B.6. Experimental Section

3B.6.1. Materials and Methods

The reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar,
Spectrochem and Merck, and used without further purification. All reactions were carried out
in oven dried glassware. Progress of the reactions was monitored by thin layer
chromatography, while purification was done by column chromatography using silica 100-
200 mesh. Solvents were removed using Buchi E.L. rotary evaporator. All measurements
were done at room temperature unless otherwise stated. NMR spectra were recorded on
Bruker Avance 500 NMR spectrometer at 500 MHz (‘H) and 125 MHz ("*C). Chemical
shifts are reported in & (ppm) relative to TMS as internal standard and CDCl; was used as
solvent. Mass spectrum was recorded under ESI/HRMS using analyser type, orbitrap mass
spectrometer (Thermo Exactive). Surface morphology was analyzed using a FEI, TECNAI S

Transmission Electron Microcope (TEM).

3B.6.2. General Procedure for the Oxidative C—C Coupling of Ketones and

Primary Alcohols
To a mixture of ketone 1 (0.40 mmol) and primary alcohol 2 (1.2 mmol) in MeCN (2

mL), Cs,CO; (1.2 mmol) and the catalyst, Au-MPBen, (524 pmol %) were added and the
mixture was allowed to stir at room temperature under oxygen atmosphere. The progress of
the reaction was monitored by TLC. After completion of the reaction, the catalyst was

removed by centrifugation and washed three times with MeCN. The filtrate was concentrated
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under vacuum and the crude product was purified by column chromatography (silical 00-200

mesh) to afford @, f-unsaturated ketone 3a.

3B.6.3. Recycling Experiment

To a mixture of acetophenone 1 (0.40 mmol, 49 mg) and benzyl alcohol 2 (1.2 mmol,
130 mg) in MeCN (2 mL), Cs,CO;3 (1.2 mmol, 391 mg) and the catalyst, Au-MPBen, (524
umol %) were added and the mixture was allowed to stir at room temperature under oxygen
atmosphere. The progress of the reaction was monitored by TLC. After completion of the
reaction, the catalyst was removed by centrifugation and washed three times with MeCN.
The filtrate was concentrated under vacuum and the crude product was purified by column
chromatography to afford ¢,f-unsaturated ketone 3a. The catalyst was reused for the second
reaction after washing with MeCN. The C-C coupling reaction was repeated for four more

cycles by reusing the recycled catalyst from the previous reaction.

3B.6.4. Gram-Scale Preparation of Chalcone (3a) and TON and TOF
Calculations

To a mixture of 1 g of acetophenone and 2.7 g of benzyl alcohol in MeCN (10 mL), 8.1
g of Cs,COs3 and the catalyst, Au-MPBen, (1.572 mmol %) were added and the mixture was
allowed to stir at room temperature under oxygen atmosphere. The progress of the reaction
was monitored by TLC. After completion of the reaction, the catalyst was removed by
centrifugation and washed three times with MeCN. The filtrate was concentrated under
vacuum and the crude product was purified by column chromatography. «,f-unsaturated

ketone 3a was obtained successfully within 24 h; yield: 1.2 g (69.4 %).

Based on the total amount of gold TON and TOF values were calculated as follows:
TON = total amount of product (mol)/total amount of gold (mol)
=0.0058/0.00001572 =367
TOF = TON/time (h) =367/24=15h"'

Based on the work of Boudart and Djega-Mariadassou, the fraction of gold atoms
exposed to the surface of AuNPs was calculated which is approximately 0.9/d, where d is the

diameter of spherical metal nanoparticle in nm. Accordingly, AuNPs with a diameter of 4 nm
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have about 22.5 % (0.9/4 nm) of their atoms lying on the surface of the AuNP. Consequently,
based on the surface atoms adjusted TON and TOF values were achieved as 1629 and 67 h™,

respectively.

3B.6.5. Synthetic Procedure and Spectral Characterization of a,f-Unsaturated
Ketones '~

3B.6.5.1. 1,3-diphenylprop-2-en-1-one (3a)

To a mixture of acetophenone (0.40 mmol, 48 mg) and benzyl alcohol (1.2 mmol, 130
mg) in MeCN (2 mL), Cs,COs3 (1.2 mmol, 390 mg) and the catalyst, Au-MPBen, (524 zmol
%) were added and the mixture was allowed to stir for 12 h at room temperature under
oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and
washed three times with MeCN. The filtrate was concentrated under vacuum and the crude

product was purified by column chromatography to afford the product 3a in 90 % yield (75
mg).

"H NMR (500 MHz, CDCl5), & (ppm): 8.04-8.01 (m,
2H), 7.82 (d, J = 15.7 Hz, 1H), 7.67-7.64 (m, 2H),
7.59 (m, J = 6.7, 4.0, 1.3 Hz, 1H), 7.52 (ddd, J=9.1,
0 8.0, 7.0 Hz, 3H), 7.44-7.41 (m, 3H).
‘ = O BC NMR (125 MHz, CDCl;), & (ppm): 189.6, 143.9,
3a 138.4, 137.2, 133.9, 131.8, 129.5, 128.4, 128.0,
127.9, 127.6, 127.5, 127.4, 127.3, 127.2, 121.1.
MS (ESI-HRMS): Caled for C;sH,O, [M+H]™:
209.0966, Found: 209.0962.

3B.6.5.2. 1-(4-nitrophenyl)-3-phenylprop-2-en-1-one (3b)

To a mixture of 4-nitroacetophenone (0.40 mmol, 66 mg) and benzyl alcohol (1.2
mmol, 130 mg) in MeCN (2 mL), Cs,CO3 (1.2 mmol, 390 mg) and the catalyst, Au-MPBen,
(524 pmol %) were added and the mixture was allowed to stir for 12 h at room temperature
under oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and

washed three times with MeCN. The filtrate was concentrated under vacuum and the crude
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product was purified by column chromatography to afford the product 3b in 92 % yield (93
mg).

'H NMR (500 MHz, CDCl3), & (ppm): 8.39-8.34 (m,
2H), 8.16-8.13 (m, 2H), 7.85 (d, J = 15.7 Hz, 1H),
0 7.67 (dd, J=7.2,2.2 Hz, 2H), 7.51-7.43 (m, 4H).
O = O 13C NMR (125 MHz, CDCls), & (ppm): 189.1, 146.9,
O,N 3b 141.9, 134.3, 131.3, 129.9, 129.5, 129.1, 128.7,
128.4, 125.6, 123.9, 121.4.

MS (ESI-HRMS): Caled for CysH;NOs, [M+H]":
254.0817, Found: 254.0815.

3B.6.5.3. 1-(4-fluorophenyl)-3-phenylprop-2-en-1-one (3c)

To a mixture of 4-fluoroacetophenone (0.40 mmol, 55 mg) and benzyl alcohol (1.2
mmol, 130 mg) in MeCN (2 mL), Cs,CO3 (1.2 mmol, 390 mg) and the catalyst, Au-MPBen,
(524 pmol %) were added and the mixture was allowed to stir for 12 h at room temperature
under oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and
washed three times with MeCN. The filtrate was concentrated under vacuum and the crude

product was purified by column chromatography to afford the product 3¢ in 85 % yield (77
mg).

'H NMR (500 MHz, CDCly), & (ppm): 8.07 (dd, J =
8.9, 5.4 Hz, 2H), 7.82 (d, J = 15.7 Hz, 1H), 7.67-7.63
o (m, 2H), 7.51 (d, J = 15.7 Hz, 1H), 7.45-7.41 (m,

O = O 3H), 7.19 (t, J = 8.7 Hz, 2H).
F 3¢ BC NMR (125 MHz, CDCls), & (ppm): 193.4, 165.6

(d, J = 290.2 Hz, CF), 145.1, 139.4, 131.7 (J = 9.5
Hz, CH), 131.1(J = 9.2 Hz, CH), 130.7, 129.4, 128.3,
126.5, 121.6, 115.8, 115.7 (J = 21.9 Hz, CH).

MS (ESI-HRMS): Caled for C,sH,FO, [M+H]™:
227.0872, Found: 227.0867.
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3B.6.5.4. 3-phenyl-1-(pyridin-2-yl)prop-2-en-1-one (3d)

To a mixture of 2-acetylpyridine (0.40 mmol, 48 mg) and benzyl alcohol (1.2 mmol,
130 mg) in MeCN (2 mL), Cs,CO; (1.2 mmol, 390 mg) and the catalyst, Au-MPBen, (524
umol %) were added and the mixture was allowed to stir for 12 h at room temperature under
oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and
washed three times with MeCN. The filtrate was concentrated under vacuum and the crude

product was purified by column chromatography to afford the product 3d in 89 % yield (74
mg).

"H NMR (500 MHz, CDCls), & (ppm): 8.76-8.74 (m,
1H), 8.31 (d, J = 16.0 Hz, 1H), 8.20 (dt, J = 7.9, 1.0

o) Hz, 1H), 7.95 (d, J = 16.1 Hz, 1H), 7.88 (td, J = 7.7,
= = 1.7 Hz, 1H), 7.74 (dd, J = 6.5, 3.1 Hz, 2H), 7.51-7.49
x-N 3d (m, 1H), 7.42 (dd, J= 5.0, 1.9 Hz, 3H).

BC NMR (125 MHz, CDCl;), & (ppm): 189.5, 154.3,
148.9, 144.8, 137.0, 130.6, 130.1, 128.9, 128.1,
126.9, 123.0, 120.9.

MS (ESI-HRMS): Caled for C;4H;;NO, [M+H]":
210.0919, Found: 210.0914.

3B.6.5.5. 1-(furan-2-yl)-3-phenylprop-2-en-1-one (3e)

To a mixture of 2-acetylfuran (0.40 mmol, 44 mg) and benzyl alcohol (1.2 mmol, 130
mg) in MeCN (2 mL), Cs,CO; (1.2 mmol, 390 mg) and the catalyst, Au-MPBen, (524 zmol
%) were added and the mixture was allowed to stir for 12 h at room temperature under
oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and
washed three times with MeCN. The filtrate was concentrated under vacuum and the crude

product was purified by column chromatography to afford the product 3e in 91 % yield (72
mg).
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"H NMR (500 MHz, CDCl;), & (ppm): 7.89 (d, J =
15.8 Hz, 1H), 7.67-7.64 (m, 3H), 7.48-7.40 (m, 4H),

o) 7.34-7.30 (m, 2H).
\\ = BC NMR (125 MHz, CDCl3), & (ppm): 173.6, 158.5,
O 3e 152.9, 146.7, 139.0, 135.1, 130.5, 128.9, 128.3,

124.5,117.0, 114.0.
MS (ESI-HRMS): Caled for Ci3H00,, [M+2H]*:
200.0837, Found: 200.0857.

3B.6.5.6. 3-phenyl-1-(thiophen-2-yl)prop-2-en-1-one (3f)

To a mixture of 2-acetylthiophene (0.40 mmol, 50 mg) and benzyl alcohol (1.2 mmol,
130 mg) in MeCN (2 mL), Cs,CO;5 (1.2 mmol, 390 mg) and the catalyst, Au-MPBen, (524
umol %) were added and the mixture was allowed to stir for 12 h at room temperature under
oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and
washed three times with MeCN. The filtrate was concentrated under vacuum and the crude

product was purified by column chromatography to afford the product 3f in 93 % yield (79
mg).

"H NMR (500 MHz, CDCl;), & (ppm): 7.86 (d, J =
15.3 Hz, 1H), 7.70 (d, J = 3.8 Hz, 3H), 7.65-7.63 (m,

o) 3H), 7.13 (dd, J = 4.7, 4.0 Hz, 3H).
\\ = BC NMR (125 MHz, CDCl3), & (ppm): 190.8, 144.6,
S  3f 140.5, 133.8, 133.1, 132.5, 129.8, 129.0, 128.5,

128.2, 125.4, 121.6.
MS (ESI-HRMS): Caled for Ci3H;00S, [M+H]:
215.0530, Found: 215.0528.

3B.6.5.7. 1,5-diphenylpenta-1,4-dien-3-one (3g)

To a mixture of benzilideneacetone (0.40 mmol, 58 mg) and benzyl alcohol (1.2 mmol,
130 mg) in MeCN (2 mL), Cs,CO;5 (1.2 mmol, 390 mg) and the catalyst, Au-MPBen, (524
umol %) were added and the mixture was allowed to stir for 12 h at room temperature under

oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and
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washed three times with MeCN. The filtrate was concentrated under vacuum and the crude

product was purified by column chromatography to afford the product 3g in 82 % yield (76
mg).

'H NMR (500 MHz, CDCL), § (ppm): 7.57-7.53 (m,
2H), 7.48 (dd, J = 7.1, 1.9 Hz, 4H), 7.42-7.40 (m,
0 2H), 7.35 (d, J = 1.6 Hz, 2H), 6.91 (d, J = 12.7 Hz,

N NF 2H), 6.18 (d, J = 12.7 Hz, 2H).
O 3g O BC NMR (125 MHz, CDCl3), & (ppm): 188.9, 143.4,
139.9, 130.5, 129.6, 129.4, 129.0, 128.9, 1284,
128.3, 127.2, 126.7, 125.4.

MS (ESI-HRMS): Caled for C;7H;0, [M+H]™:
235.1123, Found: 235.1118.

3B.6.5.8. 1-cyclopropyl-3-phenylprop-2-en-1-one (3h)
To a mixture of cyclopropylethanone (0.40 mmol, 34 mg) and benzyl alcohol (1.2

mmol, 130 mg) in MeCN (2 mL), Cs,CO; (1.2 mmol, 390 mg) and the catalyst, Au-MPBen,
(524 pmol %) were added and the mixture was allowed to stir for 12 h at room temperature
under oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and
washed three times with MeCN. The filtrate was concentrated under vacuum and the crude

product was purified by column chromatography to afford the product 3h in 83 % yield (58
mg).

"H NMR (500 MHz, CDCl;), & (ppm): 7.62 (d, J =
16.1 Hz, 1H), 7.57 (dd, J = 6.7, 2.9 Hz, 2H), 7.40 (dd,

0 J=49, 1.8 Hz, 3H), 6.88 (d, J = 16.1 Hz, 1H), 2.29-
Z 2.22 (m, 1H), 1.17 (dt, J = 7.0, 3.4 Hz, 2H), 1.00-
3h 0.97 (m, 2H).

BC NMR (125 MHz, CDCLy), & (ppm): 200.1, 142.0,
134.7, 130.3, 128.9, 128.3, 126.5, 19.7, 11.4.

MS (ESI-HRMS): Caled for Cp;HpO, [M+H]'™:
173.0966, Found: 173.0961.
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3B.6.5.9. 1-phenylpent-1-en-3-one (3i)

To a mixture of 2-butanone (0.40 mmol, 29 mg) and benzyl alcohol (1.2 mmol, 130 mg)
in MeCN (2 mL), Cs,CO; (1.2 mmol, 390 mg) and the catalyst, Au-MPBen, (524 zmol %)
were added and the mixture was allowed to stir for 12 h at room temperature under oxygen
atmosphere. After the reaction, the catalyst was removed by centrifugation and washed three
times with MeCN. The filtrate was concentrated under vacuum and the crude product was

purified by column chromatography to afford the product 3i in 84 % yield (54 mg).

'H NMR (500 MHz, CDCL3), & (ppm): 7.97 (dd, J =
8.3, 1.3 Hz, 1H), 7.55 (t, J = 2.9 Hz, 2H), 7.41-7.38
o (m, 3H), 6.75 (d, J = 16.2 Hz, 1H), 2.71 (q, J = 7.3
\)\/\Q Hz, 2H), 1.18 (t, J = 7.3 Hz, 3H).
3 13C NMR (125 MHz, CDCLy), & (ppm): 201.0, 142.2,
133.1, 130.4, 128.9, 128.2, 126.0, 31.6, 14.1.
MS (ESI-HRMS): Caled for C;H;,0, [M+H]":
161.0966, Found: 161.0963.

3B.6.5.10. 3-(9H-fluoren-9-yl)-1-(4-nitrophenyl)prop-2-en-1-one (3j)

To a mixture of 4-nitroacetophenone (0.40 mmol, 66 mg) and 9-fluorenemethanol (1.2
mmol, 235 mg) in MeCN (2 mL), Cs,CO3 (1.2 mmol, 390 mg) and the catalyst, Au-MPBen,
(524 pmol %) were added and the mixture was allowed to stir for 12 h at room temperature
under oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and
washed three times with MeCN. The filtrate was concentrated under vacuum and the crude

product was purified by column chromatography to afford the product 3j in 91 % yield (124
mg).

'H NMR (500 MHz, CDCly), & (ppm): 7.74 (d, J =
7.5 Hz, 1H), 7.69 (d, J = 7.5 Hz, 1H), 7.55-7.44 (m,
1H), 7.37 (td, J = 7.4, 1.0 Hz, 1H), 7.30 (td, J = 7.5,
1.1 Hz, 1H), 7.24-6.34 (m, 8H), 6.08 (s, 1H), 4.19-
3.84 (m, 1H).
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BC NMR (125 MHz, CDCl;), & (ppm): 194.0, 144 4,
142.1, 140.5, 140.3, 139.9, 134.7, 134.2, 129.4,
129.3, 129.1, 127.0, 126.9, 126.5, 1259, 125.7,
124.9, 124.4, 120.3, 119.6, 29.7.

MS (ESI-HRMS): Caled for C»H;sNO;, [M+H]™:
342.1130, Found: 342.1357.

3B.6.5.11. 3-(9H-fluoren-9-yl)-1-(4-nitrophenyl)prop-2-en-1-one (3k)

To a mixture of acetophenone (0.40 mmol, 48 mg) and 1-pyrenemethanol (1.2 mmol,
279 mg) in MeCN (2 mL), Cs,CO; (1.2 mmol, 390 mg) and the catalyst, Au-MPBen, (524
umol %) were added and the mixture was allowed to stir for 12 h at room temperature under
oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and
washed three times with MeCN. The filtrate was concentrated under vacuum and the crude

product was purified by column chromatography to afford the product 3k in 80 % yield (106
mg).

"H NMR (500 MHz, CDCl;), & (ppm): 8.37 (d, J =
9.2 Hz, 2H), 8.20 (t, J = 6.8 Hz, 4H), 8.10 (d, J=9.2
o) Hz, 2H), 8.06 — 8.04 (m, 4H), 8.02 (t, J = 6.8 Hz,

Z OO 2H), 7.66 (d, J = 7.8 Hz, 2H).
O 3 ,O BC NMR (125 MHz, CDCL3), & (ppm): 193.1, 134.4,
131.5, 130.9, 130.2, 129.2, 127.8, 127.7, 127.6,
126.0, 125.1, 125.0, 123.4, 123.1.

MS (ESI-HRMS): Caled for ChsH;c0, [M+H]':
333.1279, Found: 333.1272.

3B.6.5.12. 3-(naphthalen-1-yl)-1-phenylprop-2-en-1-one (31)

To a mixture of acetophenone (0.40 mmol, 48 mg) and 1-naphthalenemethanol (1.2
mmol, 190 mg) in MeCN (2 mL), Cs,CO; (1.2 mmol, 390 mg) and the catalyst, Au-MPBen,
(524 pmol %) were added and the mixture was allowed to stir for 12 h at room temperature

under oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and

washed three times with MeCN. The filtrate was concentrated under vacuum and the crude
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product was purified by column chromatography to afford the product 31 in 82 % yield (85
mg).
"H NMR (500 MHz, CDCl;), & (ppm): 9.26 (d, J =
9.2 Hz, 2H), 8.12 (d, J = 8.2 Hz, 2H), 8.01 (dd, J =
7.0, 1.3 Hz, 2H), 7.94 (d, J = 8.2 Hz, 2H), 7.72-7.66
(m, 2H), 7.65 (dd, J = 8.2, 7.1 Hz, 2H), 7.62-7.59 (m,

Q 2H).
=

O N O 13C NMR (125 MHz, CDCls), 5 (ppm): 193.6, 136.7,
135.3, 133.8, 133.0, 131.4, 130.5, 129.7, 129.1,

128.6, 128.5, 128.4, 128.2, 127.0, 124.9.
MS (ESI-HRMS): Caled for CjoH;40, [M+H]":
259.1123, Found: 259.1118.

3B.6.5.13. 3-(anthracen-9-yl)-1-phenylprop-2-en-1-one (3m)

To a mixture of acetophenone (0.40 mmol, 48 mg) and l-anthracenemethanol (1.2
mmol, 250 mg) in MeCN (2 mL), Cs,CO; (1.2 mmol, 390 mg) and the catalyst, Au-MPBen,
(524 pmol %) were added and the mixture was allowed to stir for 12 h at room temperature
under oxygen atmosphere. After the reaction, the catalyst was removed by centrifugation and
washed three times with MeCN. The filtrate was concentrated under vacuum and the crude
product was purified by column chromatography to afford the product 3m in 85 % yield (105
mg).

"H NMR (500 MHz, CDCl;), & (ppm): 9.00 (d, J =
9.0 Hz, 2H), 8.72 (s, 1H), 8.47 (s, 1H), 8.28 (d, J =
8.7 Hz, 2H), 8.08 (d, J = 8.6 Hz, 2H), 8.00 (d, /= 8.3
Hz, 2H), 7.71-7.67 (m, 2H), 7.42 (m, 4H).

BC NMR (125 MHz, CDCl3), & (ppm): 193.1, 143.9,
142.9, 138.6, 138.2, 135.3, 134.2, 132.2, 131.1,
129.3, 129.2, 128.5, 127.7, 127.6, 127.3, 125.9,
125.7, 125.5, 124.1, 123.6, 123.5, 122.3.

MS (ESI-HRMS): Caled for CxHj60, [M+H]":
309.1279, Found: 309.1271.
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CHAPTER 4

Lower Rim Modified Calix|4]arene-Bentonite Hybrid
System as a Green Reversible and Selective Colorimetric
Sensor for Hg”" Recognition

—— /|

4.1. Introduction

Design and development of reliable and economic organic-inorganic hybrid systems as
sensors that can recognize hazardous metal ions by direct visual observation is an intriguing
endeavor among the scientific community and have received much attention in diverse
fields."** Mercury is a well-known and extremely poisonous heavy metal that exists in
different forms as elemental mercury, ionic mercury and organic mercury complexes and can
cause severe problems to human health and the environment.*> Mercury exposure even at
very low concentration can lead to serious neurological, kidney and digestive diseases due to
the easy passage of Hg”" through biological membranes.®® These adverse effects urge the
necessity for the development of new and improved methods in a pursuit of identifying Hg”"
ions” which are cost effective and environmentally benign.

Conventional approaches toward Hg** determination such as atomic absorption,
emission spectroscopy, ICP-MS, electrochemical measurements, gas chromatography, etc.
are time-consuming processes involving multistep sample preparation and sophisticated
instrumentation. Much effort is being focused towards discovering reliable, inexpensive and
environmentally benign ways of detecting hazardous ions. Subsequently, developing new ion
receptors have become an important goal in both academic and industrial fields. Although a
large number of highly sensitive and selective Hg”" sensors based on a variety of macrocyclic
molecular platforms are established, calixarene-based chemosensors'®'® received great
attention owing to their advantages such as flexible core, hydrophobic cavity, easy
functionalization at the upper or lower rims for substrate binding, etc.'” Moreover, calixarene
incorporated receptors would utilize further advantages emerging from its supramolecular

behavior.
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4.1.1. Calixarenes

Calixarenes, the macrocyclic receptors, are synthesized by base-catalyzed condensation
reaction of p-tert-butyl phenol with formaldehyde.”” Depending upon the substituent groups
present at the lower rim as well as at the para-position, calix[n]arenes (where n= 4, 6, efc. )
can exist in different conformations. As the number of phenyl ring units change, the shape
and size of the cavity also get altered. The complexation properties depend on the
conformation and donor groups present in the calixarene conjugates. Moreover, the
conformation of a calix[n]arene conjugates can be changed by the presence of particular
ions. 22 Among various calix[n]arenes, calix[4]arene plays as an important building block
because of its capability to exist in cone conformation and the ease of functionalization at
lower and upper rims.”?® Calix[4]arene derivatives are well-known for their high binding
efficiency and selectivity toward ions and molecules. ***72*

The binding behaviour of the parent calix[4]arene can be improved by functionalizing at
its lower rim, as the resultant conjugates can afford preorganized binding cores appropriate
for various ions and molecules.”* Though mono-, di-, tri-, and tetra-functionalizations are
feasible, particularly the 1,3-disubstitution at the lower rim of the calix[4]arene has become
more attractive owing to the presence of two phenolic OH and its ability to retain the cone-
conformation. Conversely, such structures are flexible and upon complexation, the
conformation may alter. In fact, the binding efficiency of the calix[4]arene conjugates
towards various guest species depends on the nature of the guest species, ring size, number of
binding groups attached and conformation of the arms. Usually, the recognition events are
observed either by visual methods or by spectroscopy or both.”*''*!2* Such conjugates with
chromogenic units sense the guest species via fluorescence, absorption, and/or color changes.
For this rationale, it is essential to assimilate a chromophore into the binding core either

directly or through a spacer.

4.1.2. Lower Rim 1,3-Di-conjugates of Calix[4]arene as Hg"" Receptors
There are two types of 1,3-di-conjugates of calix[4]arene namely cyclic conjugates and

non-cyclic conjugates.
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4.1.2.1. Cyclic Conjugates

An azophenol-type ionophore (L1) was reported for the selective chromogenic detection
of Hg2+ ions in the presence of other ions, such as alkali, alkaline earth and heavy metal
ions.** Amido-crown conjugate of calix[4]arene (L2) exhibited selectivity toward Hg*" ions
with a blue shift of 38 nm in UV-Visible spectroscopy, while no changes were detected with
other ions.*> Chen et al. developed a cyclicamido-dansyl conjugate (L3) which forms a 1:1
complex and exhibited high fluorescence sensitivity with Hg*" ions via the formation of N
binding core.’® In the case of L1 and L2, no proposed structures were known for Hg”"

binding.

Figure 4.1. Structures of some cyclic conjugates of calix[4]arenes
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A calix[4]arene receptor appended with pyrenylacetamide (L4)*" was reported by Chang
and co-workers which recognized Hg”" ions via fluorescence quenching even in the presence
of other alkali, alkaline earth and heavy metal ions, in methanol with an association constant
of 4.5 x10* M. The fluorescence emission of L4 originates from the monomer and weak
excimer in methanol and it is reverse in 50 % aqueous methanol. Upon binding with Hg*"
emissions of L4 is quenched, demonstrating an ON-OFF type receptor. In addition, a series
of aza crown derivatives of calix[4]arene with an anthracene fluorophore (L5, L6 and L7)*®
were synthesized by Chang et al. in 2002 to check their ability to recognize Hg®" ions and
found out that L6 showed highest fluorescence enhancement towards Hg®". The non-
selectivity of L7 is mainly due to the occurrence of more number of nitrogen donor centers in
the system which indicates that for optimal binding, only the required number of ligating
nitrogen centers is essential. The higher selectivity of L6 is attributed to the flexibility of the
spacer unit present that brings better coordination between Hg2+ ions and the nitrogen donor

centers. The structures of some cyclic conjugates of calix[4]arenes are shown in Figure 4.1.

4.1.2.2. Non-Cyclic Conjugates

In 2008, Rao et al. introduced an amido-benzimidazole conjugate (L8) which exhibited
high selectivity towards Hg*" by forming a 1:1 complex in 1:1 aqueous acetonitrile.”” The
bent arm of L8 undergoes conformational changes in the presence of Hg”" ion to create a
suitable binding core. The isolated complex exhibited different TEM, AFM, and SEM
features compared to the receptor (L8). Amido-pyridylcalix[4]arene derivative, L9, was

studied for its complexation with Hg*", Zn*" and Ag” by 'H NMR spectroscopy and

40 1 2+

electrochemistry.” "H NMR spectral titration proved the formation of the complex with Hg
through the pyridyl and amide units. The electrochemical studies also confirmed the metal-
ligand binding. A calix[4]arene incorporated with two dansyl fluorophores and two long
chain triethoxysilane groups (L10) embedded in mesoporous silica exhibited the ability to
detect Hg2+ ions in water by forming a 1:1 complex.41 In addition, a series of calix[4]arenes
possessing dansyl fluorophore (L11, L12 & L13) were developed as mercury sensor and they
were studied by absorption and fluorescence spectroscopy.*? Also, the solvent-dependent

recognition property of thioether conjugate of calix[4]arene, L14 were studied by 'H NMR

spectroscopy, thermodynamics and electrochemistry.*** CdSe/ZnS quantum dots (QDs)
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capped with thioether derivative of calix[4]arene showed selective recognition to Hg*" ions
with a detection limit of 15 nM.* The structures of these non-cyclic receptors are displayed

in Figure 4.2.

N(CHs)

L11: Ri=H, Ry=H L13 L14
L12: Ry=H, R,=tert-butyl

Figure 4.2. Structures of some non-cyclic conjugates of calix[4]arene receptors

A benzothiazole appended conjugate of calix[4]arene, L15 that was coated on glassy
carbon electrode was employed by Zhang and co-workers which detected Hg>" ions
selectively in aqueous medium by cyclic and square wave voltammetric techniques*® and the
detection limit was found to be 25 nM. He ef al. reported a nicotinic moieties appended calix-
[4]arene, L16 as Hg®" and Ag” sensor and its liquid membrane transport and silver selective
electrode properties were investigated.*’ Moreover, Li and co-workers developed a triazole

linked 8-oxyquinoline conjugate (L17) which displayed selectivity for Hg*" by fluorescence
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quenching.”® In addition, a double branched calixarene conjugate appended with one
amidopyrenylmethyl moiety and a rhodamine B unit, L18*° performed as a 1:1 stoichiometric
chemosensor for Hg*" and AI’*. On the basis of the emission properties, it has been feasible
to distinguish Hg®* from other heavy ions, Pb*'and Cd*" using a terminal-NH, bound
calix[4]arene conjugate, L19.”° The structures of these non-cyclic receptors are displayed in

Figure 4.3.

™

Figure 4.3. Structures of some non-cyclic conjugates of calix[4]arenes

Moreover, a 1,3-alternate thiacalix[4]arene and an anthracene-oxyquinoline dyad based

Hg”" sensors (Figure 4.4.) were reported from our group. Varma et al. developed a 1,3-
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alternate thiacalix[4]arene derivative bearing four 8-quinolinoloxy groups through flexible
propyl chains (L20)°' as a reversible ON-OFF fluorescent Hg*" sensor in partially aqueous
systems which exhibited only marginal affinity toward Cr’" and Ag”, and no affinity toward
other transition metal ions. The system performed as four independent entities of mixed
N/S/O donor sites in a thiacalixarene scaffold. The unusual formation of a tetramercury
complex with L20 was substantiated by fluorescence, UV-Vis, NMR, and MALDI-TOF
mass spectral analysis. An oxyquinoline-anthracene dyad (L21)** was synthesized and
characterized which showed excellent selectivity and adequate sensitivity for the recognition
of Hg”" ions in MeCN/H,O system. When L21 binds Hg”", unfolding of the dyad from its
initial folded conformation take place. The sensing event was characterized by
spectrofluorometric studies and showed a marked color change from greenish-blue to blue

fluorescence.

=N O (0] N=
o >0
o | Jjj P N
s/ J @ "
-/

L20 L21

Figure 4.4. Structures of L20 and L21

4.1.3 Organic-Inorganic Hybrid System

Development of solid-state colorimetric sensors via naked eye detection have received
much current interest and investigations are currently being pursued by researchers in the
area of nano-thin films, molecular imprinted polymers, modified sol-gel membranes, etc.”>**
In recent times, a variety of supporting materials are used for the immobilization of organic
molecules to fabricate organic-inorganic hybrid system for the determination of mercury ions

and the details are elaborately discussed in the first chapter. Incorporation of organic
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molecules into the inorganic host matrices are of great interest as the resulting hybrid
material can have high mechanical, thermal and chemical stability compared to organic
molecules. Clays, one of the promising candidates in materials sciences, afford an incredible
potential for the development of hybrid systems due to their low-cost, environmentally
benign nature, good adsorptive capacity, high stability, large specific surface area, efc.®*®
Moreover, Bentonite is a 2:1 clay which has the capacity to expand its interlayer when

treated with water that is utilized for the intercalation of a variety of organic moieties.”

4.2. Statement of the Problem

Development of colorimetric sensors for the detection of hazardous metal ions has
immense significance in various fields such as medicinal and biological, environmental and
security. Even though a large number of chemosensors are developed which have several
advantages such as selectivity, sensitivity and low-cost, syntheses of novel materials
containing organic functional molecules with recyclability and environmentally benign
nature are of great interest. Calixarenes, the third best receptor molecules, easily
synthesizable and readily functionalizable with suitable binding cores, are considered as
excellent molecular scaffolds for the recognition of ions. Consequently, developing suitably
functionalized calixarene-based molecular receptors capable of selectively detecting Hg?" is
an interesting area of research. As our group was successful in developing Hg*" ion selective
chemosensors containing quinoline moieties, it was proposed to incorporate similar chelating
moieties into calix[4]arene scaffold through a suitable spacer which may exhibit affinity to
Hg”". Moreover, exploration of solid-state colorimetric sensors for hazardous metal ions by
naked eye detection is highly desirable and there is a great demand to develop a simple,
rapidly responsive, inexpensive, portable and environmentally benign metal ion sensor
material for the selective recognition of Hg*" ions. To facilitate a stable, efficient and reliable
mercury sensing system, selection of appropriate supporting materials is crucial. In this
context, bentonite, owing to its remarkable potential for the development of organic-
inorganic hybrid systems, is selected as a support. In addition, calixarene-bentonite hybrid
systems are not reported as Hg®™ sensors in the literature. This chapter discloses the
synthesis, characterization and application of an economically affordable, green and

reversible lower rim modified calixarene-bentonite hybrid system (QHQCalBen) as a
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colorimetric sensor for the selective and rapid monitoring of Hg®" ions using naked eye

detection. In addition, bentonite facilitates the realization of the sensor as a recyclable one.

4.3. Results and Discussion

The key steps which led to the development of the organic-inorganic hybrid system
(QHQCalBen) included the synthesis of lower rim functionalized 1,3-di(quaternary
ammonium salt of 8-hydroxyquinaldine) derivative of p-tert-butylcalix[4]arene (QHQC) as
the cone conformer and its intercalation into the sodium-bentonite gallery via ion-exchange
method. The synthesized QHQC itself imparts selectivity and reversibility towards Hg*" ions
in the solution state, the QHQCalBen hybrid system shows properties analogous to QHQC in

acetonitrile as well as in MeCN/H,O (1:9, v/v) system and is reusable.

4.3.1. Synthesis of QHQC, 7

The receptor, QHQC 7 was synthesized via three steps starting from p-tert-
butylcalix[4]arene as shown in Scheme 4.1. In brief, the precursor 3”'was prepared from p-
tert-butylcalix[4]arene and 1,3-dibromopropane with K,COs3 as base in refluxing acetonitrile.
In the next stage, 3 was treated with 8-hydroxyquinaldine and K,COs in dry acetonitrile at 80
°C fetched the HQ-calix[4]arene 5.”* Subsequently, the precursor 5 on treatment with excess
methyl iodide in refluxing acetonitrile afforded QHQC 7 in 73.3 % yield. The precursors and
the main receptor molecule 7 were characterized by various spectral techniques such as 'H
NMR, "*C NMR, ES/HRMS and FT-IR. In the '"H NMR spectrum (Figure 4.5), two doublets
discernible at 6 4.24 and 3.37 ppm for the bridged methylene hydrogens revealed the
existence of the molecule 7 in cone conformation and it was further confirmed by >C NMR
spectrum (Figure 4.6) which showed the peaks at 6 31.7 and 31.0 ppm for the corresponding
carbons. The peak at & 4.69 ppm in the "H NMR spectrum and the peak at & 46.6 ppm in the
BC NMR spectrum were attributed to the methyl group attached to nitrogen atom of
quinaldine ring in consequence of the quaternization of precursor 5. The structure of the
QHQC 7 was finally confirmed by mass spectral analysis, which showed a molecular ion

peak at m/z 1077.6653.
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Scheme 4.1. Synthetic pathway for the preparation of QHQC 7
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Figure 4.5. '"H NMR spectrum of QHQC 7
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Figure 4.6. °C NMR spectrum of QHQC 7
The rationale behind the synthesis of positively charged arms on the calixarene
derivative (compound 7) by quaternization process is the intercalation of organic moieties in
the interlayers of bentonite by ion exchange method which is possible only if the molecule is
positively charged. Moreover, the compound 7 is violet colored and furnishes naked eye
detection with Hg®" ions. But the compound 5 which has neutral arms did not give the same

result.

4.3.2. Metal Ion Binding Studies

In order to find out the efficacy of our organic-inorganic hybrid system as a solid-state
colorimetric sensor, it is necessary to scrutinize the binding properties of the QHQC alone.
Hence, its ion recognition properties were explored using various techniques such as
absorption, ES/HRMS and 'H NMR experiments and most importantly by visual detection.
The binding affinity of QHQC 7 towards different metal ions was investigated by UV-
Visible spectroscopy. The absorption spectrum of QHQC exhibited a strong absorption band
at 256 nm, and a weak broad band at 567 nm in acetonitrile medium. In order to obtain an
insight into the receptor ability of 7 toward metal ions, such as Mn2+, Fe2+’Al3+, C02+, Ni2+,

Cu®’, Zn*", Hg', Ag', Ba®", Cd*", Na, Mg®", Cr’" and Ca®", the perchlorates of metals were
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added to the acetonitrile solution of 7 and UV-Vis spectral changes were investigated (Figure
4.7). QHQC showed a pronounced selectivity towards Hg*" ions which could be recognized
by the disappearance of the absorption peak at 567 nm along with the enhancement in
intensity of the peak at 256 nm upon addition of Hg*" ions. In the case of A’ ions and Fe**
ions, even if the peak at 567 nm vanished, visual colour change was not observed. Other
metal ions have no effect on the absorption spectrum of QHQC. Moreover, QHQC showed
good selectivity towards Hg2+ in the presence of interfering ions like Ba*", Mn*", Ni**, Zn*",
Mg®", Ca®*, Ag", Co*", Na* efc. The UV-Visible absorption spectra of QHQC with Hg*"
titration (Figure 4.8) showed that no isosbestic points were formed but the peak at 567 nm
disappeared and the intensity of peak at 256 nm increased. The detection limit (LOD) of Hg*"
was calculated as three times the standard deviation of the background noise and was found

to be 2.95x 10°M (Figure 4.9). The response time of quinaldine functionalized calix[4]arene

receptor (QHQC) is very fast and within seconds, recognition of Hg”" takes place.
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Figure 4.7. Absorption spectra of QHQC with different metal ions in MeCN (Inset shows the
magnified absorption peak at 567 nm)
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Figure 4.8. Changes in the absorption spectra of QHQC (2.7 x 10° M) by the addition of Hg*" ions
(2.57 x 10° M)
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4.3.3. Naked Eye Detection Studies
One important aspect of the system is that it could be used for the naked eye detection of
Hg®" ions and its reversibility can be achieved by the addition of iodide ions. The violet

coloured QHQC 7 (9 x10° M in MeCN), changed its colour to light brown by the addition of
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Hg™" (1x10° M in MeCN) and the absorption peak at 567 nm disappeared. But when iodide
(6.8x10° M in MeCN) solution was added to the above system, the violet colour reappeared
immediately and the absorption peak at 567 nm re-emerged. Further addition of Hg*" ions to
the above solution revealed the repeatability of the system (Figure 4.10). For a chemical
sensor to be widely employed for the detection of specific analytes, reversibility of the
system is the most essential aspect and consequently QHQC 7 is a good candidate for the

naked eye detection of Hg*" ions.

Figure 4.10. Photograph of naked eye detection of Hg*" with QHQC and its reversibility with iodide
solution

4.3.4. "H NMR Titration Studies

To disclose the nature of the interaction of QHQC with Hg*", "H NMR titrations (Figure
4.11) were carried out. When it was treated with one equivalent of Hg*", there were only
minimal up-field shifts in the 6 values of quinaldine ring protons (0.018-0.010 ppm). The -
OCH; protons attached to quinaldine ring and —N-CHj; protons were also recorded minute up-
field shifts (0.008 ppm) indicating the formation of Hg®" complex through the oxygen
connected to quinaldine moiety. When more equivalents of Hg*" ions were added, the pattern
of spectrum remained the same suggesting that only one equivalent of mercury was getting
coordinated to the QHQC. These shifts were unable to differentiate from the NMR spectra at
a glance, expansion of titration spectra (Figure 4.12 & 4.13) facilitated to understand these
chemical shifts. The absence of alterations observed in the chemical shift of other protons in
the macrocyclic molecule excluded the interaction of other oxygens attached to arene cavity

of calixarene derivative 7. When iodide solution (3 equiv.) was added to the above system,
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Hg”" detached from the host molecule and it instantly regained the original spectrum. From
these evidences, it is obvious that the Hg”" binds only weakly to the organic molecule
thereby contributing to the reversibility of the system. Reversibility is applicable for more

than five cycles with the actual sample.
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Figure 4.11. '"H NMR titration spectra of QHQC with Hg*" in CD;CN
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Figure 4.13. Expansion of 'H NMR titration spectrum of QHQC with Hg*" in CD;CN

The binding constant of Hg*" with QHQC was calculated based on the '"H NMR titration
data by a nonlinear curve fitting procedure for the guest induced chemical shift for selected
peak using commercially available GraphPad Prism software”” and the association constant
found to be 1852 M (Figure 4.14). To substantiate the stoichiometry of the guest-host
complex formed, we carried out modified Job’s plot experiment using 'HNMR titration data
and from the binding isotherm (Figure 4.15), the maxima were obtained at 0.5 mole fraction

and the stoichiometry was confirmed as 1:1.
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Figure 4.14. Isotherm resulting from the titration of QHQC with Hg*"
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4.3.5. Mass Spectroscopic (ESI-HRMS) Titrations Studies

In order to confirm the stoichiometry of the complex, Electron Spray lonization Mass
Spectroscopic (ESI-MS) titrations of QHQC with ngJr were carried out. Upon addition of
one equivalent of Hg*", a molecular ion peak at m/z of 1274.8008 was obtained which could
be assigned to the formation of 1:1 complex. However, when the titration was performed
using more equivalents of Hg®® additional molecular ion peaks were not observed.
Furthermore the isotopic peak pattern observed for the molecular ion peak (Figure 4.16)
authenticates the presence of mercury (II) ions and thus established the 1:1 binding of QHQC
with Hg”". The reversibility of the system was further proved by the addition of iodide
solution and conducting ESI/MS analysis. Consequently, a peak at m/z of 1077.6353 was
obtained that corresponded to the [M+H]" peak of the receptor molecule 7, confirming the
release of Hg®" from the complex. When Hg®" ions were again added to the above solution
and carried out mass analysis, peak at m/z of 1274.8263 [QHQC+Hg*'] reappeared which

revealed the repeatability of the system to recognize Hg”" ions.
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Figure 4.16. Experimentally observed isotopic peak pattern of molecular ion peak of [QHQC + Hg*']
4.3.6. Computational Studies

The binding energy of Hg*" with QHQC was calculated using density functional theory
method and was found to be 32.3 kcal/mol. Also the reaction is exergonic by 14.0 kcal/mol.
Optimized structure of (a) QHQC and (b) QHQC-Hg* complex using B3LYP/Gen’*"level
density functional theory method as implemented in Gaussian09’® are shown in Figure 4.17.
Gen indicates basis set comprising of LanL.2DZ for (Hg, 1) and 6-31G* for (N, C, O, H). The
O...Hg...O angle is 158.4°. The geometry adopted by Hg”" in the complex is distorted
octahedra; four oxygens from two perchlorate moieties occupy the equatorial plane and two

oxygens linked with the quinoline moieties occupy the axial positions.
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Figure 4.17. Optimized structures of (a) QHQC and (b) QHQC-Hg” complexes using DFT method

4.3.7. Mechanistic Pathway

The reason for the violet colour of the compound 7(QHQC) is presumably due to the
electron transfer process (charge transfer)’’’® from oxygen atom (oxygen attached to
quinaldine moiety) to quinaldine ring of QHQC. When Hg”" binds with QHQC through its
etherial oxygen (oxygen attached to quinaldine moiety), the quenching of electron transfer
process from oxygen atom to quinaldine ring occurs as a consequence of the formation of 1:1
Hg”'- QHQC complex. This leads to the colour change from violet to light brown. When
iodide solution was added to the above solution, Hg*" was easily released from the complex.
This may be due to the formation of more stable Hgl, compared to weak Hg’'- QHQC
complex. The process is reversible and reusability of the technique was examined by carrying
out the experiment several times using Hg®® and iodide solution. The schematic

representation of the plausible mechanism is shown in Scheme 4.2.
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Scheme 4.2. Plausible mechanism of naked eye detection of Hg2+ with QHQC and its reversibility
with iodide solution

On the basis of the stimulating properties of the macrocyclic receptor (QHQC) and its
rapid detection of Hg”" ions, we decided to construct the organic-inorganic hybrid system,
QHQCalBen and assess its credibility as a naked eye sensitive colorimetric solid-state sensor

for Hg”" ions.

4.3.8. Synthesis and Characterization of QHQCalBen

The support material, bentonite used for the development of hybrid system QHQCalBen
is economical and environmentally benign. QHQC intercalated bentonite clay (QHQCalBen)
was synthesized via cation-exchange method by stirring QHQC with sodium bentonite (Na-
Ben) in acetonitrile at room temperature for 24 h and the organic-inorganic hybrid was
obtained as a violet colored solid (Figure 4.18). The hybrid material was characterized using
FT-IR spectroscopy, Powder XRD, TG/DTA techniques and solid-state absorption and

emission studies.

Figure 4.18. Photograph of (a) Na-Ben and (b) QHQCalBen
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The X-ray diffraction (XRD) patterns of Na-Ben and QHQCalBen are shown in Figure
4.19. Na-Ben showed a diffraction peak which corresponds to the basal spacing (d-spacing)
value (doy)) of 13.4 A. The QHQCalBen sample exhibited a peak at ‘d’ value of 30.7 A
which is greater than the d-spacing of Na- Ben by 17.3 A indicating the successful
intercalation of QHQC 7 into the bentonite gallery. The peaks present in the hybrid which are
the same (or small shift in the position) as that of Na-Ben suggests that Na-Ben is not

completely converted to QHQCalBen.
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Figure 4.19. XRD patterns of Na-Ben and QHQCalBen

The energy minimization studies of the molecule 7 using ChemBio3D Ultra 11.0
software showed that this molecule has an approximate length of 17 A. From the XRD
patterns of organoclay it is evident that the interlamellar space has been increased by 17.3 A
from the original value of Na-Ben and successful intercalation of QHQC moieties into
bentonite gallery has taken place.

To give more evidence for successful intercalation, FT-IR analysis was performed. FT-
IR spectra of QHQC, Na-Ben and QHQCalBen are shown in Figure 4.20. QHQC and
QHQCalBen showed major peaks at 2955, 2358, and 1480 cm™. The peak at 3621 cm™ is
attributed to the structural hydroxyl stretching vibrations and peak at 3440 cm’' is assigned to
the OH stretching vibration of the adsorbed water. Bands observed around 1633 cm™ are due

to the bending vibration of OH group in water molecules. The peak around 1035 cm™ is
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assigned to Si-O-Si stretching vibrations. Band at 794 cm™ is attributed to the presence of
silica. In the case of organomodified bentonite sample, the profile in the OH stretching region
showed clear perturbation, which is due to the displacement of the sodium ions (along with
its hydration shell) by the organic moiety. The band at 3621 cm™ is owing to the inner OH
groups inaccessible to QHQC. Additional well-defined absorption bands observed at
approximately 2955 cm™, 1480 cm™, 2358 cm™ and are attributable to sp>-CH stretching, -
CH, bending and -C-N stretching respectively. From these information, it is unambiguously
established that organic moiety is intercalated into the bentonite gallery. Moreover, we
noticed that there were no significant changes in the peak of QHQCalBen compared to those
of pure QHQC, which indicates that the conformation of QHQC is unaffected in the hybrid

state.
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Figure 4.20. IR spectra of QHQC, Na-Ben and QHQCalBen

TG/DTA analysis provided a simple method to measure the content of organic
molecules and physisorbed water in the intercalated bentonite. Na-Ben showed two major
peaks [Figure 4.21.(a)] around 87 °C and 704 °C, corresponding to the loss of physically
adsorbed water and dehydroxylation of bentonite respectively. The decomposition of
QHQCalBen exhibited peaks at 64 °C, 313 °C, 625 °C and 731 °C. For Na-Ben, there is no
obvious mass loss in the range 200 °C - 600 °C. Thus the mass losses between 200 °C-600 °C

are attributed to the organic molecules intercalated in the interlayers of bentonite. Peaks at



Calix[4] arene- Bentonite Hybrid System as Hg"* Sensor 143

313 °C and 625 °C are assigned as decomposition of intercalated QHQC from QHQCalBen.
Furthermore, the melting point of QHQC was found to be 180 °C. The decomposition of
QHQC when intercalated in bentonite galleries takes place at elevated temperature compared
to the organic molecule itself. Consequently, confinement of organic molecules into

bentonite contributed to its enhanced thermal stability [Figure 4.21.(b)].
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Figure 4.21. TG/DTA curves of (a) Na-Ben and (b) QHQCalBen

The loading of QHQC into the bentonite gallery for the formation of the organic-
inorganic hybrid system was determined by TGA (Figure 4.22) and it was found to be
19 wt%.
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Figure 4.22. TGA curves of Na-Ben and QHQCalBen
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The solid-state absorption and emission studies proved that the hybrid system,
QHQCalBen exhibited significant absorption and emission which originated from the organic
moiety intercalated in the bentonite gallery. The absorption spectra of QHQC and
QHQCalBen in the solid-state (Figure 4.23) show that peak at 577 nm for the receptor 7 is
blue-shifted to 563 nm in the hybrid system. But in the case of solid-state emission (Figure
4.24), upon excitation at 367 nm, peak around 426 nm of 7 is red shifted to 482 nm for the
hybrid. When the excitation wave length was changed to 570 nm, emission band at 702 nm
for 7 is blue-shifted to 680 nm in the hybrid system. The construction of heterogeneous
system might have caused changes in chemical environment owing to the interaction of
organic moiety with inorganic moiety and hence the reported shifting of absorption and
emission peaks. These data further confirmed the intercalation of the macrocyclic molecule

into the bentonite.
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Figure 23. Solid-state absorption spectra of QHQC and QHQCalBen
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Figure 4.24. Solid-state emission spectra of QHQC and QHQCalBen at excitation wavelength (a)
367 nm and (b) 570nm



Calix[4]arene- Bentonite Hybrid System as Hg"* Sensor 145

To dwell into the aggregation behavior of QHQC when intercalated into galleries of
bentonite, we carried out transmission electron microscopic analysis. The images of TEM
revealed that QHQC molecules have spherical morphology (a) and are not in the aggregated
state. But the morphology of QHQCalBen (c) showed that QHQC molecules are aggregated
as a result of intercalation of QHQC into the bentonite galleries (Figure 4.25).

Figure 4.25. TEM images for (a) QHQC, (b) Na-Ben and (c) QHQCalBen

4.3.9. Metal Ion Binding Studies of QHQCalBen

The organic-inorganic hybrid system QHQCalBen was evaluated for its reliability as a
naked eye sensitive colorimetric sensor for Hg”™ ions. Accordingly, the response of the
hybrid system towards the selective sensing of hazardous Hg*" ions was studied by adding
Hg*" ions (1x 10° M) to 2 mg of QHQCalBen. Immediately the colour of the solid sample
changed from violet to light brown. When iodide solution was added to the above system, the
violet colour of the hybrid reappeared (Figure 4.26) and was found to be proficient to bind
Hg™" ions recurrently. This showed that the hybrid system also displayed properties
analogous to QHQC in acetonitrile. Additionally, the sensor exhibited naked eye detection in
MeCN/H,0 (1:9, v/v) system comparable to acetonitrile. Complexation with Hg®" ions, is the
property of QHQC which is intercalated into the bentonite galleries. Here bentonite acts only
as a support material for the receptor QHQC and hold it in its interlayers and imparts
characteristic functionality to the hybrid. Furthermore, QHQC was not extracted out from
QHQCalBen during the complexation process. Consequently, the mechanism of naked eye
detection of Hg”" and its reversibility with iodide solution is identical for both QHQC and
QHQCalBen.
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Figure 4.26. Photograph of naked eye detection of Hg*" with QHQCalBen and its reversibility with
iodide solution

QHQCalBen showed simlar complexation properties as that of QHQC. When the
detection limit of QHQCalBen using different concentration of Hg*" ions was checked, it was
found that it could recognize the Hg”" ions upto micromolar concentration. It was also
observed that the solid-state sensor did not show any considerable response when similar
experiments were conducted with other metal ions. Accordingly, QHQCalBen can be used as
a selective and reversible solid-state sensor for Hg®" recognition. Owing to the inexpensive
and environmentally benign bentonite as the supporting material production of QHQCalBen
can be cost-effective and the hybrid sensor can be inferred as economically affordable. In
addition, this solid-state sensor is a violet coloured powder and not sensitive to different
environment. As a result, this bentonite-hybrid sensor is deduced as portable. Due to the
reversibility of the system with iodide solution and constancy even after consecutive

experiments, QHQCalBen is established as a reusable hybrid sensor selective to Hg?".

4.4. Conclusion

In conclusion, we have successfully synthesized and characterized a new lower rim
functionalized 1,3-di(quaternary ammonium salt of 8-hydroxyquinaldine) derivative of p-
tert-butylcalix[4]arene (QHQC) as cone conformer and analyzed its sensing properties
toward Hg”" ions using various techniques such as absorption, visual color change,
ESI/HRMS and '"H NMR experiments. Our results revealed that the synthesized molecule is
highly capable of recognizing Hg*" ions selectively through naked eye detection following a

marked colour change from violet to light brown. The molecule acts as a reversible
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chemosensor as it regains the violet colour in the presence of iodide ions, and the detection
limit of Hg*" was found to be 2.95 x 10 ® M. In view of these findings an organic-inorganic
hybrid system was synthesized by intercalating QHQC into the bentonite galleries and
characterized using FT-IR spectroscopy, Powder XRD, TG/DTA techniques and solid-state
absorption and emission studies. This hybrid system successfully performed as a colorimetric
solid-state Hg*" sensor which showed properties analogous to QHQC. In addition, the sensor
is thermally stable, environmentally benign, economically affordable, reversible, portable

and reusable.

4.5. Experimental Section

4.5.1. Materials and Methods

The bentonite clay used in the experiments, p-fert-butylcalix[4]arene, 1,3-dibromo
propane, 8-hydroxyquinaldine and metal perchlorates were purchased from M/s Sigma
Aldrich. Acetonitrile was provided by Merck. Other materials used were potassium carbonate
(SDFCL), and iodomethane (Spectrochem). Deionized water was used throughout the
experiments.

All reactions were carried out in oven dried glassware. Progress of the reactions was
monitored by thin layer chromatography, while purification was done by column
chromatography. NMR spectra were recorded on Bruker Avance 500 NMR spectrometer
(AV 500) at 500 MHz (‘H) and 125 MHz (**C). Chemical shifts were reported in & (ppm)
relative to TMS as internal standard, CDCl; and CD3;CN were used as solvents. IR spectra
were recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer (neat KBr). Mass
spectra were recorded under ESI/HRMS using analyzer type, Orbitrap mass spectrometer
(Thermo Exactive). Absorption spectra were recorded using a Shimadzu UV-2450
spectrophotometer. X-ray diffraction studies were carried out using a powder X-ray
diffractometer (Philips X’Pert Pro) with Cu Ka radiation. Thermal stability measurements
were performed at a heating rate of 10 °C min™ in nitrogen atmosphere using Shimadzu
DTG-60 equipment. Absorption spectra of the solid samples were measured with a UV-Vis
Spectrophotometer (Shimadzu UV-3600) with an integrating sphere attachment, (ISR-3100)
using barium sulfate as a reference. Emission spectra of solid samples were recorded using

FluoroLog-322 (Horiba) spectrometer. Surface morphology was analyzed using a FEI,
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TECNAI S Transmission Electron Microcopy (TEM). Energy minimization studies were
done by ChemBio3D Ultra 11.0 software. All measurements were done at room temperature
unless otherwise stated.
4.5.2. Synthesis of Di-(bromopropyl)p-tert-butylcalix[4]arene, Precursor 3

A mixture of p-tert-butylcalix[4]arene (0.0015 moles, 1 g) and K,CO3 (0.0038 moles,
0.532 g) in dry acetonitrile (20 mL) was stirred at 80 °C for 10 minutes. To this reaction
mixture, 1,3-dibromopropane (0.0015 moles, 0.311 g) was added drop wise or slowly during
0.5 h and refluxed for 48 h. Completion of the reaction was checked by TLC. Acetonirile and
excess dibromopropane was removed by vacuum. The residue was quenched by 10-30 mL 5
% HCI and chloroform. Then organic layer was extracted with chloroform, washed with
water and dried over sodium sulphate. White solid residue obtained was subjected to column
chromatography (60-120 mesh silica gel) using dichloromethane-hexane (20 %). Product 3
was obtained as white powder (1.1 g) in 81 % yield.

IR Vpa: 3379, 2963, 2909, 2865, 1753, 1602, 1488,
1382, 1352, 1299, 1200, 1125, 1042, 943, 867, 815, 777,
633, 543 cm™.

"H NMR (500 MHz, CDCls), & (ppm): 7.65 (s, 2H), 7.05
(s, 4H), 6,87 (s, 4H), 4.26 (d, J= 13 Hz, 4H), 4.11 (t, J =
5.5 Hz, 4H), 4.00 (t, J = 6.5 Hz, 4H), 3.35 (d, 13Hz, 4H),
2.54-2.50 (m, 4H), 1.27 (s, 18H), 1.01 (s, 18H).

BC NMR (125 MHz, CDCls), & (ppm): 149.5, 148.8,
Br Br 146.4, 140.7, 132.9, 131.7, 126.8, 124.9, 124.6, 124.2,
71.6,33.2,32.8,31.7,30.7, 30.2.

MS (ESI-HRMS): Calcd for CsoHgeBr 04, [M+Na+2H] " :
913.3382, Found: 913.3212.

4.5.3. Synthesis of 8-Hydroxyquinaldine Derivative of p-fert-butylcalix|4]arene,
Precursor S

A mixture of 8-hydroxy quinaldine (0.0022 moles, 0.357 g) and K,COs (0.0034 moles,
0.473 g) in dry acetonitrile (10 mL) was stirred at 80 °C for 10 minutes. To this reaction
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mixture, compound 3 (0.0006 moles, 0.500g) was added and refluxed for 48 h. Completion
of the reaction was checked by TLC. The reaction mixture was cooled to room temperature
and dilute HCl was added for neutralization. Slowly, solid was formed in the reaction
mixture which was extracted with chloroform; organic layer was washed with water and
dried over sodium sulphate. The crude product was purified by column chromatography (60-
120 mesh silica gel) using ethylacetate-hexane (15%). Product 5 was obtained as slight
yellow solid (0.380g) in 64.6 % yield.

IR Viax: 3364, 3053, 2955, 2872, 1594, 1563, 1480,
1427, 1359, 1314, 1254, 1239, 1095, 1042, 861, 830,
739 cm™.

"H NMR (500 MHz, CDCl3), & (ppm): 7.92 (d, J =8
Hz, 2H), 7.61 (s, 2H), 7.34 (d, J= 8 Hz, 2H), 7.24-
7.21 (m,4H), 7.12 (d, J = 7.5 Hz, 2H), 6.99 (s, 4H),
6.80 (s, 4H), 4.50 (t, 6.5 Hz, 4H), 4.26 (d, J = 13 Hz,
4H), 4.22 (t, J = 6 Hz, 4H), 3.27 (d, J = 13 Hz, 4H),
2.72 (S, 6H), 2.57-2.52 (m,4H), 1.27 (s, 18H), 0.97
(s, 18H).

BC NMR (125 MHz, CDCly), & (ppm): 157.8,
154.1, 150.7, 149.6, 146.9, 141.3, 140.2, 135.9,
132.7, 127.6, 125.9, 125.5, 124.9, 122.3, 119.3,
109.6, 65.9, 33.9, 31.7, 31.0, 29.7, 25.6.

MS (HRMS): Calcd for C;0Hg,N,Og, [M+H]+ :
1047.6251, Found: 1047.6265.

4.5.4. Synthesis of Quaternized Salt of 8-Hydroxyquinaldine Derived p-fert-butyl
calix[4]arene, QHQC (7)

Compound 5 (0.0003 moles, 0.288 g) in dry acetonitrile (10 mL) was refluxed for 5
minutes. Methyl iodide (excess) was added slowly to the above solution and allowed to stir

for 72 h at 80 °C. Then acetonitrile was removed under vacuum and the crude product
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obtained was purified by column chromatography [alumina, chloroform: methanol (9:1)].

The product 7 was obtained as dark violet coloured solid (0.260 g) in 73.3 % yield.

IR Vot 3371, 3053, 2955, 2895, 2865, 2358, 2327,
1594, 1480, 1359, 1193, 1110, 1049, 860, 830, 747,
657 cm™.

"H NMR (500 MHz, CDCls), & (ppm): 8.84 (d, J =8
Hz, 2H), 7.89-7.83 (m, 6H), 7.74 (d, J = 8 Hz, 2H),
7.56 (s, 2H), 7.07 (s, 4H), 6.85 (s, 4H), 4.74 (t, J =
6.5 Hz, 4H), 4.69 (s, 6H), 4.24 (d, J = 13 Hz, 4H),
4.18 (t, J= 5 Hz, 4H), 3.37 (d, J = 13 Hz, 4H), 3.14
(s, 6H), 2.55 (m, 4H), 1.29 (s, 18H), 0.99 (s, 18H).
BC NMR (125 MHz, CDCly), & (ppm): 163.1,
161.6, 150.4, 150.3, 150.1, 149.3, 147.4, 142.1,
132.3,131.9, 130.6, 1302, 127.7, 127.5, 125.8,
125.3, 125.0, 122.9, 111.1, 72.6, 68.6, 46.8, 46.4,
34.9,34.0,31.7, 31.0, 25.6.

MS (HRMS): Caled for C7,HgsbN>Og, [M-L+H]":
1077.6709, Found: 1077.6653

4.5.5. Intercalation of QHQC Salt on Bentonite Clay

Intercalation of QHQC into clay surface consists of two processes namely preparation of
Na-Bentonite (Na-Ben) and intercalation of QHQC on Na-Bentonite. Na-Ben was prepared
by mixing bentonite with 1 N NaCl using a mechanical stirrer (600 rpm) for 24 h at room
temperature. After that, the residue was separated by centrifugation, washed with distilled
water until chloride ions were not detected in the supernatant solution upon addition of 0.1 M
AgNOj solution. Subsequently, it was kept at 4 °C and dried in a lyophilizer.

About 0.100 g of Na-Ben was dispersed in 50 mL acetonitrile and 0.112 g of QHQC in
50 mL acetonitrile was added to it, allowed to stir for 24 h at room temperature. Then it was
allowed to stand for overnight, filtered off, washed with acetonitrile (until there was no

unreacted QHQC in supernatant solution) and dried under vacuum. The resultant product was
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designated as QHQCalBen and characterized using FT-IR spectroscopy, PXRD (Powder X-
ray Diffraction) and TG/DTA.

4.5.6. General Procedure for the Metal Ion Binding Studies

Metal perchlorate solutions were made in HPLC grade acetonitrile. Metal ion titration
was carried out by adding small volume of metal solutions in quartz cuvette. After addition
of the metal perchlorate to the cuvette using micro pipette, the absorption spectra were
recorded. The stock solutions of metal ions and chromophore were prepared in acetonitrile.
The UV absorption studies were performed using a micromolar solution of chromophore
with appropriate amounts of metal ions. In the selectivity experiment, to a solution of QHQC
7 (9 x 10°¢ M) in acetonitrile, 10 equiv. of different cations each ( Mn2+, Al3+, C02+, Ni2+,
Ccu®, Zn*, Hg', Ag", Ba*", Cd*", Na*, Mg*", Cr'", Zn*", Fe’" and Ca®") were added and
absorbance were recorded. For reversibility experiment, tetrabutylammonium iodide in
acetonitrile was used as iodide source. 'H NMR titrations were carried out using Hg(C10,),

and tetrabutylammonium iodide in CD;CN at room temperature.

4.5.7. Calculation of LOD
LOD is calculated using the formula,
LOD =30/S

Where, o is the standard deviation of blank and S is the slope of the regression line.
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SUMMARY

The thesis entitled “Bentonite Based Organic-Inorganic Hybrid Materials:
Application Towards Green Catalysis and as Mercury Sensor” embodies the results of
our investigations carried out in the area of bentonite based organic-inorganic hybrid systems
for application towards green catalysis and as a solid state sensor for detection of micromolar
levels of mercury ions.

The introductory chapter of the thesis gives an overview of the various green approaches
towards two aspects, explicitly catalysis and sensing applications of hybrid materials. A
definition of the present work is also incorporated in this chapter.

Chapter 2 describes the synthesis and characterization of an efficient, environmentally
benign and reusable heterogeneous bentonite-gold nanohybrid catalyst (Au-MPBen). The
applicability of this catalyst towards the selective oxidation of silanes to silanols was
investigated under ambient reaction conditions and it was found that this nanohybrid catalyst
afforded aromatic, aliphatic and sterically hindered silanols in excellent yields without the
formation of disiloxanes as by-product and was recyclable. The present methodology for
silane oxidation reaction is environmentally benign, 98.7 % atom economical and proceeded

with low catalyst loading (Scheme 1).

R-Si-H + H0 ——— R'-Si-OH + H,
e THF, RT, O3 e
Scheme 1

Chapter 3 deals with the efficacy of Au-MPBen catalyst towards two different organic
reactions and this chapter is divided into two parts. In Part A, an efficient and green method
for the direct reductive amination of aldehydes using Au-MPBen catalyst is discussed
(Scheme 2). The reaction was performed in the presence of phenyldimethylsilane as a mild
hydride donor under ambient reaction conditions and afforded a wide array of secondary

amines in excellent yields.

o Au-NP
I
R~y * ReNH: Ry NHR;
1 Ph(Me),SiH
MeCN, RT, Ar

Scheme 2
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We extended the scope of our catalyst towards the oxidative cross-coupling reaction of
ketones with primary alcohols in presence of Cs,CO3 as base and the details are presented in
Part B of the third chapter (Scheme 3). This cascade C-C bond formation strategy is
environmentally benign, economical, selective, easily separable, reusable and works under

mild reaction conditions and generated a variety of «,-unsaturated ketones with water as the

only by-product.
0 Au-NP a
RN + R oH RN e
CS2C03, Oz
MeCN,RT.12h
Scheme 3

The remarkable property of this heterogeneous catalyst is its applicability towards the
gram scale synthesis of silanols, secondary amines and a,f-unsaturated ketones.

In the final chapter, the synthesis and characterization of a new lower rim functionalized
calix[4]arene derivative (QHQC) and its sensing properties toward Hg”* ions using various
physical techniques are discussed. The behavior of QHQC as a reversible and selective Hg**
sensor through naked eye detection prompted us to devise a solid state Hg®* sensor
(QHQCalBen) with enhanced chemical and thermal stability, by intercalating it into the
bentonite galleries. This hybrid material (QHQCalBen) was characterized and assessed its
feasibility as colorimetric solid state Hg®* sensor and the results are also detailed in this

chapter (Scheme 4)

Scheme 4

In conclusion, we have been successful in synthesizing two organic-inorganic hybrid
systems based on bentonite. One has been explored as a green heterogeneous catalyst for
different organic reactions and other as a solid state sensor for the selective detection of Hg**

ions.
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